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Abstract

Background: Hemorrhagic shock is associated with acute kidney injury and increased
mortality. Targeting the endothelial angiopoietin/Tie2 system, which regulates
endothelial permeability, previously reduced hemorrhagic shock-induced vascular
leakage. We hypothesized that as a consequence of vascular leakage, renal perfusion
and function is impaired and that activating Tie2 restores renal perfusion and function.

Methods: Rats underwent 1 h of hemorrhagic shock and were treated with either
vasculotide or PBS as control, followed by fluid resuscitation for 4 h. Microcirculatory
perfusion was measured in the renal cortex and cremaster muscle using contrast
echography and intravital microscopy, respectively. Changes in the angiopoietin/Tie2
system and renal injury markers were measured in plasma and on protein and mRNA
level in renal tissue. Renal edema formation was determined by wet/dry weight ratios
and renal structure by histological analysis.

Results: Hemorrhagic shock significantly decreased renal perfusion (240 + 138

to 51440, p<0.0001) and cremaster perfusion (1242 to 542 perfused vessels,
p<0.0001) compared to baseline values. Fluid resuscitation partially restored both per-
fusion parameters, but both remained below baseline values (renal perfusion 120458,
p=0.08, cremaster perfusion 7 &2 perfused vessels, p <0.0001 compared to baseline).
Hemorrhagic shock increased circulating angiopoietin-1 (p <0.0001), angiopoietin-2
(p<0.0001) and soluble Tie2 (p=0.05), of which angiopoietin-2 elevation was associ-
ated with renal edema formation (r=0.81, p <0.0001). Hemorrhagic shock induced
renal injury, as assessed by increased levels of plasma neutrophil gelatinase-associated
lipocalin (NGAL: p<0.05), kidney injury marker-1 (KIM-1; p<0.01) and creatinine
(p<0.05). Vasculotide did not improve renal perfusion (p>0.9 at all time points) or
reduce renal injury (NGAL p=0.26, KIM-1 p=0.78, creatinine p > 0.9, renal edema
p=0.08), but temporarily improved cremaster perfusion at 3 h following start of fluid
resuscitation compared to untreated rats (resuscitation +3 h: 11+ 3 vs 8 + 3 perfused
vessels, p<0.05).

Conclusion: Hemorrhagic shock-induced renal impairment cannot be restored by
standard fluid resuscitation, nor by activation of Tie2. Future treatment strategies

©The Author(s), 2021. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits
use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original
author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third
party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the mate-
rial. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by/4.0/.


http://orcid.org/0000-0002-0886-1388
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s40635-021-00389-5&domain=pdf

van Leeuwen et al. ICMx (2021) 9:23 Page 2 of 18

should focus on reducing angiopoietin-2 levels or on activating Tie2 via an alternative
strategy.

Keywords: Hemorrhage, Acute kidney injury, Contrast-enhanced ultrasonography,
Microcirculatory perfusion, Vascular leakage, Endothelium

Introduction

Hemorrhagic shock is associated with increased mortality and organ failure [1]. In
particular, acute kidney injury (AKI) is a major complication following hemorrhagic
shock and contributes to prolonged hospital stay and increased mortality [2]. The
incidence of AKI following hemorrhagic shock is reported up to 25%, despite early
control of bleeding and adequate fluid resuscitation [3]. Unfortunately, effective addi-
tional drug treatment strategies to reduce the incidence of AKI are lacking.

Sublingual microcirculatory perfusion is disturbed immediately following hem-
orrhagic shock [1, 4] and prolonged disturbances in microcirculatory perfusion are
associated with multiple organ failure [1]. The renal vasculature is particularly vulner-
able for acute blood flow deficits due to its high energy demand [5]. As a consequence
of disturbed renal perfusion, oxygen delivery is impaired [6], which leads to disturbed
renal function [7]. Although the general pathophysiology of AKI is well described,
studies investigating the course of perfusion following hemorrhagic shock are limited
(8, 9].

One of the underlying mechanisms that compromises microcirculatory perfusion is
increased endothelial permeability, which results in leakage of fluid to the interstitium
and edema formation. In rats, we previously showed that hemorrhagic shock-induced
renal vascular leakage coincided with microcirculatory perfusion disturbances in the
cremaster muscle [10]. Additionally, our group showed that plasma from traumatic
hemorrhagic shock patients induced endothelial hyperpermeability, which associated
with sublingual microcirculatory perfusion disturbances [11]. An important regulator
of endothelial permeability is the angiopoietin/Tie2 system [12]. In healthy physiology,
angiopoietin-1 binds to the tyrosine kinase receptor Tie2, resulting in phosphoryla-
tion of Tie2 and thereby maintaining endothelial barrier function [12]. Following acute
inflammation, as seen during hemorrhagic shock, angiopoietin-2 is released from the
Weibel-Palade bodies, which antagonistically binds to and inhibits phosphorylation of
Tie2, thereby increasing endothelial permeability [13]. Increased levels of plasma angi-
opoietin-2 have also been associated with hypoperfusion [14] and increased mortality
following trauma [15], and with the development of AKI following cardiac surgery in
patients [16]. In rodents, hemorrhagic shock reduced the expression of Tie2 [10, 17] and
direct suppression of Tie2 in mice resulted in vascular leakage [18]. Due to its key func-
tion in the regulation of endothelial barrier function, targeting Tie2 has been proposed
as a promising strategy to improve outcome of critically ill patients [12]. In line with this
hypothesis, we previously reported that targeting Tie2 with vasculotide, a Tie2 agonist,
restored cremaster perfusion and reduced microvascular leakage in a rat model of hem-
orrhagic shock and fluid resuscitation [10]. Additionally, in a murine model of ischemia—
reperfusion injury, treatment with vasculotide protected renal perfusion, reduced renal
edema formation and improved survival [19], proposing a possible application for vascu-
lotide in the treatment of AKI following hemorrhagic shock.
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In the present study, we therefore investigated the effect of hemorrhagic shock and
fluid resuscitation on renal perfusion and function and studied whether activation of
Tie2, in addition to fluid resuscitation, restores renal perfusion and function following

hemorrhagic shock and fluid resuscitation in rats.

