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Abstract
Volume therapy is a standard procedure in daily perioperative care, and there is an ongoing

discussion about the benefits of colloid resuscitation with hydroxyethylstarch (HES). In sep-

sis HES should be avoided due to a higher risk for acute kidney injury (AKI). Results of the

usage of HES in patients without sepsis are controversial. Therefore we conducted an ani-

mal study to evaluate the impact of 6% HES 130/0.4 on kidney integrity with sepsis or under

healthy conditions Sepsis was induced by standardized Colon Ascendens Stent Peritonitis

(sCASP). sCASP-group as well as control group (C) remained untreated for 24 h. After 18 h

sCASP+HES group (sCASP+VOL) and control+HES (C+VOL) received 50 ml/KG bal-

anced 6% HES (VOL) 130/0.4 over 6h. After 24h kidney function was measured via Inulin-

and PAH-Clearance in re-anesthetized rats, and serum urea, creatinine (crea), cystatin C

and Neutrophil gelatinase-associated lipocalin (NGAL) as well as histopathology were ana-

lysed. In vitro human proximal tubule cells (PTC) were cultured +/- lipopolysaccharid (LPS)

and with 0.1–4.0% VOL. Cell viability was measured with XTT-, cell toxicity with LDH-test.

sCASP induced severe septic AKI demonstrated divergent results regarding renal function

by clearance or creatinine measure focusing on VOL. Soleley HES (C+VOL) deteriorated

renal function without sCASP. Histopathology revealed significantly derangements in all

HES groups compared to control. In vitro LPS did not worsen the HES induced reduction of

cell viability in PTC cells. For the first time, we demonstrated, that application of 50 ml/KG

6% HES 130/0.4 over 6 hours induced AKI without inflammation in vivo. Severity of sCASP

induced septic AKI might be no longer susceptible to the way of volume expansion.
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Introduction
Infusion therapy is a cornerstone in intensive and perioperative care to increase intravascular
volume and to preserve macro- and microcirculation. In 2008, the VISEP-study results showed
an increased risk of acute kidney injury (AKI) when 10% HES 200/0.4 solution was used in sep-
tic patients[1]. With 6S-, CRYSTMAS- and CHEST-study further trials demonstrated an
increased incidence of AKI, when modern 6% HES 130/0.4 or 0.42 were infused[2–4]. There-
fore the European Medicines Agency´s Pharmacovigilance Risk Assessment Committee
(PRAC) recommended not to use hydroxyethylstarch in sepsis (EMA / 640658 / 2013), despite
of the results of the CRISTAL-study. This study also reveals no differences in AKI using col-
loids (HES, gelatine, dextran or albumin) compared to crystalloids alone[5].

Large amounts of HES are still commonly used in perioperative care. The administration of
starch is based on the widespread belief that this substance improves the treatment for these
patients and therefore reduces morbidity. The pathophysiology of HES-induced AKI is not
fully understood so far. Recently we demonstrated that HES induces decreased cell viability in
human proximal tubules cells (PTC) in vitro (Bruno et al. A&A 2014)[6]. In this trial TNF-α
did not worsen the harmful impact of HES on PTC, but only applied mass of HES molecules
seemed to be responsible for the derogation of human PTC. All investigated HES solutions
(potato or corn derived; balanced or non balanced) and molecular sizes (3–200 kDa) revealed
PTC impairments. Therefore we conducted this study to evaluate, whether inflammation is the
key trigger for HES induced AKI in vivo, or whether HES impairs kidney function even under
healthy conditions in our previously published new rat model of septic AKI [7].

Materials and Methods

Animals
This study was carried out in strict accordance with the recommendation in the Guide for
the Care and Use of Laboratory Animals of the National Institutes of Health. After animal
care committee approval (PM-No. 83/11, Laboratory Animal Care and Use Committee of
the District of Unterfranken, Germany), experiments were performed on 24 male Sprague-
Dawley rats (324±16g bodyweight (BW)) purchased from Harlan Winkelmann (Borchen,
Germany). Animals were treated according to the guidelines of the U.S. National Institutes of
Health, as well as those of Germany. All rats were maintained on a standard diet and water ad
libitum and 12 h day and night cycles. Animals were not fasted prior and after the surgical
interventions.

Animals were randomized to groups I–IV (n = 6/group, Fig 1), group I: Control, group II:
Control+Vol [C+VOL] (balanced 6%HES 130/0.4, Volulyte, Fresenius Kabi, Germany), group
III: sCASP, group IV: sCASP+Vol (balanced 6%HES 130/0.4, Volulyte, Fresenius Kabi, Ger-
many), and anesthetized using isoflurane (Forene, Abbott, Germany) and nitrous oxide inhala-
tion as described previously [7–9]. Briefly the right jugular vein was cannulated for infusion
and medication purposes, and for continuous blood pressure measurement, heart rate (Hewlett
Packard Model 88S) and gaining blood samples, the left carotid artery was also cannulated[9].

