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	 Background:	 Ecosol, an extracellular-type, colloid-based preservation solution, has recently been introduced for washout, 
cold storage, and machine perfusion preservation of kidney grafts. Here, we assessed the efficacy of Ecosol 
compared to the widely used Histidine-Tryptophan-Ketoglutarate solution (HTK) for 24-h cold storage preser-
vation of warm ischemia-damaged kidney grafts.

	 Material/Methods:	 Before recovery, warm ischemia was induced by clamping the renal pedicle for 45-min. Thereafter, kidneys were 
washed-out and cold-stored for 24-h in Ecosol or HTK solution. Kidneys recovered without warm ischemia and 
cold-stored for 24-h in HTK served as controls (n=5). Renal function and damage parameters were assessed 
during 1-h normothermic reperfusion using the isolated perfused porcine kidney model.

	 Results:	 Renal function did not differ between Ecosol and controls and was significantly reduced in HTK compared to 
controls. Total output of urine was higher in Ecosol compared to HTK. Intrarenal resistance and urine protein 
concentrations in Ecosol were lower compared to HTK and equal to controls. In the Ecosol group, oxygen con-
sumption during reperfusion was higher and reduced tissue lipid peroxidation products were detected com-
pared to HTK.

	 Conclusions:	 The preservation quality of warm ischemia-damaged, cold-stored porcine kidneys was improved using the re-
cently developed Ecosol preservation solution compared to HTK.
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Background

Currently, more than 1 million patients worldwide are suffer-
ing from end-stage renal disease for which kidney transplan-
tation is the only curative treatment [1]. The growing short-
age of organs for transplantation has led to long waiting lists 
and a high mortality of patients awaiting transplantation [2]. 
Insufficient availability of organs from brain dead and living 
donors has necessitated increased use of less than optimal 
organs, donated after cardiac death (DCD) or from extended 
criteria donors [3,4]. DCD kidney grafts have sustained warm 
ischemic damage, which causes tubular injury and impairment 
of glomerular filtration rate, resulting in higher incidences of 
delayed graft function [5]. Warm ischemic injury also promotes 
an uncontrolled deleterious innate and adaptive response [5]. 
Nonetheless, transplantation of DCD kidneys is associated with 
increased survival of patients who suffer from end-stage re-
nal disease and are enrolled on transplant waiting lists [6,7].

Cold static storage (CS) is today still the most widely used or-
gan preservation method because of its simplicity and low op-
erational and logistical costs [8], although hypothermic ma-
chine perfusion is associated with reduced rates of delayed 
graft function compared to CS [9]. Since the introduction of 
the first CS solution in 1969 by Collins [10], several preserva-
tion solutions have been developed to combat the detrimen-
tal effects of warm and cold ischemia. Histidine-Tryptophan-
Ketoglutarate (HTK), Celsior and University of Wisconsin (UW) 
solution are currently widely used for preservation of kidney 
grafts, with comparable post-transplant outcomes in most 
clinical trials [8,11,12]. However, CS of DCD organs using the 
current clinically applied preservation solutions is associated 
with up to 73% incidence of delayed graft function [8,13]. The 
preservation solution is of vital importance to increase the or-
gan’s tolerance to warm and cold ischemic damage and to mit-
igate reperfusion injury [14,15]. Several attempts have been 
made to develop new preservation solutions designed to im-
prove early graft function, which to date have failed to reach 
wide clinical acceptance [16–19].

Recently, a novel preservation solution has been developed, 
named Ecosol (TX Innovations BV, Maastricht, The Netherlands) 
containing multiple buffering agents, antioxidants, amino ac-
ids, and vitamins to provide substrates for supporting the cell 
metabolism, which, although profoundly reduced, is active 
during hypothermic storage [20–22]. Ecosol is based on the 
synthetic colloid polyethylene glycol (PEG) and several imper-
meants (Table 1) to achieve the oncotic pressure required to 
prevent extravasation of the solution during washout of the 
graft prior to CS as well as during hypothermic machine per-
fusion preservation [19,23]. As a constituent of organ pres-
ervation solutions, PEG is associated with immunomodulato-
ry effects, reduction of lipid peroxidation, and stabilization of 