Methods

Animals and experimental set-up

All procedures were approved by the Institutional Animal Care and Use Committee
of the VU University, the Netherlands (Animal welfare number: ANES 13-03A2), and
conducted following the European Convention for the Protection of Vertebrate Animals
used for Experimental and Other Scientific Purposes and the ARRIVE guidelines on
animal research [20]. Male Wistar rats of 350-400 g (Charles River Laboratories, Brus-
sels, Belgium) were housed in a temperature-controlled room (12/12 h day/night cycle,
20-23 °C, 40-60% humidity) with food and water ad libitum. Rats underwent hemor-
rhagic shock with fluid resuscitation and were randomized and treated blindly with
vasculotide (Vasomune Therapeutics, Toronto, Canada) (n=14) or phosphate buffered
saline (PBS, Sigma-Aldrich, Zwijndrecht, The Netherlands) as control (n=15). Renal
and cremaster perfusion measurements were performed directly after surgical prepa-
ration (baseline), 30 min after start of shock induction when a mean arterial pressure
(MAP) of 30 mmHg was reached, 1 h after start of shock induction and 0,5, 1, 2, 3 and
4 h after start of fluid resuscitation (Fig. 1a). Blood gas and hematocrit levels were deter-
mined at baseline, 1 h after start of shock induction and 1, 2, 3 and 4 h after start of fluid
resuscitation.

To exclude a possible effect of microbubbles on the endothelium, a separate group of
rats (n="7) was included in which hemorrhagic shock was induced and only cremas-
ter perfusion measurements were performed (data in supplementary file). Normal saline
was given on top of standard fluid resuscitation in comparable volumes as the microbub-

bles to standardize the protocol.

Anesthesia and surgical preparation

For surgery, rats were anesthetized with 4% isoflurane (Ivax Farma, Haarlem, The
Netherlands) in a plastic box filled with 100% oxygen. Following endotracheal intuba-
tion with a 16G catheter (Venflon Pro, Becton Dickinson, Helsingborg, Sweden), lungs
were mechanically ventilated throughout the complete experiment (UMV-03, UNO
Roestvaststaal BV, Zevenaar, The Netherlands) with a positive end-expiratory pres-
sure of 1-2 cm H,O, a respiratory rate of ~ 65 breaths/min, a tidal volume of ~ 10 ml/
kg and 1.5-2.0% isoflurane in oxygen-enriched air (40% O,/60% N,). Respiratory rate
was adjusted to maintain pH and partial pressure of carbon dioxide within physio-
logical limits. The body temperature was continuously measured and maintained sta-
ble between 36.5 °C and 37.5 °C using a temperature controller (TC-1000 Rat, CWe
Inc., United States). A 22G catheter (Venflon Pro, Becton Dickinson, Helsingborg,
Sweden) was placed in the caudal (tail) artery for continuous measurements of arte-
rial blood pressure. For cremaster microcirculatory perfusion measurements, the
left cremaster muscle was isolated under warm saline superfusion, spread out on a
heated platform (34 °C) and covered with gas impermeable plastic film (Saran wrap)
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Fig. 1 Experimental protocol. Schematic overview of experimental protocol (a). Hemorrhagic shock was
induced by pressure-controlled blood withdrawal, and mean arterial pressure (MAP) was maintained for 1 h
at 30 mmHg (shock). After 1 h of shock, animals were resuscitated with fluids (R), which was paralleled by
administration of vasculotide (VT) as treatment or PBS as control, and monitored for 4 consecutive hours
(b, ©). Renal and cremaster perfusion measurements were performed directly after the surgical preparation
(baseline), 30 min after shock induction (0.5 h HS), 1 h after shock induction (1 h HS), and 30 min (R+0.5 h),
ThR+1h),2h(R+2h),3h(R+3h)and 4 h (R+4 h) after start of fluid resuscitation. Plasma was collected
at baseline and before killing (4 h after starting fluid resuscitation). Rats were killed and kidneys were isolated
for additional molecular analyses and determination of edema formation. d, @ An example of renal perfusion
analysis. Regions of interest were drawn in the cortex of the kidney (d). The estimate of perfusion was
calculated as the product of microvascular blood volume A and microvascular filling velocity (3 (e). Two-way
ANOVA with Bonferroni post hoc analyses, *P < 0.05 HS group compared to baseline; *P < 0.05 HS +VT vs. HS
group. Data represent mean+SD,n=13

as previously described [10, 21, 22]. The right femoral artery was cannulated with a
20G catheter (Arterial Cannula, Becton Dickinson, Helsingborg, Sweden) for blood
withdrawal, blood gas analyses (ABL80, radiometer, Copenhagen, Denmark) and
hematocrit measurements. The right jugular vein was catheterized with a 22G cath-
eter (Venflon Pro, Becton Dickinson, Helsingborg, Sweden) for administration of the
drugs and infusion of Ringer’s lactate and shed blood, as well as infusion of microbub-
bles for renal perfusion measurements. All catheter insertions were preceded by local
application of 1% lidocaine. Fentanyl (1.25-2.50 pg) was administered via the caudal
artery for additional analgesia every 20-30 min throughout the experiment. Arte-
rial blood pressure, central venous pressure, ECG and heart rate were continuously
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recorded using PowerLab software (PowerLab 8/35, Chart 8.0; ADInstruments Pty,
Ltd., Castle Hill, Australia).