sCASP procedure. Animals of group III and IV received the sCASP procedure (for details
see Schick MA et al. 2014 [7]). Spontaneously breathing anesthetized rats were placed in supine
position on a heating pad to ensure normothermia (rectal probe 38±5°C). After thorough dis-
infection of the abdominal skin, a midline incision was performed. The peritoneal cavern was
opened by incising the abdominal muscles and the peritoneum along the linea alba. The cecal
pole was identified and the cecum was gently pulled out by the use of cotton swabs. 20mm dis-
tal from the ileo-cecal valve, the colon was punctured with a 14G needle and to ensure a
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continuous fecal peritonitis in male rats, a 10 FR plastic tube (tip of a suction catheter, type
“Ideal”, B.BraunMelsungen, Germany) was fixed with a suture. Stool was milked from the
cecum towards the colonic stent by the use of cotton swabs until it appeared at the outlet of the
stent. Then the gut was replaced into the peritoneal cavity and the stent was flushed with 2 ml
NaCL 0.9% (Fresenius Kabi, Germany) to distribute the faeces into the peritoneal cavern.
Afterwards the peritoneum and the skin were closed with continuous two layer sutures.

After the surgical procedures, animals woke up and received the following treatments:
Every animal received 14.4 ml/kgBW/24h NaCl 0.9% for basal fluid requirement and after
18 hours C+VOL and sCASP+VOL treated animals received 50 ml/kgBW balanced 6% HES
130/0.4 continuously over the following 6h additionally. All animals had free access to water
and food. Analgesia protocol was performed as follows: Control and C+VOL received 0.25 μg/
100g BW/h fentanyl (Fagron, Germany); CASP and CASP+VOL 2.0 μg/100g BW/h fentanyl
intravenously. Invasive MAP was continuously monitored, and animals would have been
excluded to further investigation if MAP would have dropped below 60 mmHg during the next
24h. However, all animals showed MAP measurements above 60 mmHg for the following
24 hours.

After 24 hours rats were re-anesthetized using Midazolam (Midazolam-ratiopharm, Ratio-
pharm, Germany) 0.7 mg/100g BW/h and Fentanyl 7 μg/100g BW/h. For a sufficient anesthetic
depth, Isofluran was adapted afterwards[10]. Afterwards the animals were weighed again
(322±22g). To establish standardised ventilation, a tracheotomy was performed and rats were
mechanically ventilated with FiO2 0.28% using a Rodent Ventilator (Type: 7025, Hugo Sachs
Elektronic KG, Germany). For cardiac output (CO) measurements the right femoral artery was
cannulated, and a thermocatheter (MLT1402 T-type Ultra Fast Thermocouple, ADInstru-
ments) was introduced to measure CO as previously described [11]. Blood gas values (BGA)

Fig 1. Schematic presentation of the experimental setup. At point of time 0 h after cannulation of the right
jugular vein and the left carotid artery, sham or sCASP procedure was performed. Baseline measurements of
macrohemodynamic and blood gas analysis followed after operation. 18 hours after operation, sCASP+VOL
and Control+VOL received 50 ml/kg/BW 6%HES 130/0.4 (VOL) within the following 6 hours. Twenty-four
hours after first operation, macrohaemodynamics and blood gas parameters were measured, and renal
function was analysed by inulin- and PAH- clearance. At the end of experiment blood serum, blood gas
analysis and kidney were harvested.

doi:10.1371/journal.pone.0137247.g001
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were measured 30 min after the surgical procedure on day one and on day two, 15 min after
the tracheotomy, using ABL505 blood gas analyzer (Radiometer, Copenhagen).

Evaluation of kidney function in vivo. Inulin and PAH clearances were determined as
described recently[12]. In brief, after BGA determination Fluorescein-isothiocyanate-inulin
(Inulin-FITC; F3272–1; Sigma-Aldrich; St. Louis, USA) and PAH (p-Aminohippuric acid
sodium salt; A3759–25G; Sigma-Aldrich; St. Louis, USA) (1 mg of each substance solved in
0.25 ml 0.9% NaCl) were applied (bolus 75μl i.v.), followed by constant infusion of both sub-
stances (2 mg/ml inulin, 5 mg/ml PAH) with a rate of 3.7μl/h/300gBW. The urine bladder was
cannulated with a PE-50 (polyethylene) catheter to measure urine flow and obtain urine sam-
ples. After 30 min of infusion, a steady state was reached. Then urine was collected over a
period of 20 min and blood samples were drawn subsequently. Samples were centrifuged and
stored at −20°C. Inulin concentrations in urine and plasma were determined by fluorescence
spectrometry (1420 Victor2Multilabel Counter), whereas PAH concentrations were measured
by photo spectrometry (Dynatech Lab, Guernsey, UK) using the anthrone method. Calcula-
tions of inulin clearance, PAH clearance, and PNS were performed according to the equations:
inulin clearance = (IU × VU)/(IP × t); PAH clearance = (PAHU × VU)/(PAHP × t); and PNS =
[(PAHU × VU)/t] − [GFR × PAHP]; where IU is inulin concentration in urine; PAHU is PAH
concentration in urine; IP is inulin concentration in plasma; PAHP is PAH concentration in
plasma; VU is urine volume; PNS is PAH net secretion and t is time of measurement.

Markers of acute kidney injury. At the end of experiment plasma samples were drawn for
determination of kidney function and damage by measuring creatinine and urea levels by
using routine laboratory methods. For cystatin C and NGAL, blood samples were collected,
prepared and measured as previously described using rat NGAL (Kit 041 dianova, Germany)
and cystatin C (cystatin c ELISA KIT, AXXORA, Germany) kits[8].