proteins against degradation [24]. When added to extracel-
lular-type solutions (high [Na+], low [K+] ratio), PEG has been 
shown to improve the preservation quality of kidney and liv-
er grafts compared to the intracellular-type solutions HTK 
and UW [25,26]. However, extracellular-type solutions facili-
tate translocation of Na+ into the cell under hypothermic con-
ditions, thereby creating an osmotic gradient that promotes 
potentially lethal cell swelling [27]. Ecosol solution is an ex-
tracellular-type solution; therefore, several impermeants are 
embodied to counteract cell swelling.

Since successful preservation of DCD organs today remains 
a challenging endeavor, we aimed to assess the feasibility of 
Ecosol solution for 24-h CS preservation of 45-min warm isch-
emia-damaged kidney grafts in comparison to HTK using the 
isolated perfused porcine kidney model (IPPK).

Material and Methods

Experimental protocols

The experiments were performed in accordance with the 
German legislation governing animal studies following the 
‘Guide for the Care and Use of Laboratory Animals’ (NIH pub-
lication, 8th edition, 2011) and the Directive 2010/63/EU on 
the protection of animals used for scientific purposes (Official 
Journal of the European Union, 2010). Official permission 
was granted from the governmental animal care and use of-
fice (LANUV Nordrhein-Westfalen, Recklinghausen, Germany).

In the Ecosol and HTK groups, kidneys were subjected to 45-min 
warm ischemia and consequently washed-out and cold-stored 
in their respective solutions (n=5 per group, Figure 1A). Kidneys 
recovered without warm ischemia, washed-out and cold-stored 
for 24-h in HTK served as a negative control group (n=5).

Female German Landrace pigs with 46±1 kg body weight (BW, 
mean±SEM) from a disease-free barrier breeding facility were 
housed in fully air conditioned rooms (22°C room temperature, 
50% relative humidity) and allowed to acclimatize to their sur-
roundings for a minimum of 7 days and fasted for 12 h before 
surgery with free access to water. The animals were premed-
icated with 8 mg/kg BW azaperone (Stresnil®, Janssen-Cilag 
GmbH, Neuss, Germany), 15 mg/kg BW ketamine (Ceva GmbH, 
Duesseldorf, Germany), and 10 mg atropine (1 ml/1% atropine 
sulfate, Dr. Franz Köhler Chemie GmbH, Bensheim, Germany) 
administrated intramuscularly. General anesthesia was in-
duced by 2 mg/kg BW propofol (Fresenius Kabi Deutschland 
GmbH, Bad Homburg, Germany) administered intravenously, 
followed by intubation and mechanical ventilation with 1.5 
Vol% isoflurane (Forene®, Abbot GmbH & Co. KG. Wiesbaden, 
Germany) and oxygen with continuous intravenous infusion 
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Component HTK Ecosol

Colloid PEG 35.000 – 5.4

Impermeants Sodium gluconate – 37.1

Magnesium gluconate – 12.0

Calcium gluconate – 2.3

Lactobionic acid – 12.0

Trehalose – 4.0

Raffinose – 1.7

Mannitol 30.0 –

Buffers HEPES – 16.8

Sodium bicarbonate – 0.4

Potassium phosphate – 2.2

Sodium citrate 3.1

Histidine 198.0 10.0

Anti-oxidants Glutathione – 12.0

Taurine – 36.8

Energy substrates* Glucose – 6.9

Pyruvate – 1.8

Adenine – 6.0

Tryptophan 2.0 1.5

Ketoglutarate 1.0 –

Electrolytes [Na+]/[K+] 15/9 124/13

Osmolarity (mOsm/L) 310 395

Viscosity (cP at 21°C) 1.8 2.8

pH (21°C)  7.0–7.2 7.4

Table 1. Composition of HTK and Ecosol (mM).

* Ecosol contains the vitamins ascorbic acid, biotin and the amino acids arginine, carnitine, cysteine, glutamic acid, glutamine, glycine 
and ornithine.

