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Cardiotrophin-1 Improves Kidney Preservation,
Graft Function, and Survival in Transplanted Rats
Begoña García-Cenador, PhD,1,2 Víctor Blanco-Gozalo, PhD,3 Daniel López-Montañés, MLT,1

Juan R. Sanz Giménez-Rico, MD,4 José M. López-Novoa, PhD,2,3 and Francisco J. López-Hernández, PhD2,3
Background.Cold ischemia-reperfusion injury is unavoidable during organ transplantation, and prolonged preservation is as-
sociated with poorer function recovery. Cardiotrophin-1 (CT-1) is an IL-6 family cytokine with cytoprotective properties. This pre-
clinical study in rats tested whether CT-1 mitigates cold renal ischemia-reperfusion injury in the context of the transplantation of
long-time preserved kidneys. Methods. Kidneys were flushed with cold (4°C) University of Wisconsin solution containing
0.2 μg/mL CT-1 and stored for several periods of time at 4°C in the same solution. In a second approach, kidneys were first
cold-preserved for 6 hours and then were perfused with University of Wisconsin solution containing CT-1 (0, 16, 32, or 64 μg/mL)
and further cold-preserved. Organ damage markers were measured in the kidneys at the end of the storage period. For renal
transplantation, recipient consanguineous Fischer rats underwent bilateral nephrectomy and received a previously cold-
preserved (24 hours) kidney as described above. Survival and creatinine clearance were monitored over 30 days. Results.

Cardiotrophin-1 in perfusion and preservation fluids reduced oxidative stress markers (superoxide anion and inducible nitric oxide
synthase), inflammation markers (NF-κB and tumor necrosis factor-α), and vascular damage (vascular cell adhesion molecule-1)
and activated leukemia inhibitory factor receptor and STAT-3 survival signaling. Transplantation of kidneys cold-preserved with
CT-1 increased rat survival and renal function (ie, lower plasma creatinine and higher creatinine clearance) and improved kidney
damage markers after transplantation (ie, lower superoxide anion, tumor necrosis factor-α, intercellular adhesion molecule-1,
and vascular cell adhesion molecule-1 and higher NF-κB).Conclusions.Cardiotrophin-1 represents a novel therapeutic strat-
egy to reduce ischemia-reperfusion and cold preservation injury to rescue suboptimal kidneys and, consequently, to improve the
clinical outcomes of renal transplantation.
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For medical and economic reasons, kidney transplanta-
tion is the preferred and definitive treatment for end-

stage renal disease (ESRD).1 Kidneys from deceased donors
are a major transplantation source, and they need to be pre-
served during the period from dissection to grafting tomaintain
viability. Although cold storage is the standard preservation
method,2 it nonetheless results in some degree of renal injury
that negatively impacts graft function and survival,3-7 in an
inverse relationship with preservation time.8 Renal injury also
increases graft immunogenicity, rejection, and mortality.9-14

Cold ischemia impairs osmoregulation and aerobic metabo-
lism,15 leading tomitochondrial swelling, activation of themito-
chondrial apoptotic pathway, increased oxidative stress,16

and, finally, acute tubular necrosis.17 Upon transplantation,
additional injury occurs as a consequence of kidney reperfusion.
Oxidative stress,18 alterations in calcium homeostasis, and de-
regulation of cellular pH homeostasis trigger the activation of
phospholipases and proteolytic enzymes, including caspases,
which contribute to further damage and inflammation.17,19

Despite the implementation of preservation methods, a sig-
nificant number of preserved kidneys still do not function prop-
erly after grafting. Even temporarily delayed graft function
increases the rate of graft failurewithin 1 year after grafting.20,21

Thus, new preservation strategies are necessary to increase the
Transplantation ■ October 2018 ■ Volume 102 ■ Number 10
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number of adequate kidneys available for transplantation
and to improve graft outcomes. Cardiotrophin-1 (CT-1) is a
member of the IL-6 family of cytokines that acts by binding
and activating a receptor complex containing gp130 and leu-
kemia inhibitory factor receptor (LIFR).22 Cardiotrophin-1
exerts potent antiapoptotic effects on hepatocytes,23 cardio-
myocytes,24 and neurons.25 In these cells, CT-1 activates sur-
vival signaling pathways, including signal transducers and
activators of transcription 3 (STAT-3), extracellular-regulated
kinase (Erk1/2), and protein kinase B. Administration of
CT-1 protects rats or mice from liver damage induced by
ischemia/reperfusion26 and transplantation,27 ischemic cardiac
injury,28,29 ischemic brain damage,30 and acute kidney injury in-
duced by ischemia/reperfusion.31 Endogenous CT-1 also partic-
ipates in organ protection as CT-1 null mice were found to be
more sensitive to ischemic liver damage compared to the wild
type,26 and the protective effect conferred by ischemic precondi-
tioning in normal mice is abrogated in CT-1–deficient mice.26

In light of our previous studies that demonstrated a protective
effect of CT-1 on the oxidative stress and inflammation that oc-
cur during warm renal ischemia,31 the present study aimed to
determine whether CT-1 added to preservation fluid protects
the kidneys from cold preservation-induced damage and there-
fore improves transplantation outcomes and functionality.

