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. Renal transplantation ensures distinct advantages for patients with end-stage kidney disease.

However, in some cases early complications can lead to allograft dysfunction and consequently graft

. loss. One of the most common early complications after kidney transplantation is delayed graft

function (DGF). Unfortunately there is no effective treatment for DGF, however early diagnosis of

. DGF and therapeutic intervention (eg modification of immunosuppression) may improve outcome.

. Therefore, markers of acute kidney injury are required. Creatinine is a poor biomarker for kidney

: injury due principally to its inability to help diagnose early acute renal failure and complete inability

" to help differentiate among its various causes. Different urinary and serum proteins have been

© intensively investigated as possible biomarkers in this setting. There are promising candidate

© biomarkers with the ability to detect DGF. We focused on emerging biomarkers of DGF with NGAL

. is being the most studied followed by KIM-1, L-FABP, IL-18, and others. However, large randomized

. studies are needed to establish the value of new, promising biomarkers, in DGF diagnosis, prognosis

. and its cost-effectiveness.

. During calendar year 2012, 17,305 kidney transplants, including kidney-alone and kidney plus at least
. one additional organ, were performed in the United States (http://www.usrds.org/2014/view/v2_06.aspx
: accessed March 29th, 2015). Of these kidney transplants, 5,617 were identified as coming from living
. donors and 11,535 from deceased donors. In 2014 in Poland 1111 kidney transplantations were per-
. formed, including 37 simultaneous pancreas-kidney transplantations (http://www.poltransplant.org.pl/,
© accessed March 29, 2015). Of these, in Poland 1056 kidney transplant came from deceased donors
. and 55 came from living donors. Renal transplantation ensures distinct advantages for patients with
- end-stage kidney disease. However, in some cases early complications can lead to allograft dysfunction
. and consequently graft loss. One of the most common early complications after kidney transplantation
* is delayed graft function (DGF), defined as the necessity of dialysis during the first week after renal
. transplantation. It is a manifestation of acute kidney injury (AKI) distinctive for transplant process. The
. prevalence of DGF is significantly higher in extended donor criteria (EDC) kidneys and in donation after
. cardiac death (DCD)!2. 4-10% of live donor and 5-50% of deceased donor kidney transplant is compli-
. cated by AKI leading to DGE. The risk factors of DGF are donor-derived (i.e. age, duration of ischemia)
. and recipient-derived (ischemia-reperfusion injury, immunological response, immunosuppressive med-
© ications)®. The incidence of DGF increases as a result of growing frequency of donation organs from
° non-heart-beating donors and extended criteria donor*. DGF is associated with increased risk of graft
. loss and death®. Unfortunately there is no effective treatment for DGE, however early diagnosis of DGF
. and therapeutic intervention (eg modification of immunosuppression) may improve outcome. Therefore
. markers of acute kidney injury are required.

: The most frequent cause of DGF is acute tubular necrosis (ATN)®. The process underlying the cause
. of ATN is complex and includes several periods: prerenal (the impairment of perfusion), then onset,
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Sample
Useful in kidney

marker abbreviation serum urine transplantation
Neutrophil gelatinase-associated lipocalin®'-*” NGAL + + +

Kidney injury molecule 1% KIM-1 - + +/-
Interleukin-184>4378 IL-18 + + +
Liver-type fatty-acid binding protein” L-FABP - + +

;;)y lz(l));r(})ltee}i)::;:n- and chitin-binding YKL-40 I i 4

Cystatin C Cys C + + +
Clusterin’® clusterin + + +

Table 1. Potential usefulness of biomarkers in kidney transplantation.

deepening and sustain of damage and finally repair of damage. There are some identified risk factors
that increase the incidence of ATN such as cold ischemia time more than 24 hours, prior sensitization
in retransplanted patients, the type of dialysis performed prior to transplantation and the quality of
donor’ 1,

The causes of acute tubular necrosis include: epithelial and endothelial damage due to tubules occlu-
sion, impairment of microvascular flow, immunological and inflammation processes.

Main histological changes of ATN are: merging and loss of tubular epithelial cells, focal dilatation of
proximal tubules, partial occlusion of tubular lumens by cellular debris and multiple mitoses. The impair-
ment of renal function is usually more marked than histological abnormalities. Moreover, microvascular
endothelium is involved in pathogenesis of ATN!>!6, Due to serious possible consequences of ATN and
the following DGF there is a necessity of identifying early biomarkers of AKI in this situation. This paper
presents several promising biomarkers that may be potential indicators of DGF (Table 1).

Creatinine

Historically, the first marker used to formally assess kidney function was urea, the major form of nitrog-
enous waste in the body. Richard Bright in 1827 was the first describe the association between urea
accumulation in the blood and its decrease in the urine among individuals with diseased kidneys'.
In the early 1900s blood urea nitrogen (BUN) quantification was eventually introduced into clinical
medicine as a diagnostic test'®. Serum creatinine supplanted BUN for the assessment of kidney function
in the mid-1900s and remains the most widely used laboratory test to estimate GFR". Today the “gold
standard” in assessment of kidney function and estimation of glomerular filtration rate (GFR) is serum
creatinine level, however, it is still imperfect due to the impact of a number of additional factors includ-
ing diet, muscle mass and metabolism, gender, drugs, hydration status, where normal serum creatinine
is of limited use®. In addition, normal serum creatinine level have a wide range of the reference values®..
Moreover, the estimation of GFR in AKI is adulterated. It stems from the fact, that plasma creatinine
concentration increase in case of failure more than 50% of kidney function. In addition, acute kidney
injury, as defined by serum creatinine, may not reflect tubular injury. On the other hand, the absence of
serum creatinine changes does not preclude the presence of tubular injury. Thus, a number of acute and
chronic renal diseases can occur without an increase in serum creatinine?’. Despite widespread acknowl-
edgment of the limitations of serum creatinine, definitions of AKI continue to rely on this substance
as a diagnostic standard, perhaps because of the historical absence of validated primary biomarkers of
kidney injury**-2*. Moreover, researchers still use changes in serum creatinine as a gold standard to test
the usefulness the novel tubular biomarkers of kidney injury in clinical trials®. It is still suboptimal or
less ideal approach, but so far there is no gold standard and creatinine may be considered as imperfect
or “silver standard” in the assessment of kidney function.

