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Abstract: Background: Despite the term acute kidney injury (AKI), clinical biomarkers for AKI
reflect function rather than injury and independent markers of injury are needed. Tubular cell death,
including necroptotic cell death, is a key feature of AKI. Cyclophilin A (CypA) is an intracellular
protein that has been reported to be released during necroptosis. We have now explored CypA as
a potential marker for kidney injury in cultured tubular cells and in clinical settings of ischemia-
reperfusion injury (IRI), characterized by limitations of current diagnostic criteria for AKI. Methods:
CypA was analyzed in cultured human and murine proximal tubular epithelial cells exposed to chem-
ical hypoxia, hypoxia/reoxygenation (H/R) or other cell death (apoptosis, necroptosis, ferroptosis)
inducers. Urinary levels of CypA (uCypA) were analyzed in patients after nephron sparing surgery
(NSS) in which the contralateral kidney is not disturbed and kidney grafts with initial function.
Results: Intracellular CypA remained unchanged while supernatant CypA increased in parallel to
cell death induction. uCypA levels were higher in NSS patients with renal artery clamping (that
is, with NSS-IRI) than in no clamping (NSS-no IRI), and in kidney transplantation (KT) recipients
(KT-IRI) even in the presence of preserved or improving kidney function, while this was not the case
for urinary Neutrophil gelatinase-associated lipocalin (NGAL). Furthermore, higher uCypA levels
in NSS patients were associated with longer surgery duration and the incidence of AKI increased
from 10% when using serum creatinine (sCr) or urinary output criteria to 36% when using high
uCypA levels in NNS clamping patients. Conclusions: CypA is released by kidney tubular cells
during different forms of cell death, and uCypA increased during IRI-induced clinical kidney injury
independently from kidney function parameters. Thus, uCypA is a potential biomarker of kidney
injury, which is independent from decreased kidney function.

Keywords: acute kidney injury; tubular cell death; kidney transplantation; kidney cancer; ischemia-
reperfusion

1. Introduction

Acute kidney injury (AKI) is a multifactorial and multiphasic kidney disease charac-
terized by a rapid decline in kidney function, resulting in the accumulation of metabolic
waste and toxins [1]. The main causes of parenchymal AKI include ischemia-reperfusion
injury (IRI) and endogenous, as well as exogenous, nephrotoxins. Notwithstanding ad-
vances in preventive strategies and support measures, AKI continues to be associated
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with high morbidity and mortality. Despite its name, which includes the term “injury”
rather than “failure”, current diagnostic criteria for AKI rely on evidence of decreased
kidney function and not on evidence of kidney injury [1]. Decreased urine output or
increased serum creatinine (sCr) may be observed in functional situations in the absence of
kidney injury. As examples, sCr may increase, due to functional reasons, in the absence of
injury when drugs that decrease the tubular secretion of creatinine are prescribed or when
nephroprotective drugs decrease hyperfiltration, without concomitant kidney injury. Thus,
biomarkers of actual kidney damage (injury) are needed for early diagnosis (before kidney
function decreases), differential diagnosis (injury versus functional changes in the absence
of injury) and the staging (e.g., is injury ongoing or not) of kidney injury that allows for
early intervention and the adequate selection of therapeutic agents to improve outcomes.

Tubular cell death is a hallmark of parenchymal AKI [2–5]. Both apoptosis and
regulated necrosis (RN) may contribute to tubular cell death and may be modulated
therapeutically [4,5]. RN pathways include necroptosis, ferroptosis, mitochondria perme-
ability transition-regulated necrosis, and pyroptosis, the later been a form of cell death in
macrophages [3]. Tubular cell death is usually an early event during AKI that is followed by
tubular regeneration. However, RN may trigger kidney inflammation that drives a second
wave of tubular cell death, that contributes to maintaining decreased kidney function [6].
Indeed, we recently identified necroptosis as a key mode of cell death in experimental AKI
and set out to explore potential biomarkers of necroptosis in the clinical setting. For that
we identified a clinical scenario in which a highly controlled ischemia injury to the kidney
occurred and in which traditional methods to assess kidney injury (based on functional
changes) may not be informative, i.e., a clinical setting in which information provided by a
marker of injury (rather than of function) may be clinically relevant.

Elective surgical aggression to the kidney, such as nephron sparing surgery (NSS) with
renal artery clamping and tumor resection, or kidney transplantation (KT) with anoxia,
hypothermia and reperfusion represent clinical practice models of kidney IRI that may or
may not result in clinical AKI as per the current consensus definition based on functional
assessment [7]. Thus, in NSS, the contralateral kidney is not disturbed and may provide
sufficient urine volume or glomerular filtration rate (GFR) to limit or prevent a decrease
in diuresis or increase in sCr, despite histological tubular necrosis related to ischemia,
and thus, patients may not fulfill current (functional) criteria to diagnose AKI. In KT,
despite ischemic injury to the graft, the injured graft may still provide better GFR that
the non-functioning native kidneys, and diuresis and decreasing sCr may be observed
in the presence of histological kidney injury, unless the graft injury is severe, leading
to primary non-function. The ability to assess AKI by noninvasive tools before kidney
function declines, with the accurate categorization of severity and the possibility to identify
different causes may improve the functional outcome after kidney surgery.

Cyclophilin A (CypA) is the most abundant and ubiquitous member of the cyclophilin
family of four proteins (A, B, C, and D) [8,9]. CypA is an 18 kDa intracellular protein with
roles in protein folding, trafficking, and T-cell activation [8,10–12]. CypA has been reported
to be actively released to the extracellular milieu by injured cells and extracellular CypA
could activate inflammation and proliferation [13]. Specifically, cytosolic CypA is released
early in necroptosis, and has been proposed to be a biomarker for this type of cell death
when the integrity of the plasma membrane is compromised [14]. High levels of CypA are
found in the kidney [15,16]. Stressed proximal tubular cells release CypA; however, the
relationship of this release to tubular cell death was not previously studied. In this regard,
urinary CypA (uCypA) was reported to be increased in diabetic kidney disease, a condition
associated with tubular cell death, increased glomerular permeability and proximal tubular
dysfunction [17,18]. CypA can be freely filtered by kidney glomeruli; therefore, higher
levels in urine samples may reflect an increase in serum levels or elevated excretion by
injured kidney tubular cells. In this regard, both serum and urine CypA were higher in
patients with postoperative AKI after cardiac surgery and, thus, increased serum CypA
appears to be a biomarker of deceased kidney function [19].
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Thus, we set out to explore whether uCypA could be a marker of tubular cell necrop-
tosis in the clinic. Now, we report that CypA is released by proximal tubular kidney
cells exposed to different lethal stimuli that induce diverse forms of cell death. Moreover,
uCypA increased in clinical situations of kidney injury even when there was no associated
functional impairment and it better associated with clinical evidence of more severe kid-
ney insult than the more classical biomarker NGAL. We, therefore, identify uCypA as a
potential biomarker of kidney injury independent from reduced kidney function.

2. Materials and Methods
2.1. Cell Culture

Two tubular cell lines were studied, human (HK-2) [20] and murine (MCT) [21]
immortalized proximal tubular epithelial cell lines. HK-2 cells were grown in RPMI 1640
(Thermo Fisher, Waltham, MA, USA), 10% decomplemented fetal bovine serum (FBS)
(Sigma-Aldrich-Merck KGaA, Damstadt, Germany), 1% glutamine, 100 U/mL penicillin,
100 µg/mL streptomycin, 5 µg/mL Insulin Transferrin Selenium (ITS) and 36 ng/mL
hydrocortisone in 5% CO2 at 37 ◦C. MCTs were grown in RPMI 1640, 10% FBS, 100 µg/mL
streptomycin, 2 mM glutamine, and 100 U/mL penicillin. At 60–70% of confluence, cells
were growth-arrested in serum-free medium for 24 h before the experiments.