MATERIALS AND METHODS
All animal procedures were conducted in accordance with

the guidelines for animal use published by the Conseil de
FIGURE 1. Flowchart scheme showing the experimental design of the

Copyright © 2018 Wolters Kluwer H
l'Europe (No. L358/1-358/6, 1986) and by the Spanish Gov-
ernment (BOE No. 67, pp. 8509-8512, 1988, and BOE No.
256, pp. 31349-31362, 1990). The Bioethical Committee of
the University of Salamanca approved all experiments. Un-
less otherwise indicated, all reagents were purchased from
Sigma-Aldrich (Madrid, Spain).

Male Fisher rats were used. Kidneys were extracted from
donor rats and preserved in different conditions, following
preservation protocols 1 and 2, described below. At the end
of the preservation period, a subset of kidneys were used
for biochemical analysis, while the others were transplanted
into recipient rats, according to Transplantation Protocol 1
(used after Preservation Protocol 1) and Transplantation Pro-
tocol 2 (used after Preservation Protocol 2). Figure 1 shows a
flow chart of all the experimental protocols.

Kidney Cold Preservation

Preservation Protocol 1
Kidneys were obtained from 7- to 8-week-old male Fischer

rats. Detailed procedures of kidney procurement and perfu-
sion are described in (SDC, Materials and Methods, http://
links.lww.com/TP/B588). Kidneys were perfused in situ with
University of Wisconsin (UW) solution with or without
0.2 μg/mL rat CT-1 (DRO Biosystems, San Sebastian, Spain)
and cold-preserved for 0.5, 6, 24, and 48 hours. Then, a piece
of each kidney was snap-frozen in liquid nitrogen and pre-
served at −80°C. The remaining renal tissue was immediately
used for superoxide anion (SOA)measurement. In a simulated
study. P, preservation; T, transplantation.

ealth, Inc. All rights reserved.
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FIGURE 2. Effect of the addition of CT-1 to the perfusion and pres-
ervation fluid on kidney levels of SOA (panel A) and iNOS (panel B) af-
ter 0.5, 6, 9, and 24 hours of cold preservation. Values are expressed
as AU. Values are represented asmean ± SD (sham, n = 5; Ctrl, n = 5;
CT-1, n = 5). Statistically significant differences: * Z > 1.96 all groups
versus sham; # Z > 1.96 CT-1 versus Ctrl same day (Kruskal-Wallis
multiple-comparison test and Dunn test). AU, arbitrary units.
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 on 02/05/2024
group, kidneys were perfused with 5 mL of UW solution and
immediately harvested.

Preservation Protocol 2
In a different group of animals, the kidneys were perfused

in situ with UW, cold-preserved for 6 hours, perfused again
with UW containing CT-1 (0, 16, 32, or 64 μg/mL), and
then further preserved for 18 hours, as detailed in (SDC,
Materials and Methods, http://links.lww.com/TP/B588).
The UW solution was chosen for preservation as it has been
shown to have a superior protective effect in transplanted
renal grafts in mice.15

Kidney Transplantation
Renal transplantation was performed intomale Fisher rats

using cold-preserved (24 hours) kidneys as described above
and in (SDC, Materials and Methods, http://links.lww.com/
TP/B588). Transplanted rats were followed for 30 days. At
the end of the experimental time, the transplanted kidney
was removed, washed with cold saline solution, and immedi-
ately divided into 2 halves. One half was snap-frozen in liq-
uid nitrogen and stored at −80°C for further analysis and
the other was used immediately for SOA measurement.

Sample Analysis
For renal function studies, rats were placed in individual

metabolic cages. Blood and urine samples were taken 3, 7,
and 14 days after renal transplantation. Plasma and urine
creatinine concentrations, SOA in renal tissues, tumor necro-
sis factor (TNF)-α in the preservation fluid from the reperfu-
sion process, plasma levels of IL-6, soluble intercellular
adhesion molecule-1 (ICAM-1) and vascular cell adhesion
molecule-1 (VCAM-1), and the renal tissue content of
phospho-STAT-3, STAT-3, phosphor-NF-κB, NF-κB, induc-
ible nitric oxide synthase (iNOS)/NOS-2, IκB, gp130, LIFR,
and CT-1 were measured as described in (SDC, Materials
and Methods, http://links.lww.com/TP/B588).

Statistical Analysis
Statistical analysis was performed using the NCSS (2007)

(Dr. Jerry L. Hintze, Kaysville, Utah, USA). Data with a nor-
mal distribution were expressed as mean ± standard deviation
(SD). Scheffe test was used for multiple comparisons. For data
without normal distribution, the Kruskal-Wallis test was used
for multiple comparisons. Statistical significance was achieved
at P < 0.05 or Z > 1.96. Progression-free survival probabilities
were evaluated using the Kaplan-Meier method. Statistical dif-
ferences were assessed by the log-rank test.