45 min warm
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Figure 1. �(A, B) Schematic of the experimental 
design and isolated perfused porcine 
kidney model.
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of 0.02 mg/h/kg BW fentanyl (KG Rotexmedica GmbH, Trittau, 
Germany). After a midline laparotomy, both kidneys were ex-
planted with or without induction of warm ischemia. Directly 
after recovery, 1 L of whole blood was collected into citrate-
phosphate-dextrose bags (Fenwal Inc., Illinois, USA) and stored 
at 4°C for ex-vivo reperfusion. The animals were euthanized 
by IV administration of 1 ml/kg BW pentobarbital (Narcoren®, 
MERIAL GmbH, Hallbergmoss, Germany).

Kidney recovery

For induction of warm ischemia, both the renal artery and vein 
were clamped for 45 min followed by recovery, weighed, and 
washed-out immediately in case of controls or after 45 min 
warm ischemia via the renal artery. For washout, either 500 
ml of cold HTK or Ecosol solution was used at a hydrostatic 
pressure of 100 cm H2O. Thereafter, kidneys were weighed and 
stored in their respective preservation solutions at 4°C for 24 h.

Reperfusion

As reperfusion medium, modified Krebs-Henseleit-Buffer (9.6 
g/l, Sigma-Aldrich Chemie GmbH, Steinheim, Germany), calci-
um chloride (0.37 g/l, Sigma-Aldrich Chemie GmbH), 8.4% so-
dium hydrogen carbonate (25 ml/l, Fresenius, Germany), creat-
inine (1 mmol/l, Sigma-Aldrich Chemie GmbH), heparin (3000 
IU/l, Ratiopharm GmbH, Ulm, Germany), and Fibrisol (3 g/l, 
Muscalla, Vierheim, Germany) were dissolved in 800 ml wa-
ter for injection (Ampuwa, Fresenius Kabi AG, Bad Homburg, 
Germany) and 200 ml of autologous non-leucocyte-depleted 
whole blood was added to the mixture.

After CS, kidneys were weighed and placed into an organ res-
ervoir filled with 1 L reperfusion medium pre-warmed to 38°C 
using a heating bath (HAAKE DC30, W13, Thermo Electron 
GmbH, Karlsruhe, Germany) and pressure controlled reper-
fused for 60 min at a pre-set mean arterial pressure of 85 
mmHg (Figure 1B). The reperfusion medium was circulated 
by a computer controlled pulsatile roller pump (ISMATEC®, 
MPC Standard, Gladburg, Switzerland) through an oxygen-
ator (Hilite® 2400 LT, MEDOS, Stolberg, Germany) and bub-
ble trap to the renal artery and exited the kidney freely into 
the organ reservoir. Pressure (MLT844, AD Instruments GmbH, 
Spechbach, Germany) and flow sensors (ME2PXL1072 sen-
sor, TS410 flow meter module, Transonic Systems Inc., Ithaca, 
NY, USA) were connected to the renal artery and data col-
lected using a data acquisition system (PowerLab 8/30, AD 
Instruments GmbH, Spechbach, Germany). Renal blood flow 
(RBF), mean arterial pressure (MAP), and temperature were 
continuously recorded and stored using Lab Chart 7 software 
(AD Instruments GmbH). The intrarenal resistance (IRR) was 
calculated as MAP/RBF/100 g.

The reperfusion medium was continuously oxygenated with car-
bogen (95% oxygen/5% carbon dioxide), achieving an arterial 
partial oxygen pressure (pO2) of over 500 mmHg throughout 
the reperfusion period. Arterial and venous pO2 and pH levels 
were measured at 5, 15, 30, 45, and 60 min using a blood gas 
analyzer (ABL 725, Radiometer GmbH, Willich, Germany). Renal 
metabolic activity was approximated by calculation of oxygen 
consumption using arterial and venous pO2 values ((paO2 – pvO2) 
× RBF/kidney weight). Urine samples were collected separately 
at 5, 15, 30, 45, and 60 min during reperfusion for determination 
of sodium, creatinine, and urine protein concentrations and the 
total output of urine was recorded. The perfusate volume was 
replenished every 15 min to compensate for the excreted urine 
volume. Venous perfusate samples were taken at 5, 15, 30, 45, 
and 60 min and analyzed for sodium and creatinine levels. Using 
venous perfusate and urine levels, creatinine clearance (urine 
creatinine × urinary flow/plasma creatinine), and fractional ex-
cretion of sodium (urinary sodium × plasma creatinine)/(plasma 
sodium × urinary creatinine) × 100% were calculated.