HK2 were exposed to the chemical hypoxia inducer CoCl2 (Merck, Darmstadt, Ger-
many) at 500 µM and to the ferroptosis inducer RSL3 (SelleckChem, Houston, TX, USA)
at 400 nM. MCT cells were exposed to lethal cytokine cocktail that induces apoptosis
(TTI), consisting of 100 ng/mL TWEAK (Merck), 30 ng/mL TNFα (PeproTech, Rocky Hill,
NJ, USA) and 30 U/mL interferonγ (PeproTech, Rocky Hill, NJ, USA), to which 25 µM
pan-caspase inhibitor carbobenzoxy-valyl-alanyl-aspartyl-[O-methyl]-fluoromethylketone
(TTI+zVAD) (Bachem, Bubendorf, Switzerland) may be added to switch the mode of cell
death to necroptosis [6,22]. To perform hypoxia/reoxygenation (H/R) experiments, MCT
cells were cultured for 24 h in a hypoxic atmosphere containing 1% O2, 94% N2, 5% CO2
(Air Liquide, Madrid, Spain) in serum-free RPMI medium, after cells were maintained in
21% O2 for reoxygenation for indicated periods of time [23].

2.2. Western Blot

After the removal of cell culture media, cells were trypsinized, collected and homoge-
nized in lysis buffer (50 mM TrisHCl, 150 mM NaCl, 2 mM EDTA, 2 mM EGTA, 0.2% Triton
X-100, 0.3% NP-40, 1 mM PMSF and 1 µg/mL pepstatin A) [24]. Protein concentration
was measured with the BCA (bicinchoninic acid) assay (Thermo Fisher, Waltham, MA,
USA). Cell supernatants were centrifuged at 2500 rpm, for 20 min at 4 ◦C to remove cells
and debris, and then stored at −80 ◦C until analysis. Equal amounts of protein were
loaded in 15% SDS gels, separated by electrophoresis and transferred to PVDF membranes
(polyvinylidene difluoride, Millipore, Darmstadt, Germany). The membranes were blocked
with 5% TBS/0.5% v/v Tween-20 skim milk and incubated with anti-cyclophilin A (1:500,
Abcam) and anti-HIF-1α (1:2000, Abcam) antibodies dissolved in 5% milk TBS/Tween
for 1 h at room temperature. They were then washed with TBS/Tween and incubated
with the secondary antibodies against rabbit IgG (1:5000) or mouse IgG (1:5000) from GE
Healthcare. After washing with TBS/Tween, blots were developed with the chemilumi-
nescence method (ECL; Fisher Scientific, Waltham, MA, USA) and probed with mouse
monoclonal anti-α-tubulin antibody (1:10,000; Sigma-Aldrich KGaA, Damstadt, Germany)
for HIF membranes or anti-GAPDH (1:5000, Sigma-Aldrich) for CypA membranes, as
these markers were allowed to run the gels to optimally separate the bands, given the
different molecular weights of the proteins. Levels of expression were corrected for minor
differences in loading. Cell supernatants were corrected with red ponceau staining.

2.3. Cell Viability Assay

Cell viability was estimated using the 3-[4,5-dimethylthiazol-2-yI]-2,5 diphenyltetra-
zolium bromide (MTT, Sigma Aldrich-Merck KGaA, Damstadt, Germany) colorimetric
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assay. Following stimulation, culture medium was removed, and cells were incubated with
0.5 mg/mL MTT in PBS for 1 h at 37 ◦C. The resulting formazan crystals were dried and
dissolved in DMSO. Absorbance (indicative of cell viability) was measured at 570 nm.

2.4. NSS and KT Patients

This observational study prospectively collected urinary samples and clinical data at
the Fundación Jiménez Díaz University Hospital biobank between March 2014 and June
2019. The IIS-FJD institutional review board approved the study and patients signed and
informed consent, approval date: 20 February 2019 A total of 64 patients were studied:
52 patients with a localized kidney tumor to whom a laparoscopic NSS was proposed
and 6 donor-recipient pairs of living KT patients (laparoscopic living donor nephrectomy
and conventional KT). Patients were retrospectively divided into 3 groups: laparoscopic
NSS patients without (n = 13) or with (n = 39) arterial clamping during the procedure,
and transplant (n = 6) patients with end-stage kidney disease who received a KT after
laparoscopic nephrectomy of a living related donor.

NSS patients had a healthy contralateral kidney. Medical background, tumor char-
acteristics, surgical findings, warm ischemia time (WIT) when applied and postoperative
evolution were recorded. Minimally invasive NSS involves laparoscopic approach and
arterial control with a tourniquet. The final decision on clamping the renal artery was made
by the surgeon according to the surgical situation (tumor limit visualization, bleeding or
expected WIT). Diuretics, such as furosemide and mannitol, were not used.

Kidney donor candidates were studied according to local protocols and donated the
left kidney. Kidneys were retrieved for transplantation by a laparoscopic hand-assisted
approach. WIT and cold ischemia time (CIT) were recorded.

Basal analytical data were obtained from preoperative blood testing. Postoperative
lab tests were obtained from routine clinical lab testing during hospitalization. The last
blood test available was also recorded during follow up. Urine samples were obtained
serially: before surgery, upon bladder catherization at the time of anesthesia induction
(baseline determination, Pre-Qx), immediately after surgery, before patients were woken
up from anesthesia (0 h determination), the day after surgery (24 h) and daily thereafter
(48 h, 72 h) up to 72 h while they were hospitalized.

2.5. Urine Samples Collection and ELISA

Urine samples were collected in sterile containers and centrifuged at 2500 rpm for
20 min at 4 ◦C to remove cells and debris. Supernatants were stored at −80 ◦C until
analysis. uCypA and urinary NGAL (uNGAL) were measured by an enzyme linked
immunosorbent assay (ELISA, MyBiosource, San Diego, CA, USA and Bioporto, Hellerup,
Denmark, respectively), according to the manufacturer specification. uCypA and uNGAL
were adjusted to urine creatinine levels and expressed per mg of urinary creatinine, as is
routinely done for other urinary analysis, such as albuminuria and proteinuria to account
for potential physiological differences in urine dilution.

2.6. Statistics

Results are expressed as mean ± SD in cultured cells and as mean ± SEM or median
(interquartile range) for patient data. Differences between groups were evaluated using
one-way ANOVA with Tukey’s post hoc tests using the Prism software (Graphpad 7.04).
For pairs of samples, data were analyzed using Student’s t test. Differences between
non-clamping and clamping NSS patients were assessed by Student´s t test for normally
distributed variables or by Wilcoxon rank test for non-normally distributed variables. Dif-
ferences between categorical values were assessed by Fisher’s exact test. A p-value < 0.05
was considered statistically significant.
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3. Results
3.1. Lethal Stimuli Promote CypA Release from Cultured Kidney Tubular Cells

Tubular cells represent that largest cell mass in the kidney and are key targets in
parenchymal AKI during IRI. We focused on proximal tubular cells for cell culture studies
to assess CypA release to cell culture media following exposure to lethal stimuli. Lethal
stimuli were tested in cultured human or murine cells according to their sensitivity to
specific modes of death.

Hypoxic conditions were simulated by the exposure of human proximal tubular
cells (HK-2) to 500 µM CoCl2 for different periods of time. CoCl2 decreased cell viabil-
ity (Figure 1A) and increased the hypoxia marker HIF-1α, as assessed by Western blot
(Figure 1B) in a time-dependent manner. Under these conditions, CypA released into the
cell culture media increased in a time-dependent manner, in parallel to the decreased cell vi-
ability (Figure 1C), while intracellular levels of CypA in adherent cells remained unchanged
(Figure 1D). Murine proximal tubular cells (MCT cells) were exposed to H/R resulting in a
time-dependent decreased cell viability, as confirmed by MTT assay (Figure 2A), which
was paralleled by a progressive increase in extracellular CypA (Figure 2B), again without
changes in intracellular CypA (Figure 2C).
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Figure 1. CypA is released by cultured human proximal tubular HK2 cells under chemical hypoxia.
HK2 cells were exposed to 500 µM CoCl2 for the indicated periods of time. (A) Cell viability was
assessed by the MTT assay. (B) HIF-1α expression, a marker of hypoxia, was assessed by Western blot.
(C,D) Western blot of CypA in cell supernatants (C) and in cellular extracts (D). Quantification and
representative image. (A,C,D) Mean ± SD of three independent experiments. * p < 0.05; ** p < 0.01;
*** p < 0.001. Uncropped gel scans shown in Figure S1A.
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Figure 2. CypA is released by cultured murine proximal tubular MCT cells under hy-
poxia/reoxygenation. MCT cells were cultured for 24 h in a hypoxic atmosphere, and then cells
were reoxygenated for the indicated periods of time (A) Cell viability was assessed by the MTT
assay. Mean ± SD of three independent experiments. *** p < 0.001 vs. normoxia 8 h; ### p < 0.001
vs. normoxia 24 h. (B,C) Western blot of CypA in cell supernatants (B) and in cellular extracts (C).
Quantification and representative image. Mean ± SD of three independent experiments. * p < 0.05;
** p < 0.01. Uncropped gel scans shown in Figure S1B.