Hemorrhagic shock and fluid resuscitation

Hemorrhagic shock was induced as previously described [10] by withdrawing blood with
from the right femoral artery until a MAP of 30 mmHg was reached and maintained
for 1 h either by withdrawal of blood or reinfusion of heparinized shed blood. Rate of
blood withdrawal started at 0.8 ml/min until MAP of 50 mmHg was reached and was
subsequently lowered to 0.2 ml/min. After 1 h of hemorrhagic shock, rats were resusci-
tated with Ringer’s lactate (Fresenius Kabi, Zeist, The Netherlands; 1 x volume of with-
drawn blood) and shed blood (preserved in a syringe with 200 UI heparin (LEO Pharma,
Amsterdam, The Netherlands)) with a reinfusion rate of 0.7 ml/min until baseline levels
of MAP were regained. To mimic the clinical setting, a fixed-dose of 200 ng vasculotide
in 100 pl PBS or 100 pl PBS alone as control was administered intravenously between
the “pre-hospital” phase (i.e., resuscitation with Ringer’s lactate) and the “in-hospital”
phase (i.e., resuscitation with shed blood). Optimal treatment concentration was based
on dose—response experiments and previously performed experiments by our group [10,
22] (Additional file 1: Fig. S1).

Rats were monitored for 4 consecutive hours in which MAP was main-
tained > 50 mmHg by infusion of residual shed blood and subsequently Ringer’s lactate
with an infusion rate of 0.2 ml/min. After killing, the right kidney was used for edema
formation determined by wet/dry weight ratio. The left kidney was snap-frozen in liquid
nitrogen and stored at — 80 °C for further analyses.

Renal perfusion with contrast echography

Contrast-enhanced echography (CEUS) was performed as previous described [23-25]
with a Vevo 2100 Imaging System and MS 250 Nonlinear Contrast Imaging transducer
(VisualSonics Inc, Toronto, Canada). Microbubbles were prepared from perfluorobu-
tane gas and stabilized with a monolayer of distearoyl phosphatidylcholine and poly-
oxyethylene (PEG) stearate. 1,2-Distearoyl-sn-glycero-3-phosphocholine (DSPC; Avanti
Polar Lipids, Alabama, USA) and polyoxyethylene stearate (PEG40; Sigma, St. Louis,
MO, USA) were dissolved in glycerol (10 mg/mL) and sonicated (Decon FS$200, Decon
Ultrasonics Ltd., Sussex, UK) at 40 kHz in an atmosphere of perfluorobutane (F2 Chemi-
cals Ltd., Lancashire, UK) and vials were shaken in a Vialmix at 4500 rpm (Bristol-Myers
Squibb Medical Imaging, Massachusetts, USA). As the gas was dispersed in the aqueous
phase, microbubbles were formed, which were stabilized with a self-assembled lipid/sur-
factant monolayer. A Multisizer 3 Coulter Counter (Beckman Coulter Inc., Miami, FL,
USA) was used to measure the particle size distribution as well as the number of parti-
cles. Microbubbles with a particle range between 1 and 10 um were diluted in degassed
saline to a concentration of 2.5-10°/ml.

For renal perfusion measurements, microbubbles were continuously infused into the
jugular vein with a rate of 150 pl/min (during shock with a rate of 100 ul/min due to 30%
reduction in circulating volume) using a syringe pump (World Precision Instruments
Germany GmbH, Berlin, Germany) at the predefined time points (Fig. 1a). After two
minutes of microbubble infusion, perfusion images were taken from the longitudinal
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plane of the right kidney. A burst of high acoustic power was applied to destroy the
microbubbles. Subsequently, images with low acoustic power were acquired to allow
contrast replenishment in the kidney. This destruction-replenishment sequence was
repeated two times.

Regions of interest were drawn in the renal cortex (Fig. 1d). Signal intensities from
the frames after microbubble destruction were corrected for background noise by sub-
tracting the signal intensity of the first frame after microbubble destruction (Y0). These
intensities were then fitted (Y= Y0+ (A — Y0) - (1 —exp™#%)) for calculation of micro-
vascular blood volume (A) and microvascular filling velocity (), which corresponds to
the capillary blood exchange rate. The estimate of perfusion was calculated by the prod-
uct of A and B (Fig. 1e). Analyses were performed by an investigator who was blinded for
treatment allocation.

Microcirculatory cremaster perfusion with intravital microscopy

After stabilization of the exposed cremaster muscle for at least 30 min, cremaster micro-
circulatory perfusion measurements were performed using a 10 x objective on an intra-
vital microscope (AxiotechVario 100HD, Zeiss, Germany) connected to a digital camera
(scA640, Basler, Germany) with a final magnification of 640x, as described previously
[10, 21, 22]. Three regions of the microvasculature in the cremaster muscle with ade-
quate perfusion quality were selected during baseline. These predefined regions were
followed throughout the experiment at predefined time points (Fig. 1a). For perfusion
analyses, two vertical lines were drawn in each video screen. The total amount of capil-
laries per screen was obtained by averaging the counted capillaries crossing the two ver-
tical lines. These small vessels were categorized as continuously perfused, intermittently
perfused (blood flow was arrested at least once or flow was reversed), or non-perfused
capillaries (vessels without erythrocytes or non-flowing erythrocytes). Analyses were
performed by an investigator who was blinded for treatment allocation.

Renal edema

Renal tissue was harvested at the end of the experiment under terminal anesthesia. Wet
tissue was weighed and dried at 70 °C. After 24 h, dry tissue was weighed and renal wet/
dry weight ratio was calculated as estimate relative of tissue water content.