Neutrophil gelatinase-associated lipocalin

Urinary levels of the acute tubular injury marker neutrophil gela-
tinase-associated lipocalin (NGAL, Kit 044, BioPorto Diagnostics, 
Gentofte, Denmark) were determined at the end of reperfu-
sion using enzyme-linked immunosorbent assay (ELISA) ac-
cording to the manufacturer’s instructions. The absorbance 
was detected at 450 nm using a microplate reader (Infinite 
M200, Tecan Austria GmbH, Grödig, Austria).

Oxidative status

For assessment of the oxidative status, frozen tissue sam-
ples taken after reperfusion were homogenized in ice-cold 
phosphate-buffered saline (10% w/v), then centrifuged for 
5 min at 4000 g and the supernatants were stored at –20°C. 
Concentrations of reduced glutathione (GSH) and oxidized glu-
tathione (GSSG) were determined as described previously and 
the ratio of GSH to GSSG calculated [28]. Also, thiobarbituric 
acid reactive substances (TBARS) as a byproduct of lipid perox-
idation was determined and expressed in µmol per gram pro-
tein [29]. The renal tissue protein content was assessed using 
bicinchoninic acid assay (BCA, Fermentas, Vilnius, Lithuania). 
All measurements were performed using a Saphire II spectro-
fluorometer (Tecan Austria GmbH, Grödig, Austria).

Histology

After reperfusion, kidney tissue slices were fixed in 10% for-
malin for 24 h and embedded in paraffin. Four-micron sections 
were stained either with Acid Fuchsin Orange G (AFOG) or with 
the periodic acid-Schiff reagent and counterstained with hema-
toxylin (PAS) and fully digitalized using a whole-slide scanner 
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(NanoZoomer 2.0HT, Hamamatsu Photonics Deutschland GmbH, 
Herrsching am Ammersee, Germany). Twenty Bowman’s cap-
sules, glomerular cross-section areas and tubular outer diam-
eters were measured per slide under 20× magnification us-
ing digital pathology system software (Hamamatsu Photonics 
Deutschland GmbH). All analyses where done in a blinded 
fashion.

Statistical analysis

Statistical analysis was performed by one way analysis of vari-
ance (ANOVA) followed by Bonferroni post-test correction un-
less indicated otherwise, using the GraphPad Prism 5.01 soft-
ware package (GraphPad Software Inc, San Diego, CA, USA). 
Data are presented as mean±SEM. Area under the curve (AUC) 
was calculated individually and compared using Kruskal-Wallis 
with Dunn’s post-test. A p value <0.05 was considered statis-
tically significant.

Results

Kidney weight

After recovery, kidney weights did not differ significantly (116±9 
vs. 119±12 vs. 115±8 g; Ecosol vs. HTK vs. control respective-
ly). During washout, kidneys in the Ecosol group lost weight in 
contrast to kidneys in both the HTK and control groups which 
gained weight, suggesting intrarenal accumulation of HTK so-
lution (–15±3 vs. 21±1 vs. 25±3 g respectively; Ecosol vs. HTK 
and control, p<0.001). The time needed for washout of 500 
ml preservation solution did not differ significantly (Ecosol 
vs. HTK vs. control; 18±3 vs. 26±6 vs. 13±1 min respectively).

Reperfusion parameters

Renal blood flow was higher in the Ecosol group compared to 
the HTK group and similar to controls throughout the reper-
fusion period (Figure 2A). After 5 min reperfusion, the intrare-
nal resistance was approximately 5-fold lower in Ecosol than 
in HTK and equal to controls (Figure 2B).