Histopathology. Kidneys were harvested at the end of the experiment for histopatholog-
ical studies. Organ tissues were fixed in formaldehyde 3.5% (Otto Fischar, Germany) for more
than 24 h. Tissues were stained with haematoxylin and eosin reagent and PAS-reaction as pre-
viously described [8, 13]. The morphological alterations of kidneys were analysed semi-quanti-
tatively by a blinded investigator where 0 was given when no alterations were found, 1 for mild
alterations, 2 for medium alterations and 3 for severe alterations. Criteria for histopathological
assessment were formation of oedema, cellular oedema, detachment of tubular epithelium
from the basement membrane, loss of the brush border of the proximal tubular cells, cell death
and vacuolisation. Mean values from the scores of the latter criteria were taken together as total
injury score. Additionally, 10 randomly chosen glomeruli from tissue sections of each group
were selected and distal and proximal tubular cells around the glomeruli were analysed under
high-power fields (6300 magnification) and the score 0 to 4 was given: 0 = none; 1 =< 25%,
2 = 25–50%, 3 = 50–75% and 4 => 75% of the epithelial cells displayed vesicles.

In vitro
For the investigation of the impact of HES in vitro we used our established cell culture of
human proximal tubule cells (HK-2) [6, 14]. In brief HK-2 cells were purchased from ATCC
and used between passage 10 and 29. Cells were cultured in DMEM/HämF12 medium with
10% FCS and 1% penicillin/streptomycin (GIBCO, Invitrogen) for the EZ4U test and without
pyruvat for the LDH tests. For cell viability and cytotoxicity assays 50000 HK-2 cells/cm2 were
seeded on gelatine-coated 96-well plates. Different concentrations of HES were applied onto
HK-2 cells. Cell viability was determined by means of EZ4U assay (second generation tetrazo-
lium dye XTT, Biomedica) after 21 hours substance application according to the manufactur-
er’s instruction. For cytotoxicity (cyt) the Cytotoxicity Detection KIT (LDH-releasing, Roche
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Applied Science Product number 11644793001, Roche Diagnostics GmbH, Mannheim, Ger-
many) was used after 24h according to the manufacturer´s instruction. This assay determines
LDH activity released from damaged cells using the specific absorption of formazan dye mea-
sured with ELISA. Cyt was converted in percent using following equation: cyt = (measured
value-low control)/(high control-low control)x100. High control equals the mean value
obtained from wells with lysed HK-2 cells, while the low control equals to the mean measured
value of HK-2 cells, treated with control solution. Balanced 6% HES130/0.4 solution was
diluted in HK-2 medium to 0.1, 0.5, 1, 1.5, 2, 4% HES using for every dilution the same amount
of HK-2 medium (27.5%). Residual volumes were filled up with NaCl solution (NaCl 0.9, Fre-
senius Kabi Germany). For estimating the influence of pro-inflammatory stimulation, cells
were incubated with different concentrations of lipopolysaccharide (10–100ng/ml LPS from
Escherichia coli 055:B5, purchased from Sigma, Germany). Results were related to control val-
ues from cells treated without HES130/0.4 (= 0% values with HK-2 medium and NaCl only).
0%-control values were set to 100% viability for graphical illustration.

Statistics
Values throughout are expressed as mean ± SEM or SD. In vivo: Statistical analyses were per-
formed using SPSS V. 20 and SPSS V. 21. For parametric parameters possible differences were
assessed with ANOVA followed by post-hoc Duncan test. Statistical significance is assumed for
p< 0.05. For non-parametric data Kruskal-Wallis following Mann-Whitney-U test with Bon-
ferroni correction were used for significant differences. In vitro: For statistical analysis a two-
sided t-test with different variances was used, p-values<0.05 and 0.001 were classified as statis-
tical significant.

Results

In vitro
In our previous studies, HES showed adverse effects on the kidney in sepsis. Therefore we
assessed whether the primarily demonstrated harmful effect of HES is caused by inflammation.
As previously shown for TNF-α [15], we investigated the impact of different dosages of LPS on
cell viability (Fig 2), quantified with the XTT assay. Neither incubation with LPS caused a rele-
vant derangement of cell viability, nor there was a relevant difference between 1.5% HES
(52.66% ± 6.28% SD) and 1.5% HES co-incubated with 100 ng/mLLPS (56.46% ± 5.07%). Fig 2
shows the impact of HES on cell viability after 0h of incubation. The harmful effect of HES can
be determined directly after the administration in vitro. Furthermore, the degree of damage is
very similar to values measured in the later time course [6, 14]. Direct cell toxicity follows belat-
edly this direct decrease of cell viability. While after 4h no relevant increase of cell toxicity incu-
bating with HES was detectable (Fig 2), the values observed after 24h of incubation reveal a
dose depended (beginning with 1.5% HES) statistically significant cell damage (Fig 2: 1.5%
HES: 5,92% ± 5,76% SD, 2% HES: 10,42% ± 5,64% SD and 4% HES: 13,57% ± 8,46% SD).