Plasma and urine analyses

Arterial blood was withdrawn in heparin tubes at baseline and before killing. Blood was
centrifuged twice at 4 °C (10 min at 4.000x g at 4 °C and 15 min at 10.000xg at 4 °C) to
obtain platelet-free plasma and stored at — 80 °C. Urine samples were obtained upon
killing by aspiration from the bladder with a 25G needle, immediately snap-frozen and
stored at — 80 °C. Urine levels of neutrophil gelatinase-associated lipocalin (NGAL)
and kidney injury marker-1 (KIM-1) and plasma levels of circulating angiopoietin-1,
angiopoietin-2, soluble Tie2 (Cloud-Clone Corporation, Katy, TX, USA), KIM-1 (R&D
systems, Minneapolis, Minnesota, USA), NGAL (Bioporto, Hellerup, Denmark) and cre-
atinine (MyBioSource, San Diego, California, USA) were measured with enzyme-linked
immunosorbent assay (ELISA) in accordance to the manufacturer. Levels of circulating
proteins were corrected for hematocrit values.
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Protein analyses

Frozen kidney tissue was homogenized to obtain cellular protein fractions for West-
ern blot analysis as described previously [10, 25]. Protein expression of NGAL, total
Tie2, VE cadherin, RhoA and Rac-1 was analyzed using anti-lipocalin-2 (NGAL;
ab63929, Abcam, USA), anti-Tie2 (AF762, R&D systems, USA), anti-RhoA (#2117,
Cell Signaling Technology, USA) and anti-Rac-1 (No. 610650, BD Biosciences, USA).
Signals were normalized to glyceraldehyde 3-phosphate dehydrogenase (GAPDH; No.
2118, Cell Signaling Technology, USA) for loading control. Immunoblots were quanti-
fied by densitometric analysis of films (ImageQuant TL, v8.1, GE Healthcare, USA) by
an investigator who was blinded for treatment allocation.

RNA analyses

Total RNA was extracted from 10-20 mg frozen kidney tissue and isolated using the
RNeasy mini kit (Qiagen, Venlo, the Netherlands) as previously described [10, 22].
The RNA concentration and purity were determined using NanoDrop 1000 (Nan-
oDrop Technologies, Wilmington, DE, USA). A total of 1 ug RNA was transcribed
into complementary DNA using an iScript cDNA synthesis kit (Bio-Rad, Veenendaal,
the Netherlands) using oligo-dT priming. mRNA abundance was measured using a
CFX384 Touch real-time PCR detection system (Bio-Rad, Veenendaal, the Nether-
lands). The following primers were used for quantitative polymerase chain reaction:
Tie2, NGAL, KIM-1, ICAM-1, VCAM-1, E-selectin, P-selectin, RhoA and Rac-1
(Applied Biosystems, Foster City, California, USA). AAcT values were calculated and
mRNA expression levels were normalized to Arbp abundance (Applied Biosystems,
Foster City, California, USA).

Histology

Four-micrometer-thick paraffin sections were stained with periodic acid—Schiff after
diastase [26]. Tubular injury, characterized by necrosis, dilation, cast deposition, and
loss of brush border, was graded to the extent of corticomedullary region involvement
in 10 randomly chosen, non-overlapping fields (x20 magnification), on a scale from 0
to 4, as follows: 0, absent; 1, 0 to 25%; 2, 25 to 50%; 3, 50 to 75%; 4, 75 to 100%. Total
values were expressed as tubular injury scores. The degree of injury was scored by a
pathologist specialized in renal pathology who was blinded to group allocation.

Statistical analysis
Data were expressed as mean =+ SD and analyzed using GraphPad Prism 8.0 (Graph-
Pad Software, USA). At least a reduction in renal perfusion from 240 to 1394100
(unit less) and a reduction in cremaster perfusion from 10.1 to 6.9+ 1.7 perfused
vessels per recording after hemorrhagic shock were expected, based on pilot experi-
ments and previously published data [10], respectively. With a two-sided significance
level (a) of 0.05 and P of 0.9, group sizes of 13 for renal perfusion measurements and
7 for cremaster perfusion measurements were calculated.

The normality distribution of data was calculated using the Shapiro—Wilk test.
For data with a normal distribution, differences between groups were examined for
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statistical significance using one-way analysis of variance (ANOVA) followed by Bon-
ferroni post hoc analyses for comparison of multiple groups, or Student’s ¢ test for
comparison between two groups. Time-dependent differences in the characteristics of
the hemorrhagic shock model and in cremaster microcirculatory perfusion measure-
ments between groups were analyzed using a two-way ANOVA with repeated meas-
urements, renal perfusion measurements using a two-way ANOVA without repeated
measurements, followed by Bonferroni post hoc analyses. For data that were not nor-
mally distributed, differences between groups were examined using Kruskal-Wallis
test followed by Dunn’s analyses for multiple comparison for comparison of multiple
groups, or Mann—Whitney U test for comparison between two groups. P values less

than 0.05 were considered statistically significant.

Results
Hemodynamic values and blood gas analysis
All hemodynamic values and results of blood gas analysis are presented in Table 1.

In accordance with the experimental protocol, induction of hemorrhagic shock
decreased MAP (Fig. 1b, p<0.0001), which was accompanied by a decrease in heart
rate (Fig. 1c, p<0.0001). Fluid resuscitation targeted a MAP > 50 mmHg (p <0.0001) and
increased heart rate (p <0.01 vs. 1 h HS), however both values did not restore to baseline
values (p<0.0001 R+0.5 h vs. baseline). Both variables remained unaltered during the
follow-up period compared to baseline values (both p <0.0001 vs. baseline).