Metabolic activity

Metabolic activity as expressed by oxygen consumption was 
higher in the Ecosol group compared to HTK at all time points 
and similar to controls (Figure 2C). Kidneys preserved in Ecosol 
maintained a physiological metabolic acid-base homeostasis 
during reperfusion in contrast to HTK, which demonstrated sig-
nificantly lower venous pH levels at all time points (Figure 2D). 
Ecosol and controls showed comparable pH levels. At the start 
of reperfusion, pH perfusate levels were within physiological 
levels and equal between all groups (7.35±0.01).

Renal function

Creatinine clearance was lower in the HTK group compared 
to controls (Figure 3A) without significant difference between 
Ecosol and HTK. Urinary creatinine levels were comparable be-
tween the Ecosol and HTK groups throughout the reperfusion 
period (AUC, p=0.6882). As a marker of tubular function, frac-
tional excretion of sodium was higher in HTK in comparison 
to controls with no difference seen between Ecosol and HTK 
(Figure 3B). For both parameters, Ecosol did not differ signif-
icantly from the non-warm ischemia-damaged control group. 
Kidneys in the Ecosol group produced more urine compared to 
the HTK group, although the total output of urine was lower in 
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Figure 2. �(A) Renal blood flow during 
reperfusion (Ecosol and control vs. 
HTK, p<0.001 at 5, 15, 30, 45, 60 
min). (B) Intrarenal resistance per 100 
g kidney weight during reperfusion 
(Ecosol and control vs. HTK, p<0.001 
at 15, 30, 45, 60 min; Ecosol vs. 
HTK, p<0.05 at 5 min). (C) Oxygen 
consumption during reperfusion 
(Ecosol and control vs. HTK, p<0.001 at 
5, 15, 30, 45 and 60 min). (D) Venous 
pH during reperfusion (Ecosol vs. HTK, 
p<0.001 at 5, 15 min, p<0.01 at 30, 
45, 60 min; HTK vs. control, p<0.01 at 
15, 45 min, p<0.05 at 30 min). (A–D) 
2-way ANOVA followed by Bonferroni 
post-test correction.
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both warm ischemia-damaged groups compared to the non-
warm ischemic controls (Figure 3C). At 5-min reperfusion, Ecosol 
and HTK groups demonstrated higher urinary protein concen-
trations compared to controls. Thereafter, urinary protein con-
centrations were more than 3-fold lower in Ecosol than in HTK, 
with Ecosol reaching values equal to controls (Figure 3D). During 
reperfusion, urine creatinine concentrations did not differ sig-
nificantly between the Ecosol and HTK groups, with HTK be-
ing higher than controls (AUC, HTK vs. control, p<0.05). Acute 
tubular injury was more severe in the HTK group compared to 
controls as expressed by higher urinary NGAL levels (Figure 4A).

Oxidative status

Reduced lipid peroxidation, as reflected by post-reperfusion 
tissue TBARS concentrations, was observed in Ecosol com-
pared to HTK with Ecosol having concentrations similar to con-
trols (Figure 4B). The GSH/GSSG ratio was higher in the Ecosol 
group compared to both HTK and control groups (4.5±0.2 vs. 
1.6±0.1 and 1.7±0.1, respectively, p<0.001).

Histology

Macroscopic examination of kidney cross-sections after re-
perfusion showed no obvious pathological findings in the 

Ecosol and control groups, whereas blood remnants were ev-
ident in the HTK preserved kidneys (Figure 5B). Microscopic 
evaluation revealed clotted blood in the microvasculature in 
the HTK group (Figure 6), indicating vascular occlusion re-
sulting in increased intrarenal resistance during reperfusion. 
Bowman’s capsule cross-section areas were enlarged in HTK 
compared to Ecosol and controls (Figure 7A). The same trend 
was observed for tubular diameter, which, however, did not 
reach statistical significance (38±3 vs. 45±3 vs. 38±3 µm; 
Ecosol vs. HTK vs. control, respectively). Intratubular protein 
was observed only in the HTK group (Figure 7C), correspond-
ing to the findings of increased urinary protein concentra-
tions in this group.