RESULTS

Addition of CT-1 to the Perfusion and Preservation
Fluids Reduces Cold Preservation-induced
Kidney Damage

Cold preservation induces an increase in SOA production
and iNOS expression,32,33 and decreased oxidative stress im-
proves renal function and graft survival after kidney trans-
plantation.33 Our data revealed that after cold preservation,
SOA levels at 24 and 48 hours were higher in the control
group (Ctrl) than in the sham group, and the addition of
CT-1 to the perfusion and preservation fluid maintained
SOA at low levels, similar to those in sham animals
Copyright © 2018 Wolters Kluwer
(Figure 2A). Cold-preserved kidneys (Ctrl) had higher renal
iNOS levels compared to those in the sham group, and
CT-1 significantly attenuated this increase (Figure 2B).

It has been reported that increased oxidative stress activates
inflammation, SOA activates NF-κB, and in turn, that NF-κB
induces TNF-α release.34 In accordance with this, we observed
an increase in renal tissue NF-κB activation and TNF-α pro-
duction after cold ischemia. CT-1 administration in the preser-
vation fluid markedly lowered NF-κB activation and TNF-α
production after 24 and 48 hours of preservation. This is sup-
ported by a lower phospho-NF-κB (p65)-to-total NF-κB (p65)
ratio in tissue homogenates (Figure 3A) and lower levels of
TNF-α in the preservation fluid (Figure 3B), as compared
with control preservation conditions.

Prolonged cold ischemia is also associated with vascular
damage after grafting, inwhich overexpression of endothelial
adhesion molecules plays a major role in monocyte infiltra-
tion during organ reperfusion.10 Likewise, we observed a
pronounced increase in renal VCAM-1 levels under cold
preservation conditions.We also observed significantly lower
VCAM-1 levels when the kidneys were cold-preserved in the
presence of CT-1 compared to the Ctrl (Figure 3C).
 Health, Inc. All rights reserved.
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FIGURE 3. Effect of the addition of CT-1 to the perfusion and pres-
ervation fluid on the activation of Nuclear Factor-kappa B (NFkB,
panel A), the preservation fluid concentration of Tumor Necrosis Fac-
tor-α (TNF-α, panel B), and the renal content of VCAM-1 (panel C) af-
ter 0.5, 6, 9, and 24 hours of cold preservation. Values of pNFκB/
NFκB ratio and VCAM-1 content in homogenates of kidney tissue
are expressed as AU. Data are represented as mean ± SD. 5 animals
per group. Statistically significant differences: * Z > 1.96 all groups
versus sham; # Z > 1.96 CT-1 versus Ctrl same day (Kruskal-Wallis
multiple-comparison test and Dunn test).

FIGURE 4. Effect of kidney perfusion with CT-1-containing perfusion
fluid after 6 hours of cold storage on the kidney levels of SOA (panel
A) and iNOS. Renal iNOS content values are expressed as arbitrary
units (AU). Values are represented as mean ± SD. 6 animals per
group, except sham (n = 5). Panel A: * P < 0.05 all groups versus
sham; # P < 0.05 CT-1 groups versus Ctrl same day; & P < 0.05
CT-1 groups versus Ctrl+ same day (2-way ANOVA and Scheffe
test was used for multiple comparisons). Panel B: * Z > 1.96 all groups
versus sham; # Z > 1.96CT-1 groups versus Ctrl same day; & Z > 1.96
CT-1 groups versus Ctrl+ same day (Kruskal-Wallis multiple-comparison
test and Dunn test).
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Perfusion With Higher Concentrations of CT-1 After
6 Hours of Cold Preservation Also Reduces
Kidney Damage

The previous data indicate that supplementation of the
perfusion and storage fluid with CT-1 reduces cold ischemia-
induced kidney damage. However, adding CT-1 from the
Copyright © 2018 Wolters Kluwer H
beginning of the preservation process will be difficult in many
cases in real clinical practice. After kidney dissection from the
donor, the recipient's identity is not immediately known, and
the addition of CT-1 will require written authorization from
recipient, at least in the first clinical trials. Therefore, we also
assessed whether adding CT-1 to the fluid after 6 hours of
preservation shows a beneficial effect on renal preservation.
We observed that CT-1 does protect the kidneys in these
conditions, although much higher concentrations (ie, over
2 orders of magnitude) are necessary to achieve a similar ef-
fect. According to all parameters analyzed, including SOA
(Figure 4A), iNOS (Figure 4B), phospho-NF-κB (p65)-to-
total NF-κB (p65) ratio in tissue homogenates (Figure 5A)
and TNF-α in the preservation fluid (Figure 5B), 32 to
64 μg/mL CT-1 is necessary when added 6 hours later,
whereas only 0.2 μg/mL CT-1 (Ctrl+) is needed if added
from the beginning of the preservation process.

CT-1 Activates Survival Signaling Under
Cold Conditions

CT-1 signals through the gp130/LIFR complex, which acti-
vates intracellular pathways including the STAT-3 pathway.22,35
ealth, Inc. All rights reserved.