Table 1 Hemodynamics and blood gas values

Parameter HS HS+VT
Baseline 1hHS R+1h R+4h Baseline 1hHS R+1h R+4h

MAP 85+13 274+5* 66+14* 65+9* 83+9 26+2* 64+11* 574+10*%
(mmHg)

Heart rate 369439 319+36* 336+£29*  330+£30%  367+26 304+£25% 3424£20* 333+£24*
(BPM)

Tempera- 364407 36.0+05 363+05 362405 36.7+06 36.1+£08* 36306 363405
ture

CVP 1+1 241 442* 6+2* 241 241 341 5+1%
(mmHg)

Respira- 65+5 7045 75+5*% 75£5%* 65+5 70+5 75+5* 75£5%*
tory rate
(min~")

pH 7394007 7304£004%* 7324+005* 729+008* 7394004 731+£004* 734+£004*7294007*

pCO, (kPa) 5474+110 518+081 606+£092 488+£091 503+069 506+060 557+083 5264133

HCO;™ 2414+14 185+£20% 223+£16* 175£12* 227423 191+£18%  218+£21* 178+£34*
(mmol/L)

Base excess —02+£10 —68+17% —34+15% —78+13* —16+£20 —654+20% —34+16* —74+£30*
(mEg/L)

pO, (kPa) 329482 337456 339451 335442 335477 335+£54 341456 321455

sO, (%) 99.74+03 99.8+0.1 99.8+0.1 99.84+0.1 99.8+03 99.84+0.2 99.8+0.1 99.74+0.2

Hematocrit 4042 31+£2* 33+£2*% 24+6* 39+4 32+3* 34+£3* 26+£8*

(%)

Data are presented as mean £ SD. * P <0.05 compared to the baseline value of the corresponding group. No differences
were found between vasculotide (VT) and untreated HS rats. HS; hemorrhagic shock group, HS + VT; hemorrhagic shock
group treated with vasculotide, 1 h HS; values measured at 1 h following start blood withdrawal, R+ 1 h; values measured
at 1 h following start of fluid resuscitation, R+ 4 h; values measured at 4 h following of start fluid resuscitation, MAP; mean
arterial pressure, CVP; central venous pressure,

Page 8 of 18
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Hemorrhagic shock decreased pH, bicarbonate and base excess (all values: p <0.0001
vs. baseline). Fluid resuscitation partly restored bicarbonate levels and base excess (both
p<0.0001 vs. 1 h HS), but this temporarily restoration in the subsequent hours. pH was
not affected by fluid resuscitation and remained altered during the follow-up period
(»>0.99 vs. 1 h HS). Hematocrit decreased following hemorrhagic shock and further
decreased during fluid resuscitation. pCO,, pO,, and sO, remained unaltered during the
complete experiment (all values: p>0.99). Central venous pressure remained unaltered
during hemorrhagic shock (p =0.50 vs. baseline), but increased following fluid resuscita-
tion and in the subsequent hours (» <0.0001 vs. 1 h HS).

Vasculotide treatment did not affect MAP, heart rate, central venous pressure, hema-
tocrit or blood gas values (all values: p>0.99).

Cremaster perfusion assessed with intravital microscopy

In the cremaster muscle, hemorrhagic shock decreased the number of continuously
perfused vessels (Fig. 2a: from 12+ 2 (baseline) to 54+2 (1 h HS) perfused vessels/
recording, p<0.0001) and increased the number of non-perfused vessels (Fig. 2b:
from 4+ 1 (baseline) to 10+ 1 (1 h HS) non-perfused vessels/recording p <0.0001).
Both parameters were partly restored by fluid resuscitation, but did not reach base-
line values (R+ 0.5 h: 9+ 2 perfused vessels/recoding p =0.0001; 7 = 3 non-perfused
vessels/recording p<0.0001 vs 1 h HS), and remained stable during the subsequent
hours (R+4 h: 7+ 2 perfused vessels/recording p =0.10; 8 £ 2 non-perfused vessels/
recording p =0.35, vs. R4 0.5 h). Hemorrhagic shock resulted in an increase in inter-
mittently perfused vessels (Fig. 2c: p <0.001, vs. baseline), which was partly corrected
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Fig. 2 Cremaster and renal perfusion following hemorrhagic shock and fluid resuscitation. Continuously
perfused vessels (a), non-perfused (b) and intermittently perfused vessels (c) in rat cremaster muscle using
intravital microscopy. Renal microvascular blood volume A (d), microvascular filling velocity (8 (e) and estimate
of renal perfusion (A*B; f) as assessed by contrast-enhanced ultrasound echography in rats during and after
hemorrhagic shock and fluid resuscitation as control (HS; black line) or with vasculotide treatment (HS+VT;
grey dotted line). Two-way ANOVA with Bonferroni post hoc analyses, *P <0.05 HS group compared to
baseline; *P < 0.05 HS 4+ VT vs. HS group. Data represent mean+SD, n=13
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by fluid resuscitation (p =0.15, R+ 0.5 h vs. 1 h HS) and remained stable during sub-
sequent hours (p>0.99, R+4 hvs. R+ 0.5 h).
Treatment with vasculotide restored cremaster perfusion compared to untreated

animals (Table 2). This was reflected by a significant increase in the number of per-
fused vessels at 3 h following fluid resuscitation (R+3 h: 11+3 vs 8 £3, p<0.05,
HS+ VT vs. untreated HS), but not at other time points (R+0.5 p>0.99, R+1 h
p>0.99,R+2h p=0.20, R+4 h p=0.22, vs untreated HS). No significant differences
between groups were found in the number of intermittently perfused or non-perfused

vessels, but treatment with vasculotide tended to reduce the number of non-perfused

vessels at 3 h following start of fluid resuscitation (p =0.11, vs. untreated HS rats).