To address whether CypA release is linked to any specific pathways of cell death,
tubular cells were exposed to specific inducers of different cell death pathways. Ferroptosis
was induced in HK-2 by exposure to RSL3, which resulted in decreased cell viability by
24 h, as tested by the MTT assay (Figure 3A). RSL3 also increased CypA release to the cell
culture media (Figure 3B), without changes in intracellular CypA (Figure 3C). Apoptosis
and necroptosis were induced in MCT cells by exposure to TTI and TTI/zVAD, respectively.
Both stimuli reduced cell viability (Figure 4A), and increased CypA release (Figure 4B),
without changes in intracellular CypA (Figure 4C). However, the temporal pattern of CypA
release differed between apoptosis and necroptosis, as expected from the specific character-
istics of each form of cell death [22]. Thus, as other forms of RN, necroptosis is characterized
by loss of cell membrane integrity and release of intracellular contents, and this was consis-
tent with an earlier release of CypA (Figure 4B). By contrast, apoptotic cells do not initially
release cellular contents, but in culture they are not engulfed by macrophages or adjacent
uninjured cells, and eventually the plasma membrane becomes permeabilized.
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Figure 3. Ferroptosis leads to CypA release in human proximal tubular HK2 cells. (A) HK2 cells were
exposed to 400 nM RSL3, a ferroptosis inducer, for 24 h and cell viability was assessed by the MTT
assay. Mean ± SD of three independent experiments. *** p < 0.001. (B,C) HK2 cells were exposed
to 400 nM RSL3 for indicated periods of times and CypA was measured by Western blot in cellular
supernatants (B) and in cellular extracts (C). Quantification and representative image. Mean ± SD of
three independent experiments. * p < 0.05. Uncropped gel scans shown in Figure S2A.

Overall, these results suggest that CypA is released by kidney tubular cells exposed to
lethal stimuli and CypA release is independent of the mechanism of cell death.
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TWEAK/TNFα/interferon-γ (TTI) or to the necroptosis inducer TTI/zVAD for the indi-
cated periods of time. (A) Cell viability was assessed by the MTT assay. Mean ± SD of three
independent experiments. *** p < 0.001 vs. control. (B,C) Western blot of CypA in cell supernatants
(B) and in cellular extracts (C). Note than controls are in the middle of the gel and the time course is
represented from there, i.e., later time points for both stimuli are at opposite sites of the gel and
figure. Quantification and representative image. Mean ± SD of three independent experiments.
** p < 0.01 vs. control. Uncropped gel scans shown in Figure S2B.

3.2. Clinical Study: Patient Characteristics

The clinical study was performed in two different clinical settings, both characterized
by limitations in the current KDIGO definition of AKI to identity kidney injury: 52 patients
undergoing NSS (13 with no-clamping and 39 with clamping of renal artery) and 6 living
donor-kidney transplant recipient pairs.

Among NSS patients (Table 1), no significant differences were found between patients
with or without renal artery clamping regarding age, gender, body mass index, cardio-
vascular risk factors, cardiovascular events, kidney function or the nephrometric scores
RENAL, PADUA, C. Index, ABC, RPS, or Mayo (Supplementary Table S1). However, tumor
size (22.5 ± 8.93 mm vs. 31.3 ± 8.93 mm, p = 0.006), DAP (5 (2.00) vs. 6 (2.00), p = 0.021) and
NePhRO (6 (2.00) vs. 8 (2.00), p = 0.011) scores were higher in the NSS patients with renal
artery clamping. The WIT in NSS patients with arterial clamping was 23.83 ± 8.38 min.

Table 2 summarizes the characteristics of 6 pairs of KT donors and recipients. Donor
laparoscopic hand-assisted left nephrectomy was followed by uneventful graft transplanta-
tion in the right iliac fossa, immediate diuresis and no need for postoperative dialysis.
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Table 1. Characteristics of NSS patients without and with arterial clamping.

NSS without
Arterial Clamp (n = 13)

NSS with
Arterial Clamp (n = 39) p Value

Age (years, mean ± SD) 65.50 ± 8.97 60.30 ± 11.50 0.155
Female sex 5 (38.4%) 10 (25%) 0.278

Right kidney tumor 4 (30.7%) 19 (48.7%) 0.235
Tumor size * (mm, mean ± SD) 22.5 ± 8.93 31.3 ± 8.93 0.006

Nephrometric scores
RENAL (median (IQR)) [25] 6 (1.00) 6 (2.00) 0.521
PADUA (median (IQR)) [26] 7 (0.00) 8 (2.00) 0.071
C.INDEX (mean ± SD) [27] 3.25 ± 1.47 2.52 ± 0.92 0.141

DAP (median (IQR)) [28] 5 (2.00) 6 (2.00) 0.021
NePhRO (median (IQR)) [29] 6 (2.00) 8 (2.00) 0.011

ABC category [30]
1 5 (38.4%) 8 (20.5%) 0.124
2 7 (53.8%) 23 (58.9%)

3H 1 (7.6%) 2 (5.1%)
3S 0 6 (15,3%)

RPS [31] <50% 3 (23%) 7 (17.9%) 1.000
Mayo score (median (IQR) [32] 3 (2.00) 3 (3.00) 0.468

Ischemia time WIT
(min, mean ± SD) 0 23.83 ± 8.38

KDIGO criteria for AKI 1 (7.69%) 4 (10.25%) 0.613
* Maximum diameter measured by CT scan. To see full characteristics of NSS patients see Supplementary Table S1.

Table 2. Characteristics of KT patients without and with arterial clamping.

Kidney Donors (n = 6) Kidney Recipients (n = 6)

Age (years) 58.83 ± 5.91 54.00 ± 20.43
Female sex 4 (66.6%) 3 (50%)

Renal ischemia
CIT (min) 83.50 ± 7.60
WIT (min) 3.17 ± 1.27

CIT: cold ischemia time. WIT: warm ischemia time. To see full characteristics of KT patients see Supplementary
Table S2.

3.3. Renal Artery Clamping during NSS Is Associated with Increased uCypA

Among NSS patients, five met the increased sCr KDIGO diagnostic criterion for AKI
stage I after surgery, 4 (10.25%) in the clamping group and 1 (7.69%) in the non-clamping
group (p ns) (Table 1, Figure 5A).

Next, we measured uCypA levels and stratified NSS patients according to renal
artery clamping, which represents a kidney IRI. uCypA levels did not significantly change
over time in non-clamping patients and did not increase above baseline in the single
non-clamping patient that fulfilled AKI KDIGO criteria. By contrast, uCypA was already
increased immediately after surgery (uCypA values were between 14-fold and 33-fold
higher than baseline in three patients at this point) in some clamping patients and mean
values further increased up to 48 h after surgery, at which point they were significantly
higher than at baseline (10.58 ± 3.38 vs. 0.39 ± 0.08 ng/mg, p < 0.001) (Figure 5B). Individ-
ual clamping patients usually showed peak uCypA levels at 24–48 h, while no clear peak
was observed in non-clamping patients (Figure 5C). uCypA increased from baseline in the
four clamping patients who fulfilled the KDIGO AKI sCr criterion and, additionally in
15 further patients for whom increased uCypA provided evidence of kidney injury in the
absence of clinically relevant decrease in kidney function, as assessed by sCr levels. The
low sensitivity of KDIGO AKI criteria to detect AKI in this clinical setting was expected,
given that the contralateral kidney was not disturbed by surgery.
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Figure 5. uCypA levels are increased in NSS patients with renal artery clamping but not in patients
without clamping. (A) sCr levels after surgery did not differ between clamping and non-clamping
patients. (B) uCypA levels are increased after surgery in NSS patients with clamping. Bars represent
mean ± SEM. * p < 0.05; *** p < 0.001. (C) Time course of uCypA levels in individual patients shows
a peak at 24–48 h after surgery in most clamping patients, while no clear peak was observed in
non-clamping patients. (B,C) uCypA is expressed as urinary CypA: urinary creatinine ratio.