FIGURE5. Effect of kidney perfusionwithCT-1-containing perfusion
fluid after 6 hours of cold storage on kidney activation of Nuclear Fac-
tor-kappa B (NFkB, panel A) and Tumor Necrosis Factor-α (TNF-α,
panel B) levels in the preservation fluid after 9 and 24 hours of cold
preservation. NFkB activation, expressed as the pNFκB/NFκB ratio,
is expressed as AU. Data are represented as mean ± SD (sham,
n = 5; Ctrl, n = 6; Ctrl+, n = 6; CT-1 16 μg, n = 6; CT-1 32 μg,
n = 6; CT-1 64 μg, n = 6). Statistically significant differences: panel
A: * Z > 1.96 all groups versus sham; # Z > 1.96 CT-1 groups versus
Ctrl same day; & Z > 1.96 CT-1 groups versus Ctrl+ same day
(Kruskal-Wallis multiple-comparison test and Dunn test). Panel B:
*P < 0.05 all groups versus sham; #P < 0.05CT-1 groups versus Ctrl
same day; P < 0.05 CT-1 groups versus Ctrl+ same day (2-way
ANOVA and Scheffe test for multiple comparisons).

FIGURE 6. Effect of kidneyperfusionwithCT-1-containingperfusion fluid
after 6 hours of cold storage on kidney levels of glycoprotein-130 (gp130,
panel A), LIFR-beta (LIFR, panel B), and activation of Signal Transducers
and Activator 3 (STAT3. Panel C) Values are expressed as arbitrary units
(AU) and represented as mean ± SD. (sham, n = 5; Ctrl, n = 6; Ctrl+,
n=6;CT-116μg, n=6;CT-132μg, n=6;CT-164μg, n=6). Statistically
significant differences: panels A and B: * Z > 1.96 all groups versus sham;
#Z>1.96CT-1groups versusCtrl sameday; &Z>1.96CT-1groups ver-
sus Ctrl+ same day (Kruskal-Wallis multiple-comparison test and Dunn
test). Panel C: *P < 0.05 all groups versus sham; # P < 0.05 CT-1 groups
versus Ctrl same day; & P < 0.05CT-1 groups versus Ctrl+ same day
(2-way ANOVA and Scheffe test for multiple comparisons).
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With the aim of determiningwhether CT-1 activates its receptor
and intracellular signaling under cold preservation conditions,
we studied the expression of CT-1 receptors and STAT-3 activa-
tion in these conditions. As shown in Figure 6A, there were no
differences in the expression of gp130 between the Ctrl and
sham group. When CT-1 was included in both the perfusion
and preservation fluids, gp130 levels were higher after 24 hours
of preservation. The same result was observed when CT-1 was
administered only in the reperfusion fluid, although higher
concentrations were necessary (ie, 64 μg/mL). Cold preserva-
tion increased the expression level of LIFR. All the groups re-
ceiving CT-1 showed higher levels of LIFR compared to the
sham group, but the differences did not reach statistical sig-
nificance due to the great variability of this parameter
(Figure 6B). STAT-3 is activated by phosphorylation, and
this was assessed from the pSTAT-3/STAT-3 ratio. Under
normal (sham group) and control preservation conditions
(Ctrl), no STAT-3 phosphorylation was detected. However,
when CT-1 was added to the preservation fluids, significant
Copyright © 2018 Wolters Kluwer Health, Inc. All rights reserved.

http://www.transplantjournal.com


FIGURE7. Accumulative survival in transplanted animals for 30days
(Panel A), plasma creatinine concentration (Panel B), and CrCl (Panel
C) at 1, 3, 7, and 14 days after transplantation. In panel A, cumulative
survival values are expressed as % of survival. 10 animals per group.
In panels B and C, data are represented as mean ± SD (sham, n = 5;
Ctrl, n = 5; CT-1, n = 5). Statistically significant differences: panel A:
* P < 0.05 control versus sham; log rank (Mantel-Cox test). Panel B:
* Z > 1.96 all groups versus sham; # Z > 1.96 CT-1 versus Ctrl same
day (Kruskal-Wallis multiple-comparison test and Dunn test). Panel
C: * P < 0.05 all groups versus sham; # P < 0.05 CT-1 versus Ctrl
same day (2-way ANOVA and Scheffe test for multiple comparisons).
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STAT-3 activation occurred. When CT-1 was added after
6 hours of preservation, STAT-3 activation was also attained,
although much higher concentrations of the cytokine were
needed to achieve a similar effect (Figure 6C). These results
indicate that even in cold conditions, CT-1 activates the
receptor and the survival signaling, which may account for
the observed protective effect.

Preservation With CT-1 Improves Rat Survival and
Renal Function, and Reduces Kidney Damage
After Transplantation

To study the consequences of preservation with CT-1 on
graft function and animal survival after transplantation, we
used kidneys preserved under strict conditions (ie, for
24 hours) with or without 0.2 μg/mLCT-1. Our results show
that recipients of kidneys preservedwithCT-1 have strikingly
superior survival (Figure 7A), better renal function (ie, normal
or nearly normal), and no or few signs of kidney damage.
Better renal function was demonstrated by a significantly
lower plasma creatinine concentration (Figure 7B) and higher
creatinine clearance (CrCl) (Figure 7C) in rats with CT-1-
preserved kidneys compared to rats grafted with kidneys
preserved in control conditions. The renal function of the
CT-1-preserved-kidney rats was indistinguishable from that
of the rats who underwent simulated surgery.