Table 2 Cremaster perfusion and renal perfusion data

Parameter Group  Time point
Baseline  0.5hHS 1hHS R+05h R+1h R+2h R+3h R+4h

Cremaster perfusion

Continu-  HS 1242 74£3* 54 2% 942* 842* 84 3* 843* 742%
ously HS4+VT  13+1 743* 440% 1142% 10£2* 10£3* 1143*A 10£3*
per-
fused
vessels
(ves-
sels/
record-
ing)

Intermit-  HS 06403  10+£05 13406% 09406 09405 09404 09406 08%04
ety HS4VT  05+£04 1006 09+£04  08+05 10408  08+07 08+09  08+10
per-
fused
vessels
(ves-
sels/
record-
ing)

Non-per-  HS 441 843* 10+£1% 743* 743* 843* 84 2% 84 2%
fused  psivT 441 94 3% 1142% 642% 742% 742% 64 2% 642%
vessels
(ves-
sels/
record-
ing)

Renal perfusion

Microvas-  HS 2064149 1784258 1464149 2544196 2534211 2154142 2434233  246+149
E‘li‘afd HS4+VT 2014101 1784199 2174234 3404318 3804408 3094302 2534190 2174149
[e]e]
volume
Afa.u.)

Microvas-  HS 13407  054+03*  04£02* 07402* 07408 06402* 06+02* 05+02*
;h‘_‘af HS+VT 12402 05401  04£01* 07£02* 07+£02° 05+02* 05+02* 07403*
ing
velocity
B(s™"

Estimate  HS 2414139  59452* 51441* 1774131 1584107 119463 113459  120+58
?fPef' HS4+VT 2344122 1004122%  83489% 2424222 2384222 1484115 118481 1464105
usion

Data presented as mean £ SD. * P <0.05 compared to baseline value of the corresponding group. A P <0.05 vasculotide
effect, compared to the same time point of the untreated HS group. HS; hemorrhagic shock group, HS 4 VT; hemorrhagic
shock group treated with vasculotide. Time points represent 0.5 h following start of blood withdrawal (0.5 h HS), 1 h
following start of blood withdrawal (1 h HS) and 0.5 h (R+0.5h), Th(R+1h),2h (R+2h),3h(R+3h)and4h (R+4h)

following start of fluid resuscitation
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Fig. 3 Expression levels of the angiopoietin/Tie2 system. Plasma levels of soluble Tie2 (a), angiopoietin-1
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Renal perfusion assessed with contrast echography
Renal microvascular blood volume (A) was not affected by hemorrhagic shock nor fluid
resuscitation (Fig. 2d; 246+ 149 vs 206+ 149 a.u. p>0.99, R+4 h vs baseline). Induc-
tion of hemorrhagic shock decreased microvascular filling velocity (f3; Fig. 2e; from
baseline: 1.340.7 to 1 h HS: 0.44+0.2 s™', p<0.0001), which partly restored by fluid
resuscitation (R4 0.5 h: 0.740.2 s! »<0.05) and remained unaltered in the subsequent
hours (R4+4 h: 0.540.2 s7! »>0.99 vs R40.5 h). Estimate of renal perfusion decreased
as a result of hemorrhagic shock (Fig. 2f; from baseline: 2404+139 to 1 h HS: 40+41,
p<0.001). Renal perfusion was only partly restored by fluid resuscitation (R+0.5 h:
177 +£131, p=0.07), and remained unaltered in the consecutive hours (R+4 h: 120+58,
p>0.99 vs R+0.5h).

Treatment with vasculotide did not affect microvascular blood volume, microvascular
filling velocity nor renal perfusion (all p >0.99) compared to untreated HS rats (Table 2).

Edema formation and fluid requirements

Treatment with vasculotide had no significant effect on renal edema formation as
assessed by wet/dry ratios (4.97+0.4 vs. 535+0.64, p=0.15). Similar amounts of
blood were withdrawn to induce hemorrhagic shock in vasculotide-treated HS animals
and untreated HS animals (6.9+1.2 vs. 6.8+ 1.2 ml; p>0.99). Also, no differences were
found in resuscitation fluid volumes to reach baseline values (7.34+2.5 vs. 7.5+ 2.8 ml;
p>0.99) or total resuscitation fluid volume between vasculotide-treated HS animals and
untreated HS animals (21.5+11.5 vs. 20.8 £ 8.2 ml; p>0.99).

Angiopoietin/Tie2 and inflammatory signaling

Hemorrhagic shock and fluid resuscitation increased circulating soluble Tie2 (Fig. 3a,
p<0.01), angiopoietin-1 (Fig. 3b, p<0.0001) and angiopoietin-2 (Fig. 3¢, p<0.0001) lev-
els compared to baseline values. Treatment with vasculotide did not affect soluble Tie2
levels (p >0.99), renal Tie2 mRNA levels (Fig. 3d, p=0.26), renal Tie2 protein expression
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levels (Fig. 3e, supplemental Fig. 2, p=0.41), circulating angiopoietin-2 levels (»p =0.52)
or circulating angiopoietin-1 levels (p =0.29) compared to untreated HS rats. Addition-
ally, treatment with vasculotide did not affect mRNA levels of RhoA and Rac-1, down-
stream targets of the angiopoietin/Tie2 system (Additional file 1: Figs. S2, S3; mRNA
expression; Rac-1, p=0.51; RhoA, p=0.58; protein expression; Rac-1, p=0.78; RhoA,
p=0.28) compared to untreated animals. Moreover, treatment with vasculotide did
not affect renal gene expression of cell endothelial cell adhesion molecules; ICAM-1,
VCAM-1, P-selectin and E-selectin (Additional file 1: Fig. S4; ICAM-1, p=0.59; VCAM-
1, p=0.42; E-selectin, p=0.57; P-selectin, p=0.17).

Increased circulating angiopoietin-2 levels positively associated with increased renal
edema formation at 4 h after start of resuscitation (r=0.82, p <0.0001). No relation was
found between increased circulating angiopoietin-1 levels and renal edema formation
(r=0.009, p=0.97) or soluble Tie2 levels and renal edema formation (r=0.18, p =0.42).