To gain insight into potential cut-off points of uCypA that may be used to define the
occurrence of kidney injury, post-surgery uCypA values were compared to two different
cut-off points. Clamping resulted in a higher percentage of patients above both cut-off
points (Figure 6A,B). First, the cut-off point for uCypA was defined as post-surgery values
above the highest pre-surgery uCypA value found in the study population. This uCypA
cut-off point was labeled as an increase above baseline value (>2.5 ng/mg, Figure 6A).
Using this definition, an immediate increase in uCypA values was observed in 26% of
clamping patients but in none of the no-clamping patients (Figure 6A). However, by 24 h,
increased uCypA was observed in 31% and 46% of clamping and no-clamping patients and
this difference was not statistically significant. By 48 h, uCypA values above the baseline
value cut-off point were observed almost exclusively in clamping patients (49%). However,
24-h findings suggested that surgery-associated tissue injury, unrelated to kidney IRI,
could result in mild increases in uCypA in the early post-surgery period. Thus, a second
uCypA cut-off point was defined as post-surgery values above the highest uCypA values
obtained within 72 h of surgery without clamping, this was named the maximum injury
value cut-off point (i.e., >10 ng/mg, Figure 6B) and accounted for non-specific surgery-
induced tissue injury, unrelated to IRI. Using this definition, only clamping resulted in
uCypA values above the cut-off point and the percentage of patients with significant kidney
injury potentially linked to IRI increased from 8% immediately post-surgery to 28% at
48 h (Figure 6B). A total of 14 (36%) patients had a higher uCypA at some point after
surgery. Moreover, patients with uCypA above the maximum injury cut-off point showed
longer surgery duration, and higher surgical bleeding and increase in sCr after surgery
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(Figure 6C), suggesting that high levels of CypA are related to more severe kidney injury.
In this regard, the four clamping patients with clinical AKI had uCypA above baseline
value cut-off point and three of them went above the maximum injury cut-off point.
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Figure 6. Percentage of patients with high uCypA levels after NSS using two different uCypA cut-off
levels to define “high uCypA”. (A) Percentage of patients with post-surgery uCypA values above
the highest pre-surgery uCypA value, found in the study population, i.e., >25 ng/mg; *** p < 0.001.
(B) Percentage of patients with post-surgery uCypA values above the highest post-surgery uCypA
values obtained in NSS without clamping, i.e., >100 ng/mg; ** p < 0.01, *** p < 0.001. (C) Time of
surgery, surgical bleeding and increase in sCr are higher in clamping patients with CypA above
maximum injury levels. Data are presented as box plots that show the mean, 25/75 percentiles (box),
and 10/90 percentiles (bars). * p < 0.05.

Overall, these findings suggest the potential usefulness of uCypA to detect IRI kidney
injury when function parameters are unreliable.

3.4. Urine NGAL in NSS Patients

Next, we assessed a conventional kidney injury biomarker, uNGAL, in NSS patients.
Among the five NSS patients meeting the increased sCr KDIGO diagnostic criterion for
AKI stage I after surgery, only one (20%), belonging to the clamping group, had an increase
in uNGAL above baseline.
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As for uCypA, clamping resulted in numerically higher mean uNGAL values at 48 h
when compared to baseline (392 ± 81 vs. 187 ± 66 pg/mg) than in non-clamping compared
to baseline (167 ± 82 vs. 174 ± 32 pg/mg); however, these differences were not statistically
significant (Figure 7A). Indeed, the fold-change over the mean baseline values was lower
for uNGAL than for uCypA and no statistically significant differences were observed
in uNGAL in either clamping or no-clamping patients (Figure 7B). This differs from the
significant (48 h p < 0.001) and sustained mean 6.4- to 26.5-fold increase in uCypA versus
pre-surgery values in clamping patients (Figure 7B).
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Figure 7. uNGAL levels in NSS patients. (A) uNGAL levels were measured in NSS patients before
and after surgery and no statistically significant changes were observed. uNGAL is expressed as
urinary NGAL: urinary creatinine ratio. Bars represent mean ± SEM. (B) Time-course of uNGAL
and uCypA values expressed as fold-change over mean baseline pre-surgery values. Statistically
significant increases over baseline were only observed for uCypA in clamping patients. Mean ± SEM,
* p < 0.05; *** p < 0.001. (C) Percentage of patients with post-surgery uNGAL values above the highest
pre-surgery uNGAL value found in the study population, i.e., >16 pg/mg. (D) Percentage of patients
with post-surgery uNGAL values above the highest post-surgery uNGAL values obtained in NSS
without clamping, ** p < 0.01, *** p < 0.001.
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Use of the same definitions (increase above baseline cut-off and maximum injury
cut-off values) for high uNGAL levels as previously used for uCypA did not disclose
a clear association of high uNGAL levels with either surgery or clamping for any of
the definitions (Figure 7C). While using the above maximum injury cut-off (i.e., above
peak post-surgery value in non-clamping cut-off value) resulted in a significantly higher
percentage of clamping patients with high uNGAL levels, this percentage (12.5%) was in
the range observed at baseline for both clamping and non-clamping patients (Figure 7D).
Finally, contrary to uCypA, there was no clear association between uNGAL values above
the maximum injury cut-off point with surgery duration or increased sCr after surgery
(Figure S3).

The correlation between uCypA and uNGAL was poor and only statistically significant
for clamping patients (Figure S4). Overall, these results suggest that uNGAL appears less
sensitive than uCypA to detect IRI-induced kidney injury.

3.5. Urine CypA Levels Following Living Donor KT

We next analyzed uCypA in KT patients after living kidney donation with immediate
diuresis and kidney function and progressive normalization of sCr in recipients (Figure 8A).
Mean uCypA levels in transplanted patients increased progressively from time zero as
compared with donor urine, reaching statistical significance at 48 and 72 h (Figure 8B,C).
In contrast, peak uNGAL was observed at time zero, the only time point in which it was
significantly higher than in donor urine, and uNGAL decreased thereafter (Figure 8D,E).
In this regard, pre-surgery uNGAL values in KT recipients were above those in donors
and in the range found in recipient urine at time zero, suggesting that part of this uNGAL
originated from the recipient kidneys. This is not surprising, since CKD has been associated
with increased uNGAL [33].

Overall, these results further support the potential usefulness of uCypA to detect IRI
kidney injury when function parameters are unreliable.
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Figure 8. uCypA levels are increased after living KT. (A) sCr levels decreased following KT. Bars
represent mean ± SEM. *** p < 0.05 vs. donor; δδδ p < 0.001 vs. receptor pre-transplant. (B) By contrast,
uCypA levels increased following KT in recipients compared with donor urine. Bars represent
mean ± SEM. * p < 0.05. uCypA is expressed as urinary CypA: urinary creatinine ratio. (C) Time-
course of uCypA levels in individual patients shows a peak at 24–48 h after surgery in most patients.
(D) uNGAL levels decreased from time zero after surgery in KT recipients. uNGAL is expressed as
urinary NGAL: urinary creatinine ratio. Bars represent mean ± SEM. ** p < 0.01. (E) Time-course of
uNGAL levels in individual patients shows a decrease after surgery in most patients.