In vivo—Determination of sepsis induced Acute Kidney Injury
Macrohemodynamics, arterial blood gas parameters and additional plasma analysis are shown
in supplemental materials (S1 Table, S2 Table, S3 Table). All animals treated with sCASP dis-
played clinical features of sepsis, as described previously [7].

Functional Test. First we measured inulin-clearance as the gold standard of global kidney
function (glomerular filtration rate). Administering 6% HES 130/0.4 to rats (C+Vol) resulted
in a significantly reduced inulin-clearance compared to the control animals (0.35±0.25 vs.
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0.72±0.19 [ml/min]) (Fig 3), while the inulin plasma concentrations showed no differences
between the groups (169±28 vs. 171±18 [μl/l]). Additionally PAH-clearance was also signifi-
cantly reduced to 0.84±0.26 [ml/min] in C+Vol when compared to control (3.16±1.53) (Fig 3).
After 24h of sepsis the Inulin-Clearance of sCASP compared to sCASP+Vol showed no signifi-
cant changes between each other as well as compared to control+Vol, but a significant decrease
compared to control (0.20±0.29; 0.22±0.22; 0.35±0.25 vs. 0.72±0.19 [ml/min]) (Fig 3). No sig-
nificant differences were detectable when comparing the inulin plasma concentrations (sCASP
239±79; sCASP+Vol 188±45; C+Vol 169±28; control 171±18 [μl/l]; p-value: 0.389). PAH-

Fig 2. The influence of inflammation, incubation time on the viability and cytotoxicity of human proximal tubule (HK-2) cells. A: Relative reduction of
cell viability by increasing doses of LPS and coincubation of LPS (100 ng /mL) plus 1.5% HES 130/0.4 and 1.5% HES alone, measured after 21 hours. Data
are presented as mean ± SD (n = 36–48), **P < 0.001 versus control, # P < 0.01 vs. each other. B: Relative reduction of cell viability of HK-2 cells by
increasing doses of HES 130/0.4, after 0 hour incubation. Data are presented as mean ± SD (n = 36–48), * vs. control: *P < 0.01, **P < 0.001. C/D: Relative
increase of cytotoxity of HK-2 cells by increasing doses of HES 130/0.4, after 4 (C) and 24 h incubation. Data are presented as mean ± SD (n = 36–48). * vs.
control: **P < 0.001, 2-sided t test with same variances.

doi:10.1371/journal.pone.0137247.g002
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clearance did not reveal any significant variations (Fig 3), while PAH plasma concentrations
showed also no significant differences: Control 78±28, C+Vol 43±7, sCASP 79±40 and sCASP
+Vol 37±11 (μg/ml) (p-value: 0.059).

Urine output. While collecting the urine for the measurement of the Inulin- and PAH--
Clearance, we also measured the amount of urine. Obviously C+Vol, sCASP and sCASP+Vol
showed significantly decreased amounts of urine (0.11±0.03; 0.12±0.10; 0.12±0.13 [ml/20
min]) compared to control (0.36±0.14 [ml/20 min]). When related to body weight these
significances were confirmed: 0.032±0.008, 0.041±0.038; 0.033±0.035 vs. 0.117±0.043 [ml/20
min/100g].

Serummarkers of AKI. The weak standard parameters for AKI, creatinine [mg/dl] and
urea [mg/dl] showed elevated levels, when comparing the two sCASP groups (sCASP, sCASP
+Vol) to control and control+Vol ((88±14; 119±64 vs. 60±11; 63±23) (Fig 3); (0.77±0.14; 0.75
±0.44 vs. 0.35±0.06; 0.44±0.11) (Fig 3)), whereas only creatinine reached significance. Measur-
ing NGAL [pg/ml] revealed significantly increased levels at sCASP and sCASP+Vol animals
compared to control and control+Vol animals ((21±4; 17±6 vs. 7±4; 6±4) (Fig 3)). Fianally

Fig 3. Evaluation of kidney function with serum parameters in vivo after 24 h. A: Inulin-Clearance [ml/
min], the gold standard of kindey function; B: PAH-Clearance [ml/min]; C: NGAL [pg/ml]; D: Cystatin C [pg/
ml]; E: Creatinine [mg/dl] F: Urea [mg/dl], n = 6, * p<0.05 vs. control, # p<0.05 vs. control+Vol. Dotted lines
equal standard values of each parameter.

doi:10.1371/journal.pone.0137247.g003
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cystatin C levels [pg/ml] showed no significant changes, apart from an increase comparing
sCASP+Vol with control ((3721±1572 vs. 1676±105) (Fig 3)).

Histopathology. Infusion of 6% HES 130/0.4 in control animals (C+Vol) had a significant
harmful impact on the kidney shown in the total injury score when compared to control
(4.71±0.12 vs. 2.23±0.11) (Fig 4). Furthermore abdominal sepsis (sCASP, sCASP+Vol)
increased histopathology significantly when compared to control (4.75±0.14; 4.38±0.44 vs.
2.23±0.11) (Fig 4), but there were no significant changes seen between the two groups com-
pared to each other. In the kidneys of the C+Vol group significantly more cellular oedema and
cell death is detectable compared to control. The kidneys of the sCASP group compared to the
sCASP+Vol group, showed significantly more cases of detachment of the basement membrane
of the proximale tubule cells as well as a tendency of more cell deaths and oedema. On the
other hand, sCASP+Vol showed significantly more cellular oedema than sCASP.