Renal injury

Hemorrhagic shock and fluid resuscitation increased circulating NGAL (Fig. 4a,
p<0.05), KIM-1 (Fig. 4b, p<0.01) and creatinine (Fig. 4c, p<0.05) levels compared to
baseline values. Treatment with vasculotide did not affect circulating NGAL (Fig. 4a,
p=0.27), KIM-1 (Fig. 4b, p=0.78) or creatinine (Fig. 4c, p>0.99) levels, nor did it
affect urinary levels of NGAL (Fig. 4d, p=0.50) or KIM-1 (Fig. 4e, p=0.81) compared
to untreated animals. In renal tissue, treatment with vasculotide did not affect mRNA
expression levels of NGAL (Fig. 4f, p=0.26) or KIM-1 (Fig. 4g, p=0.96), or protein
expression levels of NGAL (Fig. 4h, supplemental Fig. 4, p=0.41), measured at 4 h after
fluid resuscitation and compared to untreated HS rats. The degree of renal damage was
similar in both groups (Fig. 4i—k), as assessed via histopathological analysis.

Effect of microbubbles

In most variables, no differences were found in hemodynamics (Additional file 1:
Fig. SSA-F) and cremaster perfusion (Additional file 1: Fig. S5G, H) between HS rats
that did, or did not receive microbubbles. However, rats that did not receive microbub-
bles had increased levels of bicarbonate at 2 h after starting fluid resuscitation (22.4 £ 0.4
vs 19.7 £ 1.4 mmol/L, p<0.01) and increased levels of base excess at 2 h (— 3.4+£1.4 vs
— 54+1.4 mEq/L, p<0.05) and 3 h after starting fluid resuscitation (— 3.5+1.8 vs —
6.0+ 1.0 mEq/L, p<0.01) compared to HS rats that received microbubbles. However,
these differences abolished over time as at 4 h after starting fluid resuscitation no dif-
ferences were observed. Also, no differences in renal wet/dry ratios were found between
HS control rats receiving microbubbles and HS control rats that did not receive micro-
bubbles (Additional file 1: Fig. S51, p=0.14).

Discussion

In the present study, we showed that hemorrhagic shock impairs renal and cremaster
perfusion. The clinical standard therapy with fluid resuscitation only partly restored
renal and cremaster perfusion, but could not restore perfusion back to baseline values in
both organs. These perfusion disturbances were paralleled by renal injury and an imbal-
ance in key components of the endothelial angiopoietin/Tie2 system. Interestingly, the
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Fig. 4 Expression levels of renal injury markers. Plasma levels of NGAL (a), KIM-1 (b) and creatinine (c),
measured at baseline (white circles) and following hemorrhagic shock and fluid resuscitation (HS; black
circles, HS+VT; grey circles). Urinary levels of NGAL (d) and KIM-1 (e), measured following hemorrhagic shock
and fluid resuscitation (HS; black circles, HS+VT, grey circles). Renal gene expression of NGAL (f) and KIM-1
(g), and renal protein expression of NGAL (h) measured following hemorrhagic shock and fluid resuscitation
(HS; black circles, HS 4 VT; grey circles). Microphotographs (original magnification x 20) of PAS-d stained
renal tissue sections from untreated HS rats (i) and VT-treated HS rats (j), showing similar degrees of ischemic
tubular injury, as evidenced by tubular dilation and loss of brush borders, tubular injury scores represented
in graph (k). Data represent mean = SD. Plasma: Kruskal-Wallis with Dunn'’s analyses. Gene and protein
expression: Student's T-test. *P < 0.05 HS group compared to baseline; # P <0.05 HS 4 VT vs. HS group. VT
vasculotide, NGAL neutrophil gelatinase-associated lipocalin, KIM-1 kidney injury marker-1

proposed relation between elevated angiopoietin-2 levels and organ failure was con-
firmed in the current study, as increased circulating angiopoietin-2 levels were associ-
ated with increased renal edema formation. However, treatment with the Tie2 agonist
vasculotide did not improve renal perfusion, nor did it reduce renal injury. Treatment
with vasculotide did temporarily improve cremaster perfusion during fluid resuscita-
tion, indicating biological activity of the compound. Our data suggest that stimulation
of Tie2 is not a suitable approach following hemorrhagic shock and fluid resuscitation to
improve renal perfusion and function.

Previously, we showed that hemorrhagic shock impaired microcirculatory perfusion
in the cremaster muscle in rats, which was accompanied by increased pulmonary and
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renal microvascular leakage [10]. In the present study, we confirmed the detrimental
effects of hemorrhagic shock on cremaster microcirculatory perfusion. Additionally,
we showed that hemorrhagic shock impaired renal perfusion. Although the avail-
able knowledge regarding renal perfusion following hemorrhagic shock is limited,
our data are in line with previously performed animal studies. Hemorrhagic shock
reduced cortical renal perfusion as determined by IDF microscopy [9] and blood
loss > 35% of circulating volume deteriorated renal perfusion as measured by invasive
laser Doppler flowmetry [27]. Here, we show the applicability of a non-invasive imag-
ing technique, contrast-enhanced ultrasonography, which can be used in the clinical
setting to determine hemorrhagic shock-induced renal perfusion disturbances [28,
29]. Importantly, the effect of hemorrhagic shock on microcirculatory perfusion in
the present study was tissue-specific as renal perfusion was more severely affected
by hemorrhagic shock than cremaster perfusion with a reduction in perfusion of 80%
versus 57%, respectively, compared to baseline values. This confirms the vulnerability
of the renal vasculature after hemorrhagic shock [9, 30, 31] and highlights the impor-
tance of selective imaging of perfusion in vital organs and the need for interventions
that restore kidney perfusion.