4. Discussion

The main findings are that CypA is released by dying tubular cells and the release is
not specific for any form of cell death (apoptosis, necroptosis, ferroptosis), thus, potentially
identifying the ongoing kidney injury of diverse etiology. In this regard, using clinical
situations in which sCr or diuresis do not adequately represent underlying IRI-induced
kidney injury, we have identified uCypA as a marker of clinical IRI kidney injury more
sensitive that the classical markers uNGAL or sCr to detect unilateral kidney injury in
presence of a functional contralateral kidney or when kidney injury nonetheless results in
better kidney function than in the baseline situation, as is the case for KT (Figure 9). While
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these clinical situations allowed us to identify the role of uCypA as a marker of kidney
injury, it is likely that uCypA also provides similar information in other clinical situations.
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Figure 9. Conceptual figure: current issues in AKI diagnosis and contribution of uCypA. (A) Current
AKI diagnosis. (B) sCr may increase due to functional reasons, in the absence of injury. (C) Unilateral
IRI resulting from clamping of renal artery in NSS. Increased uCypA in IRI kidney injury. uCypA
was a more sensitive marker of IRI-induced kidney injury than sCr or classical markers of injury
such as NGAL. (D) In NSS without clamping, there is no IRI. (E) In KT patients, kidney graft IRI is
usually associated with decreasing sCr levels. Increased uCypA in IRI kidney injury. Again, uCypA
provided evidence of kidney injury despite decreasing sCr and non-informative uNGAL.

Currently, the diagnosis of AKI is based on indicators of kidney function, including
sCr and urine output [34]. However, kidney injury can occur in the absence of an increase
in sCr, which represents an emerging condition, called subclinical AKI, an early step in
the spectrum of kidney injury [35]. However, no injury biomarker is currently in clinical
use, and there is an unmet medical need. NGAL is one of the best characterized AKI
biomarkers. It is a 25 kDa protein expressed by many cells and is secreted in the kidney by
distal tubular cells in response to ischemic or toxic injury [36], in a “severity-dependent”
manner. uNGAL may increase from 3 h after the tubular insult, peaking at 6 to 12 h
depending on the intensity of the insult [34,37]. Clinical studies have presented NGAL as
a biomarker to predict AKI, and for early diagnosis, duration and short- and long-term
outcome predictors and recovery predictors [34]. Specifically, uNGAL has been proposed as
a suitable biomarker for early detection of AKI in patients undergoing cardiac surgery [19].
However, the diagnostic cut-off values for urinary or plasma NGAL are yet unclear [38].

CypA is an abundant intracellular protein expressed by numerous tissues that could
be released by different cell types in response to diverse stimuli. In fact, the release of



Biomedicines 2021, 9, 217 16 of 20

CypA has been observed in vascular smooth muscle cells (VSMCs) in response to oxidative
stress and rapamycin, in macrophages treated with LPS or high glucose, in myocytes
in response to hypoxia/reoxygenation and in activated platelets [39–43]. The cellular
mechanism that induced CypA release seems to be associated to cell death, but whether
it may represent specific forms of cell death is unclear. In Jurkat cells, CypA release was
reported as a marker of necroptosis [14], an observation that triggered the present research.
More recently, it was also linked to apoptosis in VSMCs [40]. The kidney has relatively
high levels of CypA, especially in proximal tubule epithelial cells [15,16] and we now
report that CypA is released by tubular cells in response to hypoxia and different lethal
stimuli, but it does not seem to be specific of a unique cell death pathway. Recently, it was
described that tubular cells release other proteins when exposed to cell death inducers,
such as HMGB1 and IL-33 [44,45], but their clinical relevance is unknown. The cellular
processes that mediate CypA release are unclear and may depend on the stimulus, as
observed for VSMCs, and differ for sublethal or lethal stimuli [39,40]. Our experiments
also suggest that CypA release is dependent of the loss of membrane integrity since it
was not observed at early time points during apoptosis induced by TTI. In this regard, we
hypothesize that intracellular CypA levels remained constant while extracellular CypA
levels increased because of the presence of two-cell populations; cells that remain alive
and attached to the plate, which do not release CypA and, thus, intracellular CypA levels
remain stable, and dying cells that detach from the plate and release CypA.

CypA can be freely filtered by glomeruli, so increased urinary levels could reflect
increased serum levels or increased excretion from injured tubular cells [19]. In this regard,
uCypA could be an early AKI marker [19,46]. We now observed that uCypA increased in
clinical situations characterized by kidney IRI, such as renal artery clamping during IRI-NSS
and living donor IRI-KT. We took advantage of clinical situations in which urine output and
sCr may not represent kidney injury to characterize uCypA as a marker of AKI independent
from kidney function. Thus, in NSS, the combination of a healthy kidney and limited
ischemia usually results in stable sCr and diuresis, while in living donor transplantation,
any ischemia-induced kidney dysfunction is obscured by the fact that even when injured,
the kidney graft provides higher glomerular filtration than non-functioning native kidneys.
Both clinical situations displayed a similar uCypA time-course, characterized by a very
early increase (just after surgery was completed) and a progressive increase thereafter that
is consistent with our current understanding of cell death dynamics in AKI [6]. Thus, an
immediate wave of cell death in direct response to the insult may be followed by a second
wave of cell death at 48–72 h fueled by local inflammation and lethal cytokines produced in
response to the original insult and to the first wave of proinflammatory cell death, i.e., by
RN [3,6,45]. The more limited time-course of increased uCypA in NSS with arterial clamp
may represent the more limited nature of the insult, and, consequently, of kidney injury.
In this regard, the magnitude of the change was larger in KT patients that in NSS with
clamping (20.82 ± 6.8 vs. 10.58 ± 3.2 ng/mg at 48 h). The early post-transplant period is
characterized by very high urine creatinine excretion, as not only the ongoing production
of creatinine by muscle is excreted, but additionally the very high pre-transplant levels
of creatinine are excreted. Thus, the normalization of uCypA by urinary creatinine may
underestimate the magnitude of the change. In patients under renal replacement treatment
(hemodialysis and peritoneal dialysis) elevated plasma CypA levels have been linked with
systemic inflammation [43]. If, in the transplant situation, uCypA originated mainly from
the circulation, this would have resulted in higher initial uCypA levels and a progressive
reduction thereafter. However, in our KT population, uCypA increased progressively up to
48 to 72 h after KT, while kidneys had immediate function and sCr decreased after surgery.
This is again consistent with the second wave of cell death triggered by the initial insult
induction of proinflammatory RN cell death.

As increased uCypA has been observed in diabetic nephropathy. An interesting
question is whether pre-existing conditions are also associated with increased uCypA [17].
This is the case for putative markers of AKI, such as NGAL and KIM-1 [33], as we confirmed
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in the present report for NGAL. Indeed, this might also be the case for uCypA, although we
could not observe it. In any case, diabetic nephropathy is recognized to be associated with
an increased rate of cell death [18,47], thus supporting a potential association of uCypA
with tubular cell death.

The description of urinary markers of kidney injury that respond to NSS and KT
insults, even in the absence of clinical evidence of AKI, opens the door to quantification
of kidney injury in these scenarios and to future studies assessing the long-term outcome
impact on kidney function of different degrees of injury. Additionally, it will allow for the
assessment of the impact of different nephroprotective maneuvers aimed at decreasing
kidney injury during surgery or in the immediate post-surgery period.

Some limitations should be acknowledged. The sample size was relatively small,
and long-term outcomes were not evaluated. In this regard, the cut-off points used in
the present study represent working cut-off points that should be better defined in future
studies. Additionally, the study was not randomized. Thus, clamping was usually decided
based on surgical conditions and was usually performed in larger tumors, as evidenced by
larger tumor size and higher DAP and NePhRO nephrometry data. However, NSS and KT
data were consistent, and this information may guide the design of future observational or
interventional studies.