Fig 4. Representative images of the renal cortex following PAS reactions (A, B, C, D) and
morphological alterations of the kidney after 24 h (E, F). A/A`: control, B/B`: control+Vol, C/C`: sCASP, D/
D`: sCASP+Vol. Some of the lesion criteria are exemplified. Therefore, magnifications of some areas are
shown (A`, B`, C`, D`). Black arrows showing vacuolization, white big arrows showing detachment of the
basement membrane. White arrowheads showing cells going into cell death. Big black arrows detecting loss
of the brush border of the proximal tubular cells. E: Total Injury Score: Criteria for histopathological
assessment were formation of oedema, cellular oedema, detachment of tubular epithelium from the
basement membrane, loss of the brush border of the proximal tubular cells, cell death and vacuolisation.
Mean values from the scores of the latter criteria were taken together as total injury score. * p<0.05 vs.
control. F: Single criteria of histopathological investigations. * p<0.05 vs. control, § p<0.05 vs. sCASP.

doi:10.1371/journal.pone.0137247.g004
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Discussion
The data of our survey, shows that HES impairs kidney function even under healthy conditions
and inflammation seems not to be the key trigger for HES induced AKI in vivo. Fluid- and vol-
ume resuscitation remains a standard therapy in peri- and postoperative care. The choice of
(invasive-) hemodynamic monitoring, type of solution and amount is an on-going, daily and
controversial discussion[16, 17]. The theoretical advantage of colloid resuscitation with e.g.
hydroxyethylstarch (HES) goes back to Starling’s equation in 1915[18]. In the last decades,
numerous animal and human trials supported Starling’s theory. Because of these results, HES
was the first choice for volume replacement in the OR as well as in the ICU in many countries
for years. The VISEP-study started to show the other side of the story[1]. Further RCTs (6S,
CRYSTMAS and CHEST-study) revealed increased risk for AKI using starch in septic patients
[2–4], however these results were discussed controversially[19]. Parallel to the prohibition of
HES in sepsis (EMA / 640658 / 2013), the validity of Starling´s theory began to falter[20]. It
could be shown, that capillary colloid osmotic pressure gradient in the post-capillary venules
(the theoretical force for fluid re-absorption into the vessels) is not as powerful as predicted by
Starling’s equation[21]. Therefore the theoretical mechanisms about volume improvement
with HES should be reconsidered.

Previously we demonstrated, that colloids (gelatine and HES) revealed histopathological
changes mainly in the renal proximal tubule cells (PTC) in septic rats [8]. Because of reduced
mortality and increased AKI parameters in these animals, we investigated the impact of HES in
human PTCs in vitro. LPS- (Fig 1) as well as TNF-α [6] pretreatment had no influence on the
HES induced reduction of PTC viability. Thus, these inflammatory settings seems not to be
responsible for the harmful impact of colloids on PTC in vitro. Furthermore our results in
vitro showed, that starch origin, molecular size, carrier solution or, older”HES-generation had
marginal influence on the dose depended reduction of PTC viability in vitro [15]. Based on
these results, the pure administrated mass of starch molecules seems to be the key problem for
PTC in vitro. In line with that, a clinical investigation showed, that infusion of more than 33
ml/kgBW synthetical colloids lead to increased risk for AKI in septic patients [22]. Recently, it
has been published, glomerular endothelium is damaged during inflammation which results in
altered glomerular filtration[23]. Therefore HES might be more harmful in sepsis, due to the
breakdown of the filter function in each glomerulum. As a result, more mass of HES molecules
have faster contact to PTC leading to a more rapid incorporation from these kidney brushbor-
der cells. Once HES is incorporated, PTC viability decreased immediately (data not shown)
and cytotoxic HES effects increased over time (Fig 2). In theory, under healthy conditions,
HES molecules< 70 kDa can pass the adult glomerulum and trigger a re-uptake by PTCs.
However filtration barrier of the pediatric glomerulum is not completed and tubular function
matures in the first year of life [24]. Accordingly starch molecules in the primary urine pass to
PTCs and may lead to decreased viability in vivo. This hypothesis may be corroborated by the
meta-analysis about the usage of HES in pediatric patients by Li et al. [25]. They concluded,
that HES might have an adverse effect on renal function. However, in about 1000 children who
received HES during cardiovascular surgery, no increase of AKI was detectable [26]. Witt et al.
used 20 ml/kg HES in a pediatric piglet model and after 7 days, they did not find any relevant
impact on renal function [27].