Kidney SOA production was markedly lower in rats of the
CT-1 group than in the Ctrl, reaching values similar to those in
the sham group (Figure 8A). Rats in the CT-1 group also had
lower plasma levels of the pro-inflammatory cytokine TNF-α
(Figure 8B) and higher levels of the anti-inflammatory
cytokine IL-6, which were comparable to the levels found in
sham rats (Figure 8C). Renal IκB was significantly higher in
the Ctrl than in the sham group. The addition of CT-1, both
in the perfusion and reperfusion fluid, was associated with
significantly lower levels of IκB (Figure 8D). These data
indicate that preservation with CT-1 leads to decreased
inflammation in the grafted kidney. Plasma levels of soluble
ICAM-1 (Figure 8E) and VCAM-1 (Figure 8F) were
undetectable in the sham and CT-1 groups and significantly
higher in the Ctrl group, which suggests effective endothelial
protection by CT-1 from ischemia/reperfusion damage.

Addition of CT-1 to the Reperfusion Fluid After 6 Hours
of Cold Preservation Improves the Outcomes of
Renal Transplantation

Kidneys with CT-1 added after 6 hours of cold preserva-
tion were transplanted into recipient, nephrectomized rats.
Our results indicate that, although much higher concentra-
tions of CT-1 are needed, preservation in those conditions
also significantly improves graft function and transplanta-
tion outcomes. In fact, rats who received kidneys preserved
with CT-1 showed a much better survival rate compared
with rats who received kidneys preserved under control
conditions. In addition, survival after kidney transplanta-
tion using both preservation methods (ie, 0.2 μg/mL CT-1
from the beginning or 16-64 μg/mL CT-1 after 6 hours)
was very similar and statistically indistinguishable (Figure 9A).
Reduced plasma creatinine concentration (Figure 9B) and
increased CrCl (Figure 9C), which were completely
normalized by 0.2 μg/mL CT-1 from the beginning and
by 34 to 64 μg/mL CT-1 after 6 hours, enabled kidneys
Copyright © 2018 Wolters Kluwer H
preserved with CT-1 in the delayed modality to perform
better upon transplantation.

DISCUSSION
The results from this study show that addition of CT-1 to

the perfusion and preservation fluids, even after 6 hours of
cold preservation, reduces kidney damage and improves graft
function and animal survival after transplantation. These ef-
fects likely result from the ability of CT-1 to activate its gp130
and LIFR receptors and the STAT-3 survival pathway under
cold conditions. An initial implication of our study is that
CT-1 stands out as a good candidate additive to improve kid-
ney preservation for transplantation, as it may increase the
ealth, Inc. All rights reserved.



FIGURE 8. Effect of cold preservationwith CT-1 on kidney levels of SOA (Panel A), concentration of Tumor Necrosis Factor-α (TNF-α, Panel B),
and Interleukin-6 (IL-6, panel C), kidney levels of NFkB inhibitor (IkB, panel D), and plasma levels of ICAM-1 andVCAM-1 (panel D) at 1, 3, 7, and
14 days after transplantation. In panels D, E, and F, values are expressed as AU. Values are represented asmean ± SD (sham, n = 5; Ctrl, n = 5;
CT-1, n = 5). Statistically significant differences: * Z > 1.96 all groups versus sham; # Z > 1.96 CT-1 versus Ctrl same day (Kruskal-Wallis mul-
tiple-comparison test and Dunn test).
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effective storage time and the final quality of the organ to be
transplanted. A second, and very interesting, implication is
the potential of CT-1 to rescue suboptimal kidneys. High-
quality organ supply is an extremely limiting aspect of kidney
transplantation.8 Persistent organ shortage has forced the ex-
pansion of eligibility criteria leading to the usage of marginal
kidneys, which poorly tolerate cold storage resulting in
increased preservation injury and higher rates of delayed
graft function.36

Our results of strict preservation conditions (ie, cold storage
for 24 hours) rendered low-quality kidneys, as demonstrated
by the lack of restored renal function after transplantation. In-
terestingly, the addition of CT-1 to the preservation solution
rescued those suboptimal kidneys, as it significantly reduced
Copyright © 2018 Wolters Kluwer
tissue damage, normalized renal function after transplanta-
tion, and greatly improved animal survival. Implementation
of an additive into the preservation method encounters practi-
cal hurdles at the clinical development phase owing to un-
avoidable ethical routines. Specifically, adding CT-1 (or any
other substance) to the preservation solution requires the
recipient's consent, which in many instances is not known at
the time of organ extraction. Our results indicate that CT-1
(at higher concentration) can be added later in the process of
preservation and still achieve nephroprotection. This provides
a window of opportunity to arrange procedural issues before
adding CT-1, which will be especially attainable with the use
of portable perfusion devices for organ preservation, which
are currently in development.
 Health, Inc. All rights reserved.
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FIGURE9. Accumulative survival in transplanted animals for 30 days
(panel A), plasma creatinine concentration (panel B), and CrCl (panel
C) at 3, 7, and 14 days after transplantation. Values in panel A are
expressed as mean % on the posttransplantation day. Values in
panels B and C are represented as mean ± SD. (sham, n = 5; Ctrl,
n = 5; Ctrl+, n = 5; CT-1 16 μg, n = 5; CT-1 32 μg, n = 5; CT-1
64 μg, n = 5). Statistically significant differences: panels B and C:
* Z > 1.96 all groups versus sham; # Z > 1.96CT-1 groups versus Ctrl
same day; & Z > 1.96 CT-1 groups versus Ctrl+ same day (Kruskal-
Wallis multiple-comparison test and Dunn test).
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A major characteristic of the renal protection afforded by
CT-1 which makes it an interesting renoprotective candidate
is that CT-1 tackles most of the key pathophysiologicalmech-
anisms responsible for kidney damage resulting from ische-
mia and reperfusion.31 These mechanisms include oxidative
stress and tubule-interstitial inflammation.37 Oxidative stress
significantly contributes to organ damage after ischemia/
reperfusion.38,39 Cardiotrophin-1 has been found to prevent
oxidative stress in liver transplantation27 and in other or-
gans,40 including the kidney after ischemia/reperfusion,31 as
well as the action of nephrotoxins, such as gentamicin41