5. Conclusions

CypA is released by kidney tubular cells exposed to diverse lethal stimuli inducing
different forms of cell death, suggesting that it may clinically be useful in diverse conditions
associated with AKI. In this regard, increased uCypA levels were found in clinical situations
of IRI-induced kidney injury in which the functional impact of kidney injury could not
be reliably assessed, and provided information different from uNGAL, uCypA appearing
more sensitive to IRI (Figure 9). Thus, current AKI diagnosis requires a decreased kidney
function, resulting in increased sCr or decreased urinary output (Figure 9A). However, sCr
may increase for functional reasons, in the absence of kidney injury (Figure 9B). By contrast,
in unilateral IRI resulting from clamping of renal artery in NSS, the contralateral kidney
provides still enough kidney function to minimize changes in sCr despite injury to the
clamped kidney (Figure 9C). Under these conditions, we observed that uCypA was a more
sensitive marker of IRI-induced kidney injury than sCr or classical markers of injury, such
as NGAL. In NSS without clamping there is no IRI and no IRI-related changes in uCypA
(Figure 9D). In KT, due to the virtually inexistent kidney function at baseline, graft IRI is
associated with decreasing sCr levels, despite graft kidney injury, as injured kidneys still
have better function than native kidneys (Figure 9E). Again, uCypA provided evidence
of kidney injury despite decreasing sCr and non-informative uNGAL. Thus, uCypA is
a potential biomarker of kidney injury even in patients not meeting current diagnostic
criteria for AKI, that are based on functional impact.

Supplementary Materials: The following are available online at https://www.mdpi.com/2227
-9059/9/2/217/s1, Figure S1: Uncropped gel scans, Figure S2: Uncropped gel scans, Figure S3:
Conceptual figure.

Author Contributions: Conceptualization, R.C., A.B.S. and A.O.; methodology, M.F.-B., D.M.-S., S.C.,
and A.M.L.-D.; software, M.F.-B. and D.M.-S.; validation, I.M.; formal analysis, I.M. investigation,
M.F.-B. and D.M.-S., resources, A.M.L.-D. and M.D.S.-N.; data curation, A.B.S. writing—original
draft preparation, R.C., A.B.S. and A.O.; writing—review and editing, R.C., A.B.S., C.G.-E., A.O.;
visualization, C.G.-E. supervision, A.O.; project administration, A.O. and A.B.S.; funding acquisition,
A.O. and A.B.S. All authors have read and agreed to the published version of the manuscript.

Funding: Research by the authors was funded by FIS/ FEDER funds (PI17/00257, PI18/01386,
PI19/00588, PI19/00815, DTS18/00032, ERA-PerMed-JTC2018 (KIDNEY ATTACK AC18/00064 and
PERSTIGAN AC18/00071, ISCIII-RETIC REDinREN RD016/0009), Sociedad Española de Nefrología,
FRIAT, Comunidad de Madrid en Biomedicina B2017/BMD-3686 CIFRA2-CM. Salary support: ISCIII
Miguel Servet to A.B.S., MICIN Ramon y Cajal to M.D.S.-N., REDinREN RD016/0009 to M.F.-B.,

https://www.mdpi.com/2227-9059/9/2/217/s1
https://www.mdpi.com/2227-9059/9/2/217/s1


Biomedicines 2021, 9, 217 18 of 20

SENEFRO to D.M.-S. and Consejería de Educación, Juventud y Deporte (Comunidad de Madrid/FSE)
to A.M.L.-D.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki, and approved by the Institutional Ethics Committee of Fundación Instituto
Investigación Sanitaria FJD (protocol code EO233-20-FJD).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the
study. Written informed consent has been obtained from the patient(s) to publish this paper.

Data Availability Statement: The HK2 cell line was obtained from ATTC, and The MTC cell line
were obtained from Eric G. Neilson.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Khwaja, A. KDIGO Clinical Practice Guidelines for Acute Kidney Injury. Nephron 2012, 120, c179–c184. [CrossRef] [PubMed]
2. Pefanis, A.; Ierino, F.L.; Murphy, J.M.; Cowan, P.J. Regulated necrosis in kidney ischemia-reperfusion injury. Kidney Int. 2019, 96,

291–301. [CrossRef]
3. Martin-Sanchez, D.; Poveda, J.; Fontecha-Barriuso, M.; Ruiz-Andres, O.; Sanchez-Niño, M.D.; Ruiz-Ortega, M.; Ortiz, A.; Sanz,

A.B. Targeting of regulated necrosis in kidney disease. Nefrología 2018, 38, 125–135. [CrossRef]
4. Bonventre, J.V.; Yang, L. Cellular pathophysiology of ischemic acute kidney injury. J. Clin. Investig. 2011, 121, 4210–4221.

[CrossRef] [PubMed]
5. Sharfuddin, A.A.; Molitoris, B.A. Pathophysiology of ischemic acute kidney injury. Nat. Rev. Nephrol. 2011, 7, 189–200. [CrossRef]
6. Martin-Sanchez, D.; Fontecha-Barriuso, M.; Carrasco, S.; Sanchez-Niño, M.D.; Von Mässenhausen, A.; Linkermann, A.;

Cannata-Ortiz, P.; Ruiz-Ortega, M.; Egido, J.; Ortiz, A.; et al. TWEAK and RIPK1 mediate a second wave of cell death during AKI.
Proc. Natl. Acad. Sci. USA 2018, 115, 4182–4187. [CrossRef] [PubMed]

7. Antonelli, A.; Allinovi, M.; Cocci, A.; Russo, G.I.; Schiavina, R.; Rocco, B.; Giovannalberto, P.; Celia, A.; Galfano, A.; Varca, V.; et al.
The Predictive Role of Biomarkers for the Detection of Acute Kidney Injury After Partial or Radical Nephrectomy: A Systematic
Review of the Literature. Eur. Urol. Focus 2020, 6, 344–353. [CrossRef]

8. Hong, F.; Lee, J.; Piao, Y.J.; Jae, Y.K.; Kim, Y.-J.; Oh, C.; Seo, J.-S.; Yun, Y.S.; Yang, C.W.; Ha, J.; et al. Transgenic mice overexpressing
cyclophilin A are resistant to cyclosporin A-induced nephrotoxicity via peptidyl-prolyl cis–trans isomerase activity. Biochem.
Biophys. Res. Commun. 2004, 316, 1073–1080. [CrossRef] [PubMed]

9. Kumari, S.; Roy, S.; Singh, P.; Singla-Pareek, S.L.; Pareek, A. Cyclophilins: Proteins in search of function. Plant Signal. Behav. 2013,
8, e22734. [CrossRef]

10. Colgan, J.; Asmal, M.; Neagu, M.; Yu, B.; Schneidkraut, J.; Lee, Y.; Sokolskaja, E.; Andreotti, A.; Luban, J. Cyclophilin A Regulates
TCR Signal Strength in CD4+ T Cells via a Proline-Directed Conformational Switch in Itk. Immun. 2004, 21, 189–201. [CrossRef]
[PubMed]

11. Nigro, P.; Pompilio, G.; Capogrossi, M.C. Cyclophilin A: A key player for human disease. Cell Death Dis. 2013, 4, e888. [CrossRef]
[PubMed]

12. Dornan, J.; Taylor, P.; Walkinshaw, M.D. Structures of immunophilins and their ligand complexes. Curr. Top. Med. Chem. 2003, 3,
1392–1409. [CrossRef] [PubMed]

13. Dear, J.W.; Simpson, K.J.; Nicolai, M.P.J.; Catterson, J.H.; Street, J.; Huizinga, T.; Craig, D.G.; Dhaliwal, K.; Webb, S.; Bateman,
D.N.; et al. Cyclophilin A Is a Damage-Associated Molecular Pattern Molecule That Mediates Acetaminophen-Induced Liver
Injury. J. Immunol. 2011, 187, 3347–3352. [CrossRef] [PubMed]

14. Christofferson, D.E.; Yuan, J. Cyclophilin A release as a biomarker of necrotic cell death. Cell Death Differ. 2010, 17, 1942–1943.
[CrossRef] [PubMed]

15. Ryffel, B.; Woerly, G.; Greiner, B.; Haendler, B.; Mihatsch, M.J.; Foxwell, B.M. Distribution of the cyclosporine binding protein
cyclophilin in human tissues. Immunol. 1991, 72, 399–404.