Therefore, we investigated in this study the impact of HES in sepsis compared to healthy
conditions in our previously established novel animal setup of sCASP. Hereby we are able to
screen macro haemodynamics, kidney function (inulin and PAH clearance) and kidney
derangements (by serum parameters and histopathology) in the same animal [7]. Hypotheti-
cally, HES should be able to impair PTC function even under healthy conditions and sepsis
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should worsen this effect in vivo. In fact, 50 ml/kgBW 6% HES 130/0.4 over 6 h showed harm-
ful side effects in healthy control rats. Interestingly, only inulin-, PAH-clearance, urine output
as well as histopathology showed kidney injury. However, the routine parameters like urea, cre-
atinine, NGAL or cystatin C remained normal. PAH clearance is used as an indirect measure-
ment of renal plasma flow (RPF)[28]. PAH is glomerulary filtered and actively secreted by
PTC. Thus we are not able to distinguish, whether HES reduced RPF or the reduction of PAH
clearance is due to decreased PAH secretion by HES-induced viability reduction in PTC. Inulin
and PAH plasma concentrations, the basis for clearance calculations, depend inter alia on the
total blood volume. Since hematocrit (S2 Table) and total weight showed no differences
between groups, HES treatment did not significantly influence total blood volume. Therefore
individual volume status had no influence on the detected kidney function. Surprisingly, urine
output decreased significantly in healthy rats by 50 ml/kg/BW HES. Therefore, we conclude,
that HES can induce AKI in healthy rats by unknown mechanisms. As expected, HES reduced
renal function in septic animals. Results from in vitro experiments and animal trials are not
directly transferable into the human setting, but allow inspections, which are impossible to get
from clinical human studies. Thus we postulate a diagnostic gap for HES induced AKI in clini-
cal routine, because kidney biopsy in healthy adults for histopathology can/will never be per-
formed in human HES trials.

There remain some possible limitations of this study. We demonstrated in our setup, that
6h of HES treatment reveals derangements of kidney function and morphology in control ani-
mals. However, with our setting, we cannot state a possible reversibility of HES induced AKI
and the threshold of HES in sepsis, shock or other indications for colloids. Additionally our
survey demonstrates that inflammation is no requisite for HES induced AKI. Thus, our
hypothesis of a specific inflammatory driven signal as trigger of the pathomechanism of HES
induced detrimental alterations in septic AKI are not verified.

Conclusion
Despite of renal replacement therapy and improved intensive- and perioperative care medicine,
development of AKI increases mortality and morbidity. There is growing evidence, that starch
molecules induce AKI by unknown pathways. For the first time we demonstrated, that 50 ml/
kgBW 6% HES 130/0.4 induced AKI within 6h in healthy rats. To proof the statement, that
applying HES for volume resuscitation improves outcome, additional clinical trials and studies,
focusing on adverse effects of HES regarding kidney function, are needed.
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point 0 hours and after 24 h.N = 6/group, p<0.05 �vs. control, # vs. control+Vol, § vs. sCASP
(PDF)

S3 Table. Macrohemodynamic measurements at 0 h (baseline) and after 24 h under general
aneathesia and mechanical ventilation.HR = heart rate, MAP = invasive mean arterial blood
pressure, BR = breathing rate, CI = cardiac index, SVI = stroke volume index, TPRI = total
peripheral resistance index, DO2-I = oxygen delivery index. N = 6/group, �p<0.05 vs. control,
# p<0.05 vs. control+Vol
(PDF)

HES 130/0.4 Impairs Kidney Function without Inflammation

PLOS ONE | DOI:10.1371/journal.pone.0137247 September 4, 2015 10 / 12

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0137247.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0137247.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0137247.s003


Author Contributions
Conceived and designed the experiments: MASWN CW. Performed the experiments: MAS
WB SF JW RBWN. Analyzed the data: MASWB SF JW RB CH RS NS. Contributed reagents/
materials/analysis tools: MAS NR NS CW RS. Wrote the paper: MASWB CWNRWN.

References
1. Brunkhorst FM, Engel C, Bloos F, Meier-Hellmann A, Ragaller M, Weiler N, et al. Intensive insulin ther-

apy and pentastarch resuscitation in severe sepsis. N Engl J Med. 2008; 358(2):125–39. doi: 10.1056/
NEJMoa070716 PMID: 18184958

2. Perner A, Haase N, Guttormsen AB, Tenhunen J, Klemenzson G, Aneman A, et al. Hydroxyethyl starch
130/0.42 versus Ringer's acetate in severe sepsis. N Engl J Med. 2012; 367(2):124–34. doi: 10.1056/
NEJMoa1204242 PMID: 22738085

3. Guidet B, Martinet O, Boulain T, Philippart F, Poussel JF, Maizel J, et al. Assessment of hemodynamic
efficacy and safety of 6% hydroxyethylstarch 130/0.4 vs. 0.9% NaCl fluid replacement in patients with
severe sepsis: The CRYSTMAS study. Crit Care. 2012; 16(3):R94. doi: 10.1186/cc11358 PMID:
22624531

4. Myburgh JA, Finfer S, Bellomo R, Billot L, Cass A, Gattas D, et al. Hydroxyethyl starch or saline for fluid
resuscitation in intensive care. N Engl J Med. 2012; 367(20):1901–11. doi: 10.1056/NEJMoa1209759
PMID: 23075127

5. Annane D, Siami S, Jaber S, Martin C, Elatrous S, Declere AD, et al. Effects of fluid resuscitation with
colloids vs crystalloids on mortality in critically ill patients presenting with hypovolemic shock: the CRIS-
TAL randomized trial. Jama. 2013; 310(17):1809–17. doi: 10.1001/jama.2013.280502 PMID:
24108515

6. Bruno RR, NeuhausW, Roewer N, Wunder C, Schick MA. Molecular size and origin do not influence
the harmful side effects of hydroxyethyl starch on human proximal tubule cells (HK-2) in vitro. Anesth
Analg. 2014; 119(3):570–7. doi: 10.1213/ANE.0000000000000325 PMID: 25010825

7. Schick MA BW, Flemming S, Schlegel N, Wollborn J, Held C, Schneider R, Brock RW, Roewer N, Wun-
der C. Sepsis-induced acute kidney injury by standardized colon ascendens stent peritonitis in rats—a
simple, reproducible animal model. Intensive Care Medicine Experimental. 2014; 2.