and iodinated contrast media.42 Inflammation is also amajor
contributor to ischemia/reperfusion damage.43 Importantly,
Copyright © 2018 Wolters Kluwer H
CT-1 administration has demonstrated anti-inflammatory
properties in several models of acute kidney injury.31,35,42

We hypothesize that IL-6 plays an important role in the
anti-inflammatory effect of CT-1. IL-6 exhibits regenerative
and anti-inflammatory capacities44 by controlling the level
of proinflammatory cytokines. In fact, IL-6 inhibits the
LPS-induced synthesis of TNF-α in vitro45 and in vivo.46 In
our study, in contrast to other cytokines, plasma IL-6 in-
creased in the groups exposed to CT-1, consistent with previ-
ous findings that CT-1–induced IL-6 synthesis in endothelial
cells and leukocytes.47,48 We believe that in our model, CT-1-
induced IL-6 played a net anti-inflammatory role. This is sup-
ported by the observation that the inflammatory response to
several stimuli is more severe in IL-6 knock-out mice than in
control mice.49Moreover, in our previous studies, the admin-
istration of CT-1 in the context of renal ischemia/reperfusion
was associated with higher levels of IL-6 and lower levels of
TNF-α, IL-1β, and interferon-γ.31 Reversal of renal vasocon-
striction and prevention of tubular apoptosis are additional
mechanisms of CT-1 that may be theoretically invoked to ex-
plain its nephroprotective properties.35

Although experimental transplantation in rodents has facili-
tated research on transplant physiology and immunology and
drug screening, a major limitation of these studies is that the
processes involved in ischemia/reperfusion-induced renal dam-
age differ between rodents and humans.50 In addition, a major
limitation of our study is the lack of histological analysis. An-
other limitation is the number of animals used to adhere to insti-
tutional, national, and international guidelines for the care and
use of laboratory animals (Institute for Laboratory Animal Re-
search. Guide for the Care and Use of Laboratory Animals,
2011.Washington, DC. TheNational Academies Press). Lastly,
this was a descriptive study that did not assess in depth the
cellular and molecular protective mechanisms of CT-1.

Finally, there is one more factor that makes CT-1 a prom-
ising additive for kidney preservation. Severalmolecules have
demonstrated the ability to improve renal function after kid-
ney transplantation in experimental animal models, but very
few have reached the clinical setting. Interestingly, CT-1 has
already been approved for human use in the context of organ
transplantation. Specifically, CT-1 has been given the status
of an orphan drug by the US Food and Drug Administration,
used to protect the liver from ischemia/reperfusion injury in-
herent to the transplantation procedure (designation request
07-2449). The European Medicines Agency (EMA) has also
granted CT-1 this status for the prevention of ischemia/
reperfusion injury associated with solid organ transplanta-
tion (EU/3/06/396). Accordingly, the clinical development
of this application of CT-1 may progress rapidly from bench
to bedside.

ACKNOWLEDGMENTS
The authors thank Prof. Javier Garcia-Criado, Department
of Surgery, University of Salamanca, for his invaluable advice
in the surgical techniques used for kidney grafting. The au-
thors also thank Yaremi Quirós and Jose I. Sanchez-Gallego
for their technical collaboration.

REFERENCES
1. Vanholder R, Annemans L, Brown E, et al. Reducing the costs of chronic

kidney disease while delivering quality health care: a call to action.Nat Rev
Nephrol. 2017;13:393–409.
ealth, Inc. All rights reserved.



e412 Transplantation ■ October 2018 ■ Volume 102 ■ Number 10 www.transplantjournal.com

D
ow

nloaded from
 http://journals.lw

w
.com

/transplantjournal by B
hD

M
f5eP

H
K

av1zE
oum

1tQ
fN

4a+
kJLhE

Z
gbsIH

o4
X

M
i0hC

yw
C

X
1A

W
nY

Q
p/IlQ

rH
D

3i3D
0O

dR
yi7T

vS
F

l4C
f3V

C
4/O

A
V

pD
D

a8K
2+

Y
a6H

515kE
=

 on 02/05/2024
2. Guibert EE, Petrenko AY, Balaban CL, et al. Organ Preservation: Current
Concepts and New Strategies for the Next Decade. Transfus Med
Hemother. 2011;38:125–142.