16. Demeule, M.; Laplante, A.; Sepehr-Araé, A.; Murphy, G.M.; Wenger, R.M.; Béliveau, R. Association of cyclophilin A with renal
brush border membranes: Redistribution by cyclosporine A. Kidney Int. 2000, 57, 1590–1598. [CrossRef]

17. Tsai, S.-F.; Su, C.-W.; Wu, M.-J.; Chen, C.-H.; Fu, C.-P.; Liu, C.-S.; Hsieh, M. Urinary Cyclophilin A as a New Marker for Diabetic
Nephropathy. Med. 2015, 94, e1802. [CrossRef] [PubMed]

18. Ortiz, A.; Ziyadeh, F.N.; Neilson, E.G. Expression of apoptosis-regulatory genes in renal proximal tubular epithelial cells exposed
to high ambient glucose and in diabetic kidneys. J. Investig. Med. 1997, 45, 50–56.

19. Lee, C.-C.; Chang, C.-H.; Cheng, Y.-L.; Kuo, G.; Chen, S.-W.; Li, Y.-J.; Chen, Y.-T.; Tian, Y.-C. Diagnostic Performance of Cyclophilin
A in Cardiac Surgery-Associated Acute Kidney Injury. J. Clin. Med. 2019, 9, 108. [CrossRef] [PubMed]

20. Poveda, J.; Sanchez-Niño, M.D.; Glorieux, G.; Sanz, A.B.; Egido, J.; Vanholder, R.; Ortiz, A. p-Cresyl sulphate has pro-inflammatory
and cytotoxic actions on human proximal tubular epithelial cells. Nephrol. Dial. Transplant. 2014, 29, 56–64. [CrossRef] [PubMed]

http://doi.org/10.1159/000339789
http://www.ncbi.nlm.nih.gov/pubmed/22890468
http://doi.org/10.1016/j.kint.2019.02.009
http://doi.org/10.1016/j.nefro.2017.04.004
http://doi.org/10.1172/JCI45161
http://www.ncbi.nlm.nih.gov/pubmed/22045571
http://doi.org/10.1038/nrneph.2011.16
http://doi.org/10.1073/pnas.1716578115
http://www.ncbi.nlm.nih.gov/pubmed/29588419
http://doi.org/10.1016/j.euf.2018.09.020
http://doi.org/10.1016/j.bbrc.2004.02.160
http://www.ncbi.nlm.nih.gov/pubmed/15044094
http://doi.org/10.4161/psb.22734
http://doi.org/10.1016/j.immuni.2004.07.005
http://www.ncbi.nlm.nih.gov/pubmed/15308100
http://doi.org/10.1038/cddis.2013.410
http://www.ncbi.nlm.nih.gov/pubmed/24176846
http://doi.org/10.2174/1568026033451899
http://www.ncbi.nlm.nih.gov/pubmed/12871171
http://doi.org/10.4049/jimmunol.1100165
http://www.ncbi.nlm.nih.gov/pubmed/21824865
http://doi.org/10.1038/cdd.2010.123
http://www.ncbi.nlm.nih.gov/pubmed/20930851
http://doi.org/10.1046/j.1523-1755.2000.00003.x
http://doi.org/10.1097/MD.0000000000001802
http://www.ncbi.nlm.nih.gov/pubmed/26496315
http://doi.org/10.3390/jcm9010108
http://www.ncbi.nlm.nih.gov/pubmed/31906134
http://doi.org/10.1093/ndt/gft367
http://www.ncbi.nlm.nih.gov/pubmed/24166466


Biomedicines 2021, 9, 217 19 of 20

21. Haverty, T.P.; Kelly, C.J.; Hines, W.H.; Amenta, P.S.; Watanabe, M.; Harper, R.A.; Kefalides, N.A.; Neilson, E.G. Characterization of
a renal tubular epithelial cell line which secretes the autologous target antigen of autoimmune experimental interstitial nephritis.
J. Cell Biol. 1988, 107, 1359–1368. [CrossRef]

22. Justo, P.; Sanz, A.; Sanchez-Niño, M.D.; Winkles, J.; Lorz, C.; Egido, J.; Ortiz, A.; Arduan, A.O.; Sanchez-Ni, M.D. Cytokine
cooperation in renal tubular cell injury: The role of TWEAK. Kidney Int. 2006, 70, 1750–1758. [CrossRef]

23. Conde, E.; Alegre, L.; Blanco-Sanchez, I.; Sáenz-Morales, D.; Aguado-Fraile, E.; Ponte, B.; Ramos, E.; Saiz, A.; Jiménez, C.;
Ordoñez, A.; et al. Hypoxia Inducible Factor 1-Alpha (HIF-1 Alpha) Is Induced during Reperfusion after Renal Ischemia and Is
Critical for Proximal Tubule Cell Survival. PLoS ONE 2012, 7, e33258. [CrossRef] [PubMed]

24. Fontecha-Barriuso, M.; Martín-Sanchez, D.; Martinez-Moreno, J.M.; Cardenas-Villacres, D.; Carrasco, S.; Sanchez-Niño, M.D.;
Ruiz-Ortega, M.; Ortiz, A.; Sanz, A.B. Molecular pathways driving omeprazole nephrotoxicity. Redox Biol. 2020, 32, 101464.
[CrossRef]

25. Kutikov, A.; Uzzo, R.G. The RENAL Nephrometry Score: A Comprehensive Standardized System for Quantitating Renal Tumor
Size, Location and Depth. J. Urol. 2009, 182, 844–853. [CrossRef]

26. Ficarra, V.; Novara, G.; Secco, S.; Macchi, V.; Porzionato, A.; De Caro, R.; Artibani, W. Preoperative Aspects and Dimensions Used
for an Anatomical (PADUA) Classification of Renal Tumours in Patients who are Candidates for Nephron-Sparing Surgery. Eur.
Urol. 2009, 56, 786–793. [CrossRef]

27. Simmons, M.N.; Ching, C.B.; Samplaski, M.K.; Park, C.H.; Gill, I.S. Kidney Tumor Location Measurement Using the C Index
Method. J. Urol. 2010, 183, 1708–1713. [CrossRef] [PubMed]

28. Simmons, M.N. Morphometric characterization of kidney tumors. Curr. Opin. Urol. 2011, 21, 99–103. [CrossRef] [PubMed]
29. Hakky, T.S.; Baumgarten, A.S.; Allen, B.; Lin, H.-Y.; Ercole, C.E.; Sexton, W.J.; Spiess, P.E. Zonal NePhRO Scoring System: A

Superior Renal Tumor Complexity Classification Model. Clin. Genitourin. Cancer 2014, 12, e13–e18. [CrossRef] [PubMed]
30. Spaliviero, M.; Poon, B.Y.; Karlo, C.A.; Guglielmetti, G.B.; Di Paolo, P.L.; Corradi, R.B.; Martin-Malburet, A.G.; Campos-Juanatey,

F.; Escudero-Fontano, E.; Sjoberg, D.D.; et al. An Arterial Based Complexity (ABC) Scoring System to Assess the Morbidity Profile
of Partial Nephrectomy. Eur. Urol. 2016, 69, 72–79. [CrossRef] [PubMed]

31. Tomaszewski, J.J.; Smaldone, M.C.; Cung, B.; Li, T.; Mehrazin, R.; Kutikov, A.; Canter, D.J.; Viterbo, R.; Chen, D.Y.; Greenberg,
R.E.; et al. Internal validation of the renal pelvic score: A novel marker of renal pelvic anatomy that predicts urine leak after
partial nephrectomy. Urol. 2014, 84, 351–357. [CrossRef]

32. Davidiuk, A.J.; Parker, A.S.; Thomas, C.S.; Leibovich, B.C.; Castle, E.P.; Heckman, M.G.; Custer, K.; Thiel, D.D. Mayo Adhesive
Probability Score: An Accurate Image-based Scoring System to Predict Adherent Perinephric Fat in Partial Nephrectomy. Eur.
Urol. 2014, 66, 1165–1171. [CrossRef] [PubMed]

33. Castillo-Rodriguez, E.; Fernandez-Prado, R.; Martin-Cleary, C.; Pizarro-Sánchez, M.S.; Sanchez-Niño, M.D.; Sanz, A.B.;
Fernandez-Fernandez, B.; Ortiz, A. Kidney Injury Marker 1 and Neutrophil Gelatinase-Associated Lipocalin in Chronic Kidney
Disease. Nephron 2016, 136, 263–267. [CrossRef]

34. Srisawat, N.; Kellum, J.A. The Role of Biomarkers in Acute Kidney Injury. Crit. Care Clin. 2020, 36, 125–140. [CrossRef]
35. Moledina, D.G.; Parikh, C.R. Phenotyping of Acute Kidney Injury: Beyond Serum Creatinine. Semin. Nephrol. 2018, 38, 3–11.