Discussion

Kidney transplantation is the treatment of choice for end-
stage renal disease but is severely limited due to the present 
worldwide shortage of donor organs. It has been shown that 
increased use of DCD organs can effectively expand the donor 
pool [3]. Since DCD kidney grafts tolerate CS preservation less 
well than kidneys from brain-dead donors [30], current clini-
cally used preservation solutions such as HTK are associated 
with high incidences of delayed graft function [8].
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Figure 3. �(A) Creatinine clearance during 
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excretion during reperfusion (AUC: 
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(Ecosol and control vs. HTK, p<0.001 
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Kruskal-Wallis followed by Dunn’s 
post-test correction. (C) One-way 
ANOVA followed by Bonferroni post-
test correction. (D) Two-way ANOVA 
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A B C Figure 5. �Kidney cross-sections after 
reperfusion; (A) control, (B) HTK (black 
arrows: blood remnants in cortical and 
medullary regions), (C) Ecosol.

Figure 6. �Microvascular blood clotting in the HTK group (AFOG 
stain, original magnification ×40, scale bar 100 µm).
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Figure 7. �(A) Bowman’s capsule cross-section area increased 
in HTK vs. control and Ecosol, p<0.01, 1-way ANOVA 
followed by Bonferroni post-test correction. (B) Control. 
(C) HTK (black arrow: enlarged Bowman’s capsule 
space, white arrow: intratubular protein). (D) Ecosol 
(PAS stain, original magnification ×20, scale bar 200 
µm).
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Here, we compared the novel Ecosol preservation solution 
with HTK solution for 24-h CS preservation of 45-min warm 
ischemia-damaged kidney grafts, employing non-warm isch-
emia damaged kidneys, cold-stored for 24 h in HTK as controls. 
The major and novel finding of this study is that the preserva-
tion quality of warm ischemia-damaged porcine kidneys cold-
stored in Ecosol was significantly better in comparison to HTK. 
In particular, Ecosol-preserved kidneys had lower intrarenal re-
sistance, urinary protein concentrations, and reduced concen-
trations of selective markers of oxidative stress, and higher 
oxygen consumption compared to HTK. Moreover, these pa-
rameters did not differ significantly from the non-warm isch-
emia-damaged control group.

Successful preservation of donor organs starts with an effec-
tive washout, rapid cooling of the organ, and replacement of 
the donor’s blood with the preservation solution [31]. Kidneys 
washed-out using HTK gained weight even without being sub-
jected to warm ischemia, suggesting accumulation of the so-
lution during washout, whereas Ecosol washout resulted in 
weight decrease. Although the inclusion of the colloid PEG 
and several impermeants in Ecosol resulted in a higher viscos-
ity compared to HTK, the washout time was numerically lower 
when using Ecosol than with HTK. This is in line with a previ-
ous study showing faster washout of DCD kidneys accompa-
nied by less remaining red blood cells in the vascular bed us-
ing a PEG and impermeants containing preservation solution, 
compared to HTK [23].

The development of intravascular thrombosis after cardiac 
arrest negatively impacts viability during consequent isch-
emic storage and reperfusion [32]. Moreover, warm ischemia 
is known to induce oxidative stress, vascular injury, and va-
soconstriction, resulting in reduced renal blood flow [5]. The 
low intrarenal resistance in the Ecosol group, which was equal 
to non-warm ischemic controls from 5-min reperfusion, could 
be due to abrogation of the effects of warm ischemia with re-
spect to oxidative stress and vascular injury. Further evidence 
for these findings was obtained by decreased TBARS concen-
trations in the Ecosol group compared to HTK and similar to 
controls. The higher levels of TBARS in the HTK group are like-
ly attributable to ATP degradation under anoxic CS conditions 
leading to reactive oxygen species-mediated injury and lipid 
peroxidation [33]. It has been shown previously that GSH can 
inhibit lipid peroxidation [34] and that a high degree of in-
verse linear correlation exists between lipid peroxidation and 
GSH content [35]. Ecosol solution includes GSH, ascorbic acid, 
and taurine to specifically reduce oxidative stress during warm 
ischemia and cold anoxic preservation. The higher GSH/GSSG 
ratio in the Ecosol group compared to both HTK and control 
groups further suggests that intracellular GSH levels could be 
maintained during CS and subsequent reperfusion by Ecosol 
solution. Taurine has been shown to reduce lipid peroxidation 