To date, general treatment options following hemorrhagic shock aim to restore cir-
culating volume by fluid resuscitation. However, fluid overload can lead to multiple
organ failure and worsen outcome [32]. In the current study, we showed that with a non-
aggressive fluid resuscitation strategy by targeting MAP >50 mmHg, renal perfusion is
not restored back to baseline levels after HS. Current transfusion protocols target a spe-
cific MAP, however, the optimal target MAP is still up for debate [33, 34]. Our study
clearly shows that restoration of MAP with a permissive fluid resuscitation strategy does
not restore renal perfusion. A hypotensive resuscitation strategy targeting a MAP of
50 mmHg reduces transfusion requirements compared to a target MAP of 65 mmHg
[35, 36] and improves survival among trauma patients [37], whereas aggressive fluid
resuscitation is known to induce cardiac and pulmonary complications [38]. In contrast,
renal perfusion and glomerular filtration appear pressure-dependent below a MAP of
75 mmHg, leading to reduced renal oxygenation [39], which might explain the lack of
restoration of renal perfusion during fluid resuscitation. In conclusion, we showed that
standard fluid resuscitation failed to restore renal and cremaster perfusion, confirming
that additional treatment strategies are warranted.

One of the underlying pathological features that may explain the discrepancy between
effects on global hemodynamics and tissue perfusion is microvascular leakage. Follow-
ing hemorrhagic shock and fluid resuscitation, microvascular leakage increases in both
kidney and lungs [10]. Especially during fluid resuscitation, microvascular leakage has
detrimental effects as it reduces the benefits of fluid therapy [40]. As a consequence of
endothelial hyperpermeability, fluids can partially leak to the interstitium, leading to tis-
sue edema. Tissue edema increases diffusion distances, which impairs oxygen delivery
and may eventually lead to organ failure as result of tissue hypoperfusion. The angiopoi-
etin/Tie2 system is a key regulator of endothelial permeability. Following hemorrhagic
shock and fluid resuscitation, the angiopoietin/Tie2 signaling changes extensively [8, 10,
17], which is also confirmed in the current study. This detrimental shift towards angi-

opoietin-2/Tie2 signaling is associated with the development of AKI following trauma
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[15] or cardiac surgery [16], and with negative clinical outcome [15]. Elevated angiopoi-
etin-2 levels have previously been associated with in vitro endothelial hyperpermeability
[11, 41]. In line with this observation, we observed that elevated angiopoietin-2 levels
were associated with renal edema formation, proposing angiopoietin-2 as contributor
to or interesting biomarker for the development of kidney injury following hemorrhagic
shock. Collectively, we confirmed the angiopoietin/Tie2 system as potential target to
reduce microvascular leakage.

In the current study, we targeted Tie2 with vasculotide to reduce microvascular leak-
age and thereby improve the effectiveness of fluid resuscitation, as reflected by improve-
ment of microcirculatory perfusion and renal function. Previously performed studies
reported the capability of vasculotide to enhance Tie2 phosphorylation, as determined
in rat glomerular endothelial cells [10] and septic mice [43]. Here, we found that treat-
ment with vasculotide temporarily restored cremaster perfusion, but did not affect renal
perfusion or renal injury. One possible explanation for this may be the organ-specific
expression levels of Tie2, as Tie2 has a relatively low expression pattern in renal tissue
compared to pulmonary tissue [42]. Several studies investigated the effect of vasculo-
tide in diverse animal models of critical illness [19, 43, 44]. In septic mice, vasculotide
reduced microvascular leakage in lungs [43, 44], but not in kidneys or in the spleen [44].
In contrast with our findings, Riibig et al. reported an improvement in renal perfusion
and function following treatment with vasculotide in mice with renal ischemia—rep-
erfusion injury [19]. Differences in outcome may be a function of injury severity, dis-
ease model, host animal or timing and dosage of treatment. Unfortunately, increasing
the dosage of vasculotide resulted in adverse effects on microcirculatory perfusion as
determined in pilot experiments, as reflected by suboptimal microcirculatory perfusion
in sham animals. This dose-dependent effect was also confirmed by Kiimpers et al., as an
increased dosage of vasculotide reduced survival following sepsis compared to a lower
dosage [43]. Taken together, treatment with vasculotide was unable to restore renal per-
fusion and function in the current set-up.

Strengths and limitations The current study is one of the first to assess microcircula-
tory perfusion in different organs within the same animal due to the use of two imaging
techniques. This resulted in the interesting and important finding that the given treat-
ment showed organ-specific efficiency. Second, although renal injury is a known com-
plication following hemorrhagic shock and fluid resuscitation, knowledge regarding the
course of renal perfusion during and following hemorrhagic shock was lacking. How-
ever, the current study assessed renal injury in a fairly short time frame. Even though all
circulating renal injury markers confirmed the development of renal injury, a possible
beneficial effect of vasculotide over a longer period cannot be excluded. As there are no
specific antibodies available to assess Tie2 phosphorylation in rat kidney tissue, it was
not possible to measure activation of the Tie2 receptor following vasculotide treatment.
However, previous studies confirmed the capability of vasculotide to enhance Tie2 phos-
phorylation in mice [43] and rat glomerular cell culture [10].

Conclusion
Hemorrhagic shock attenuated renal and cremaster perfusion in rats, and perfusion
in both organs was only partly restored following fluid resuscitation. These perfusion
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disturbances were paralleled by renal injury and an imbalance in key components of the
angiopoietin/Tie2 system. Targeting Tie2 using vasculotide did not improve renal perfu-
sion or function, but temporarily restored cremaster perfusion. Our results show that
targeting Tie2 using vasculotide is not an appropriate strategy to restore renal perfusion
disturbances following hemorrhagic shock. Future studies should focus on targeting the
angiopoietin/Tie2 system via a different approach, such as decreasing circulating angi-
opoietin-2 levels, or could investigate the effect of activation of Tie2 in other affected
organs to improve organ failure other than the kidneys.
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