8. Schick MA, Isbary TJ, Schlegel N, Brugger J, Waschke J, Muellenbach R, et al. The impact of crystal-
loid and colloid infusion on the kidney in rodent sepsis. Intensive Care Med. 2010; 36(3):541–8. doi: 10.
1007/s00134-009-1704-0 PMID: 19890625

9. Flemming S, Schlegel N, Wunder C, Meir M, Baar W, Wollborn J, et al. Phosphodiesterase 4 inhibition
dose dependently stabilizes microvascular barrier functions and microcirculation in a rodent model of
polymicrobial sepsis. Shock. 2014; 41(6):537–45. doi: 10.1097/SHK.0000000000000152 PMID:
24569506

10. Schick MA, Wunder C, Wollborn J, Roewer N, Waschke J, Germer CT, et al. Phosphodiesterase-4 inhi-
bition as a therapeutic approach to treat capillary leakage in systemic inflammation. J Physiol. 2012;
590(Pt 11):2693–708. doi: 10.1113/jphysiol.2012.232116 PMID: 22495586

11. Schick MA, Isbary JT, Stueber T, Brugger J, Stumpner J, Schlegel N, et al. Effects of crystalloids and
colloids on liver and intestine microcirculation and function in cecal ligation and puncture induced septic
rodents. BMC gastroenterology. 2012; 12:179. doi: 10.1186/1471-230X-12-179 PMID: 23245375

12. Schneider R, Sauvant C, Betz B, Otremba M, Fischer D, Holzinger H, et al. Downregulation of organic
anion transporters OAT1 and OAT3 correlates with impaired secretion of para-aminohippurate after
ischemic acute renal failure in rats. Am J Physiol Renal Physiol. 2007; 292(5):F1599–605. PMID:
17244891

13. Stumpner J, Smul TM, Redel A, Hilz T, Tischer-Zeitz T, Eisenbarth H, et al. Desflurane-induced and
ischaemic postconditioning against myocardial infarction are mediated by Pim-1 kinase. Acta Anaes-
thesiol Scand. 2012; 56(7):904–13. doi: 10.1111/j.1399-6576.2012.02657.x PMID: 22385356

14. NeuhausW, Schick MA, Bruno RR, Schneiker B, Forster CY, Roewer N, et al. The effects of colloid
solutions on renal proximal tubular cells in vitro. Anesth Analg. 2012; 114(2):371–4. doi: 10.1213/ANE.
0b013e3182367a54 PMID: 22025492

15. Bruno RR, NeuhausW, Roewer N, Wunder C, Schick MA. Molecular size and origin do not influence
the harmful side effects of hydroxyethyl starch on human proximal tubule cells (HK-2) in vitro. Anesthe-
sia and analgesia. 2014; 119(3):570–7. doi: 10.1213/ANE.0000000000000325 PMID: 25010825

16. Irwin MG, Gan TJ. Volume therapy with hydroxyethyl starches: are we throwing the anesthesia baby
out with the intensive care unit bathwater? Anesth Analg. 2014; 119(3):737–9. doi: 10.1213/ANE.
0000000000000221 PMID: 25137005

HES 130/0.4 Impairs Kidney Function without Inflammation

PLOS ONE | DOI:10.1371/journal.pone.0137247 September 4, 2015 11 / 12

http://dx.doi.org/10.1056/NEJMoa070716
http://dx.doi.org/10.1056/NEJMoa070716
http://www.ncbi.nlm.nih.gov/pubmed/18184958
http://dx.doi.org/10.1056/NEJMoa1204242
http://dx.doi.org/10.1056/NEJMoa1204242
http://www.ncbi.nlm.nih.gov/pubmed/22738085
http://dx.doi.org/10.1186/cc11358
http://www.ncbi.nlm.nih.gov/pubmed/22624531
http://dx.doi.org/10.1056/NEJMoa1209759
http://www.ncbi.nlm.nih.gov/pubmed/23075127
http://dx.doi.org/10.1001/jama.2013.280502
http://www.ncbi.nlm.nih.gov/pubmed/24108515
http://dx.doi.org/10.1213/ANE.0000000000000325
http://www.ncbi.nlm.nih.gov/pubmed/25010825
http://dx.doi.org/10.1007/s00134-009-1704-0
http://dx.doi.org/10.1007/s00134-009-1704-0
http://www.ncbi.nlm.nih.gov/pubmed/19890625
http://dx.doi.org/10.1097/SHK.0000000000000152
http://www.ncbi.nlm.nih.gov/pubmed/24569506
http://dx.doi.org/10.1113/jphysiol.2012.232116
http://www.ncbi.nlm.nih.gov/pubmed/22495586
http://dx.doi.org/10.1186/1471-230X-12-179
http://www.ncbi.nlm.nih.gov/pubmed/23245375
http://www.ncbi.nlm.nih.gov/pubmed/17244891
http://dx.doi.org/10.1111/j.1399-6576.2012.02657.x
http://www.ncbi.nlm.nih.gov/pubmed/22385356
http://dx.doi.org/10.1213/ANE.0b013e3182367a54
http://dx.doi.org/10.1213/ANE.0b013e3182367a54
http://www.ncbi.nlm.nih.gov/pubmed/22025492
http://dx.doi.org/10.1213/ANE.0000000000000325
http://www.ncbi.nlm.nih.gov/pubmed/25010825
http://dx.doi.org/10.1213/ANE.0000000000000221
http://dx.doi.org/10.1213/ANE.0000000000000221
http://www.ncbi.nlm.nih.gov/pubmed/25137005