3. Debout A, Foucher Y, Trebern-Launay K, et al. Each additional hour of cold
ischemia time significantly increases the risk of graft failure and mortality
following renal transplantation. Kidney Int. 2015;87:343–349.

4. Herrero-Fresneda I, Torras J, Lloberas N, et al. Cold ischemia in the ab-
sence of alloreactivity induces chronic transplant nephropathy through a
process mediated by the platelet-activating factor. Transplantation.
2000;70:1624–1631.

5. Moreira P, Sa H, Figueiredo A, et al. Delayed renal graft function: risk fac-
tors and impact on the outcome of transplantation. Transplant Proc.
2011;43:100–105.

6. Requião-Moura LR, Durão Mde S, Tonato EJ, et al. Effects of ischemia
and reperfusion injury on long-term graft function. Transplant Proc.
2011;43:70–73.

7. Salahudeen AK. Cold ischemic injury of transplanted kidneys: new in-
sights from experimental studies. Am J Physiol Renal Physiol. 2004;287:
F181–F187.

8. Perico N, Cattaneo D, Sayegh MH, et al. Delayed graft function in kidney
transplantation. Lancet. 2004;364:1814–1827.

9. Pratschke J, Paz D,Wilhelm MJ, et al. Donor hypertension increases graft
immunogenicity and intensifies chronic changes in long-surviving renal al-
lografts. Transplantation. 2004;77:43–48.

10. Dragun D, Hoff U, Park JK, et al. Prolonged cold preservation augments
vascular injury independent of renal transplant immunogenicity and func-
tion. Kidney Int. 2001;60:1173–1181.

11. Jacobi J, Rebhan D, Heller K, et al. Donor acute kidney injury and short-
term graft outcome in renal transplantation. Clin Transplant. 2014;28:
1131–1141.

12. Sakon M, Ariyoshi H, Umeshita K, et al. Ischemia-reperfusion injury of the
liver with special reference to calcium-dependent mechanisms. Surg
Today. 2002;32:1–12.

13. Paloyo S, Sageshima J, Gaynor JJ, et al. Negative impact of pro-
longed cold storage time before machine perfusion preservation in
donation after circulatory death kidney transplantation. Transpl Int.
2016;29:1117–1125.

14. Herrero-Fresneda I, Franquesa M, Torras J, et al. Role of cold ischemia in
acute rejection: characterization of a humoral-like acute rejection in exper-
imental renal transplantation. Transplant Proc. 2005;37:3712–3715.

15. Ponticelli C. Ischaemia-reperfusion injury: a major protagonist in kidney
transplantation. Nephrol Dial Transplant. 2014;29:1134–1140.

16. Salahudeen AK, Huang H, Patel P, et al. Mechanism and prevention of
cold storage-induced human renal tubular cell injury. Transplantation.
2000;70:1424–1431.

17. Chatauret N, Badet L, Barrou B, et al. Ischemia-reperfusion: From cell bi-
ology to acute kidney injury. Prog Urol. 2014;24(Suppl 1):S4–S12.

18. Masztalerz M, Wlodarczyk Z, Czuczejko J, et al. Superoxide anion as a
marker of ischemia-reperfusion injury of the transplanted kidney. Trans-
plant Proc. 2006;38:46–48.

19. Barin-Le Guellec C, Largeau B, Bon D, et al. Ischemia/reperfusion-associated
tubular cells injury in renal transplantation: canmetabolomics inform about
mechanisms and help identify new therapeutic targets? Pharmacol Res.
2018;129:34–43.

20. Dittrich S, Groneberg DA, von Loeper J, et al. Influence of cold storage on
renal ischemia reperfusion injury after non-heart-beating donor explanta-
tion. Nephron Exp Nephrol. 2004;96:e97–e102.

21. Summers DM, Johnson RJ, Hudson A, et al. Effect of donor age and cold
storage time on outcome in recipients of kidneys donated after circulatory
death in the UK: a cohort study. Lancet. 2013;381:727–734.

22. López-Yoldi M, Moreno-AliagaMJ, BustosM. Cardiotrophin-1: a multifac-
eted cytokine. Cytokine Growth Factor Rev. 2015;26:523–532.

23. Bustos M, Beraza N, Lasarte JJ, et al. Protection against liver damage by
cardiotrophin-1: a hepatocyte survival factor up-regulated in the regenerating
liver in rats. Gastroenterology. 2003;125:192–201.

24. Lopez N, Diez J, Fortuno MA. Characterization of the protective effects of
cardiotrophin-1 against non-ischemic death stimuli in adult cardiomyocytes.
Cytokine. 2005;30:282–292.

25. Dolcet X, Soler RM, Gould TW, et al. Cytokines promote motoneuron sur-
vival through the Janus kinase-dependent activation of the phos-
phatidylinositol 3-kinase pathway. Mol Cell Neurosci. 2001;18:619–631.
Copyright © 2018 Wolters Kluwer
26. Iniguez M, Berasain C, Martinez-Anso E, et al. Cardiotrophin-1 defends
the liver against ischemia-reperfusion injury and mediates the protective
effect of ischemic preconditioning. J Exp Med. 2006;203:2809–2815.