[CrossRef] [PubMed]
36. Paragas, N.; Qiu, A.; Zhang, Q.; Samstein, B.; Deng, S.-X.; Schmidt-Ott, K.M.; Viltard, M.; Yu, W.; Forster, C.S.; Gong, G.; et al. The

Ngal reporter mouse detects the response of the kidney to injury in real time. Nat. Med. 2011, 17, 216–222. [CrossRef]
37. Kashani, K.; Cheungpasitporn, W.; Ronco, C. Biomarkers of acute kidney injury: The pathway from discovery to clinical adoption.

Clin. Chem. Lab. Med. 2017, 55, 1074–1089. [CrossRef]
38. Albert, C.; Zapf, A.; Haase, M.; Röver, C.; Pickering, J.W.; Albert, A.; Bellomo, R.; Breidthardt, T.; Camou, F.; Chen, Z.; et al.

Neutrophil Gelatinase-Associated Lipocalin Measured on Clinical Laboratory Platforms for the Prediction of Acute Kidney Injury
and the Associated Need for Dialysis Therapy: A Systematic Review and Meta-analysis. Am. J. Kidney Dis. 2020, 76, 826–841.e1.
[CrossRef]

39. Suzuki, J.; Jin, Z.-G.; Meoli, D.F.; Matoba, T.; Berk, B.C. Cyclophilin A Is Secreted by a Vesicular Pathway in Vascular Smooth
Muscle Cells. Circ. Res. 2006, 98, 811–817. [CrossRef]

40. Su, Z.; Lin, M.; Zhang, H.; Li, J.; Wu, M.; Lv, H.; Wang, J.; Xie, S. The Release of Cyclophilin A from Rapamycin-Stimulated
Vascular Smooth Muscle Cells Mediated by Myosin II Activation: Involvement of Apoptosis but Not Autophagy. J. Vasc. Res.
2020, 57, 254–260. [CrossRef] [PubMed]

41. Kuo, P.; Lin, C.; Chen, T.; Hung, T.; Lin, H.; Chiu, H.; Chiang, C.; Lin, F.; Fu, E. Fibroblast-enhanced cyclophilin A releasing from
U937 cell upregulates MMP-2 in gingival fibroblast. J. Periodontal Res. 2020, 55, 705–712. [CrossRef]

42. Ramachandran, S.; Venugopal, A.; Charles, S.; Chandran, N.P.; Mullassari, A.; Pillai, M.R.; Kartha, C.C. Proteomic profiling
of high glucose primed monocytes identifies cyclophilin A as a potential secretory marker of inflammation in type 2 diabetes.
Proteom. 2012, 12, 2808–2821. [CrossRef] [PubMed]

43. Seko, Y.; Fujimura, T.; Taka, H.; Mineki, R.; Murayama, K.; Nagai, R. Hypoxia followed by reoxygenation induces secretion of
cyclophilin A from cultured rat cardiac myocytes. Biochem. Biophys. Res. Commun. 2004, 317, 162–168. [CrossRef] [PubMed]

44. Jun, J.H.; Song, J.W.; Shin, E.-J.; Kwak, Y.-L.; Choi, N.; Shim, J.-K. Ethyl pyruvate is renoprotective against ischemia-reperfusion
injury under hyperglycemia. J. Thorac. Cardiovasc. Surg. 2018, 155, 1650–1658. [CrossRef] [PubMed]

http://doi.org/10.1083/jcb.107.4.1359
http://doi.org/10.1038/sj.ki.5001866
http://doi.org/10.1371/journal.pone.0033258
http://www.ncbi.nlm.nih.gov/pubmed/22432008
http://doi.org/10.1016/j.redox.2020.101464
http://doi.org/10.1016/j.juro.2009.05.035
http://doi.org/10.1016/j.eururo.2009.07.040
http://doi.org/10.1016/j.juro.2010.01.005
http://www.ncbi.nlm.nih.gov/pubmed/20299047
http://doi.org/10.1097/MOU.0b013e32834208d6
http://www.ncbi.nlm.nih.gov/pubmed/21157352
http://doi.org/10.1016/j.clgc.2013.07.009
http://www.ncbi.nlm.nih.gov/pubmed/24120084
http://doi.org/10.1016/j.eururo.2015.08.008
http://www.ncbi.nlm.nih.gov/pubmed/26298208
http://doi.org/10.1016/j.urology.2014.05.001
http://doi.org/10.1016/j.eururo.2014.08.054
http://www.ncbi.nlm.nih.gov/pubmed/25192968
http://doi.org/10.1159/000447649
http://doi.org/10.1016/j.ccc.2019.08.010
http://doi.org/10.1016/j.semnephrol.2017.09.002
http://www.ncbi.nlm.nih.gov/pubmed/29291759
http://doi.org/10.1038/nm.2290
http://doi.org/10.1515/cclm-2016-0973
http://doi.org/10.1053/j.ajkd.2020.05.015
http://doi.org/10.1161/01.RES.0000216405.85080.a6
http://doi.org/10.1159/000506685
http://www.ncbi.nlm.nih.gov/pubmed/32526757
http://doi.org/10.1111/jre.12759
http://doi.org/10.1002/pmic.201100586
http://www.ncbi.nlm.nih.gov/pubmed/22930659
http://doi.org/10.1016/j.bbrc.2004.03.021
http://www.ncbi.nlm.nih.gov/pubmed/15047162
http://doi.org/10.1016/j.jtcvs.2017.10.069
http://www.ncbi.nlm.nih.gov/pubmed/29195627


Biomedicines 2021, 9, 217 20 of 20

45. Martin-Sanchez, D.; Ruiz-Andres, O.; Poveda, J.; Carrasco, S.; Cannata-Ortiz, P.; Sanchez-Niño, M.D.; Ortega, M.R.; Egido, J.;
Linkermann, A.; Ortiz, A.; et al. Ferroptosis, but Not Necroptosis, Is Important in Nephrotoxic Folic Acid–Induced AKI. J. Am.
Soc. Nephrol. 2016, 28, 218–229. [CrossRef]

46. Dear, J.W.; Leelahavanichkul, A.; Aponte, A.; Hu, X.; Constant, S.L.; Hewitt, S.M.; Yuen, P.S.; Star, R.A. Liver proteomics for
therapeutic drug discovery: Inhibition of the cyclophilin receptor CD147 attenuates sepsis-induced acute renal failure*. Crit. Care
Med. 2007, 35, 2319–2328. [CrossRef] [PubMed]

47. Sanchez-Niño, M.-D.; Benito-Martin, A.; Ortiz, A.; Arduan, A.O. New paradigms in cell death in human diabetic nephropathy.
Kidney Int. 2010, 78, 737–744. [CrossRef] [PubMed]

http://doi.org/10.1681/ASN.2015121376
http://doi.org/10.1097/01.CCM.0000281858.44387.A2
http://www.ncbi.nlm.nih.gov/pubmed/17944020
http://doi.org/10.1038/ki.2010.270
http://www.ncbi.nlm.nih.gov/pubmed/20703212

	Introduction 
	Materials and Methods 
	Cell Culture 
	Western Blot 
	Cell Viability Assay 
	NSS and KT Patients 
	Urine Samples Collection and ELISA 
	Statistics 

	Results 
	Lethal Stimuli Promote CypA Release from Cultured Kidney Tubular Cells 
	Clinical Study: Patient Characteristics 
	Renal Artery Clamping during NSS Is Associated with Increased uCypA 
	Urine NGAL in NSS Patients 
	Urine CypA Levels Following Living Donor KT 

	Discussion 
	Conclusions 
	References