17. Raghunathan K, Miller TE, Shaw AD. Intravenous starches: is suspension the best solution? Anesth
Analg. 2014; 119(3):731–6. doi: 10.1213/ANE.0000000000000186 PMID: 25137004

18. Starling EH. On the Absorption of Fluids from the Connective Tissue Spaces. J Physiol. 1896; 19
(4):312–26. PMID: 16992325

19. Weiskopf RB. Hydroxyethyl starches: a tale of two contexts: the problem of knowledge. Anesth Analg.
2014; 119(3):509–13. doi: 10.1213/ANE.0000000000000323 PMID: 25136996

20. Woodcock TE, Woodcock TM. Revised Starling equation and the glycocalyx model of transvascular
fluid exchange: an improved paradigm for prescribing intravenous fluid therapy. Br J Anaesth. 2012;
108(3):384–94. doi: 10.1093/bja/aer515 PMID: 22290457

21. Adamson RH, Lenz JF, Zhang X, Adamson GN, Weinbaum S, Curry FE. Oncotic pressures opposing
filtration across non-fenestrated rat microvessels. J Physiol. 2004; 557(Pt 3):889–907. PMID:
15073281

22. Bayer O, Reinhart K, Kohl M, Kabisch B, Marshall J, Sakr Y, et al. Effects of fluid resuscitation with syn-
thetic colloids or crystalloids alone on shock reversal, fluid balance, and patient outcomes in patients
with severe sepsis: a prospective sequential analysis. Crit Care Med. 2012; 40(9):2543–51. PMID:
22903091

23. Xu C, Chang A, Hack BK, Eadon MT, Alper SL, Cunningham PN. TNF-mediated damage to glomerular
endothelium is an important determinant of acute kidney injury in sepsis. Kidney Int. 2014; 85(1):72–81.
doi: 10.1038/ki.2013.286 PMID: 23903370

24. Chen N, Aleksa K, Woodland C, Rieder M, Koren G. Ontogeny of drug elimination by the human kidney.
Pediatric nephrology. 2006; 21(2):160–8. PMID: 16331517

25. Li L, Li Y, Xu X, Xu B, Ren R, Liu Y, et al. Safety evaluation on low-molecular-weight hydroxyethyl
starch for volume expansion therapy in pediatric patients: a meta-analysis of randomized controlled tri-
als. Critical care. 2015; 19(1):79.

26. Van der Linden P, Dumoulin M, Van Lerberghe C, Torres CS, Willems A, Faraoni D. Efficacy and safety
of 6% hydroxyethyl starch 130/0.4 (Voluven) for perioperative volume replacement in children undergo-
ing cardiac surgery: a propensity-matched analysis. Critical care. 2015; 19(1):87.

27. Witt L, Glage S, Schulz K, Lichtinghagen R, Simann A, Pape L, et al. Impact of 6% hydroxyethyl starch
130/0.42 and 4% gelatin on renal function in a pediatric animal model. Paediatric anaesthesia. 2014; 24
(9):974–9. doi: 10.1111/pan.12445 PMID: 24916275

28. Corrigan G, Ramaswamy D, Kwon O, Sommer FG, Alfrey EJ, Dafoe DC, et al. PAH extraction and esti-
mation of plasma flow in human postischemic acute renal failure. Am J Physiol. 1999; 277(2 Pt 2):
F312–8. PMID: 10444587

HES 130/0.4 Impairs Kidney Function without Inflammation

PLOS ONE | DOI:10.1371/journal.pone.0137247 September 4, 2015 12 / 12

http://dx.doi.org/10.1213/ANE.0000000000000186
http://www.ncbi.nlm.nih.gov/pubmed/25137004
http://www.ncbi.nlm.nih.gov/pubmed/16992325
http://dx.doi.org/10.1213/ANE.0000000000000323
http://www.ncbi.nlm.nih.gov/pubmed/25136996
http://dx.doi.org/10.1093/bja/aer515
http://www.ncbi.nlm.nih.gov/pubmed/22290457
http://www.ncbi.nlm.nih.gov/pubmed/15073281
http://www.ncbi.nlm.nih.gov/pubmed/22903091
http://dx.doi.org/10.1038/ki.2013.286
http://www.ncbi.nlm.nih.gov/pubmed/23903370
http://www.ncbi.nlm.nih.gov/pubmed/16331517
http://dx.doi.org/10.1111/pan.12445
http://www.ncbi.nlm.nih.gov/pubmed/24916275
http://www.ncbi.nlm.nih.gov/pubmed/10444587