27. Aguilar-Melero P, Luque A, Machuca MM, et al. Cardiotrophin-1 reduces
ischemia/reperfusion injury during liver transplant. J Surg Res. 2013;
181:e83–e91.

28. Ghosh S, Ng LL, Talwar S, et al. Cardiotrophin-1 protects the humanmyo-
cardium from ischemic injury. Comparison with the first and second win-
dow of protection by ischemic preconditioning. Cardiovasc Res. 2000;
48:440–447.

29. Liao Z, Brar BK, Cai Q, et al. Cardiotrophin-1 (CT-1) can protect the adult
heart from injury when added both prior to ischaemia and at reperfusion.
Cardiovasc Res. 2002;53:902–910.

30. Sola A, Peng H, RogidoM, et al. Animal models of neonatal stroke and re-
sponse to erythropoietin and cardiotrophin-1. Int J Dev Neurosci. 2008;
26:27–35.

31. Garcia-Cenador MB, Lorenzo-Gomez MF, Herrero-Payo JJ, et al.
Cardiotrophin-1 administration protects from ischemia-reperfusion renal
injury and inflammation. Transplantation. 2013;96:1034–1042.

32. Mitchell T, Rotaru D, Saba H, et al. The mitochondria-targeted antioxidant
mitoquinone protects against cold storage injury of renal tubular cells and
rat kidneys. J Pharmacol Exp Ther. 2011;336:682–692.

33. Saba H, Munusamy S, Macmillan-Crow LA. Cold preservation mediated
renal injury: involvement of mitochondrial oxidative stress. Ren Fail.
2008;30:125–133.

34. Naik E, Dixit VM. Mitochondrial reactive oxygen species drive proinflam-
matory cytokine production. J Exp Med. 2011;208:417–420.

35. Garcia-Cenador MB, Lopez-Novoa JM, Diez J, et al. Effects and mecha-
nism of organ protection by cardiotrophin-1. Curr Med Chem. 2013;20:
246–256.

36. Maggiore U, Cravedi P. The marginal kidney donor. Curr Opin Organ
Transplant. 2014;19:372–380.

37. Malek M, Nematbakhsh M. Renal ischemia/reperfusion injury; from path-
ophysiology to treatment. J Renal Inj Prev. 2015;4:20–27.

38. Kezic A, Spasojevic I, Lezaic V, et al. Mitochondria-Targeted Antioxidants:
Future Perspectives in Kidney Ischemia Reperfusion Injury. Oxid Med Cell
Longev. 2016;2016:2950503.

39. Rovcanin B, Medic B, Kocic G, et al. Molecular dissection of renal
ischemia-reperfusion: oxidative stress and cellular events. Curr Med
Chem. 2016;23:1965–1980.

40. Wen TC, Rogido MR, Moore JE, et al. Cardiotrophin-1 protects cortical
neuronal cells against free radical-induced injuries in vitro. Neurosci Lett.
2005;387:38–42.

41. Quiros Y, Blanco-Gozalo V, Sanchez-Gallego JI, et al. Cardiotrophin-1
therapy prevents gentamicin-induced nephrotoxicity in rats. Pharmacol
Res. 2016;107:137–146.

42. Quiros Y, Sanchez-Gonzalez PD, Lopez-Hernandez FJ, et al.
Cardiotrophin-1 administration prevents the renal toxicity of iodinated con-
trast media in rats. Toxicol Sci. 2013;132:493–501.

43. Ling H, Chen H,Wei M, et al. The effect of autophagy on inflammation cyto-
kines in renal ischemia/reperfusion injury. Inflammation. 2016;39:347–356.

44. Scheller J, Chalaris A, Schmidt-Arras D, et al. The pro- and anti-
inflammatory properties of the cytokine interleukin-6. Biochim Biophys
Acta. 2011;1813:878–888.

45. Schindler R, Mancilla J, Endres S, et al. Correlations and interactions in the
production of interleukin-6 (IL-6), IL-1, and tumor necrosis factor (TNF) in
human blood mononuclear cells: IL-6 suppresses IL-1 and TNF. Blood.
1990;75:40–47.

46. Starkie R, Ostrowski SR, Jauffred S, et al. Exercise and IL-6 infusion inhibit
endotoxin-induced TNF-alpha production in humans. FASEB J. 2003;17:
884–886.

47. Fritzenwanger M, Meusel K, Foerster M, et al. Cardiotrophin-1 induces
interleukin-6 synthesis in human umbilical vein endothelial cells. Cytokine.
2006;36:101–106.

48. Fritzenwanger M, Meusel K, Foerster M, et al. Cardiotrophin-1 induces
interleukin-6 synthesis in human monocytes. Cytokine. 2007;38:137–144.

49. Hunter CA, Jones SA. IL-6 as a keystone cytokine in health and disease.
Nat Immunol. 2015;16:448–457.

50. Lieberthal W, Nigam SK. Acute renal failure. II. Experimental models of
acute renal failure: imperfect but indispensable. Am J Physiol Renal Physiol.
2000;278:F1–F12.
 Health, Inc. All rights reserved.

http://www.transplantjournal.com