and vascular resistance upon post-ischemic reperfusion [36]. 
Taurine acts as an inert osmolyte, is not metabolically active, 
and has a role in regulating the cell volume [37], prevention of 
lipid peroxidation, and reduction of proteinuria [38]. Glomerular 
damage and permeability to protein resulting in severe protein-
uria is a known phenomenon after 24-h CS [39]. At the start 
of reperfusion, urinary protein concentrations were compara-
ble between the Ecosol and HTK groups and higher than the 
control group. Thereafter, a steep decrease was observed in 
the Ecosol group to concentrations 3-fold less than HTK and 
similar to controls, a finding confirmed by histological exam-
ination. Since the urinary creatinine levels were comparable 
between Ecosol and HTK groups throughout the reperfusion 
period, the markedly higher urinary protein concentrations in 
the HTK group can be attributed to tubular damage and not to 
increased glomerular permeability. This hypothesis is further 
supported by the higher urinary levels of the acute tubular in-
jury marker NGAL in the HTK group, compared to controls and 
by lower creatinine clearance, which, during isolated reperfu-
sion, originates from proximal and distal tubular damage [40]. 
The presence of intratubular protein casts in the HTK group is 
indicative of tubular occlusion leading to pressure-induced en-
largement of the Bowman’s capsule space and lower urine out-
put in the HTK group compared to Ecosol and control groups.

In the Ecosol group, oxygen consumption was higher than in 
the HTK group and comparable to controls, which correlated 
with the energy-dependent process of Na+ reabsorption, as re-
flected by fractional excretion of Na+. Hypothermic preserva-
tion of DCD kidneys is associated with anaerobic glycolysis-in-
duced lactate accumulation and release of lysosomal enzymes 
due to cell damage, leading to severe acidosis [41]. After CS of 
kidney grafts, HTK has been reported to cause metabolic aci-
dosis with a pH below 6.8 [42]. In contrast to the more acid-
ic HTK solution, Ecosol was able to maintain a physiological 
metabolic acid-base balance, which might be due to less cell 
damage as well as to the multi-buffer system in Ecosol com-
pared to the single buffering agent, histidine, in HTK.

Ecosol was compared in this feasibility study to the widely used 
HTK solution since current clinically used preservation solu-
tions have demonstrated equal clinical efficacy in the preser-
vation of kidney grafts with HTK reported to have a cost ad-
vantage [11]. Although UW is regarded by many as the gold 
standard CS solution for DCD kidneys, in a recent systemat-
ic review and meta-analysis, no differences were found in the 
incidence of delayed graft function with the use of UW, HTK, 
and Celsior solution [8].

Introduced by Hemingway in 1931 [43], the well established 
and standardized IPPK model is limited by the absence of allo-
antigen reactions and in vivo follow-up, which are required to 
extrapolate the results to the clinical setting. However, the IPPK 
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model provides a reliable and reproducible ex vivo evaluation 
of kidney preservation quality and assessment of new preser-
vation methods without requiring a recipient animal. Moreover, 
kidneys can be used from animals used in other experiments 
and 2 experiments can be performed per animal, which is in 
accordance with the 3R principle (replacement, refinement, 
reduction) as postulated by Russell and Burch in 1959 [44].

Conclusions

In conclusion, this study demonstrated the potential of the 
novel Ecosol preservation solution to improve the preserva-
tion quality of warm ischemia-damaged, cold-stored kidney 
grafts in comparison to HTK. Further in vivo studies involving 

allotransplant models and comparison to other clinically ap-
plied preservation solutions are warranted.
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