Novel biomarkers. Marker is an objectively measurable substance. Furthermore it is evaluated as
an indicator of normal or pathological process. Besides, it is useful to assess the response to treatment.
Biomarkers general utility refers to several functions: diagnosis, efficacy and safety. Biomarkers can be
applied to early detection and risk stratification. Their most widespread use refers to monitoring effec-
tiveness of therapies and prediction health status. An ideal biomarker does not still exist. It should be
easy, safe and inexpensive to measure, relatively stable in the population and reflect the effectiveness of
treatment.

As far as renal damage is concerned, biomarkers may be detected not only in urine but in serum as
well. There are several potential mechanisms resulting in appearance of biomarkers in urine, for instance
filtration across the glomerular basement membrane, passive or active release, resorption or catabolism.
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Figure 1. Novel biomarkers indicative of acute kidney injury.

First research on biomarkers focused on urinary tubular enzymes including proximal renal tubular
epithelial antigen (HRTE-1), alpha-Glutathione S-transferase (alpha-GST), pi-Glutathione S-transferase
(pi-GST), gamma-Glutamyltranspeptidase (gamma-GT), alanine aminopatidase (AAP), lactate dehy-
drogenase (LDH), N-acetyl-beta-glucosaminidase (NAG), alkaline phosphatase (ALP). Their advantage
over creatinine results from an earlier release (from 12hours to 4 days prior a detectable increase in
serum creatinine)®. Their drawback is the inability to distinguish acute tubular necrosis from prerenal
cause of acute kidney injury. It stems from the lack of validated cut-off points. There are also several
low-molecular-weight urinary proteins, which are not normally secreted in kidney. Hence their emer-
gence in urine indicates renal damage. This group of proteins includes: alphal-microglobulin (alphal-M),
beta2-microglobulin (beta2-M), retinol binding protein (RBP), adenosine deaminase binding protein
(ABP) and urinary cystatin C. The increase of these biomarkers excretion does not necessary has to be
associated with irreversible and persistent renal damage. In certain cases, it may relate only to mild and
reversible dysfunction. Their advantage is an indication of a possible pathomechanism likely to be a cause
of acute kidney injury. Unfortunately, both tubular enzymes as well as low-molecular weight proteins do
not possess enough specific and standardized assays?. In addition, during DGF when diuresis is subopti-
mal, urinary biomarkers are of no value. Therefore, we may employ serum biomarkers may be predictive
of diagnosis of DGF or prognosis of outcome.

Novel tubular injury biomarkers may revolutionize the diagnosis of acute kidney injury, including
DGF; however, even if a novel tubular injury biomarker is 100% sensitive and 100% specific, it may
appear inaccurate when using serum creatinine as the gold standard. Thus we still have to be aware of
the potential limitations as well as we have to bear in mind that the apparent diagnostic performance
of a biomarker depends not only on its ability to detect injury, but also on disease prevalence and the
sensitivity and specificity of the imperfect gold standard®.

Typically, two broad classes of renal biomarkers of renal damage are distinguish — markers of kidney
function (represented by cystatin C) and markers of kidney injury (for example urine and serum neu-
trophil gelatinase-associated lipocalin [NGAL], kidney injury molecule 1 [KIM-1], liver-type fatty-acid
binding protein [L-FABP], interleukin-18 [IL-18]*(Fig. 1).

Neutrophil gelatinase-associated lipocalin (NGAL). NGAL (also known as siderocalin or
lipocalin-2) discovery is the result of “fishing expedition” (cDNA microarray) and NGAL turned out
to be the most upregulating gene in kidney (“the biggest fish”)*®. NGAL is a protein composed of 178
amino acids with the molecular weight of 25kDa, isolated for the first time in the 90s last century of
human neutrophils as a molecule associated with gelatinase”. All NGALs functions and mechanisms
are not completely elucidated. NGAL is secreted in kidney’s tubular cells and hepatocytes as well as in
immunological, gastrointestinal and pulmonary tract cells”. NGAL belongs to the group of acute phase
proteins. Moreover it is involved in apoptosis®. After nephrotoxic or ischemic injury NGAL is notably
accumulated in kidney cortical tubules, blood and urine®'. NGAL is excreted in the urine through the
epithelial cells of ascending limb of loop of Henle and connecting tubules. It is considered that NGAL is
involved in chelation of iron complex thereby inhibiting bacterial growth?.

By references to numerous research the usefulness of NGAL in an early diagnosis of AKI has been
proven in common clinical situations such as cardiac surgery-associated AKI**-*, contrast-induced
AKI**38, AKI in critical care®*°. Mishra et al. have shown that NGAL staining intensity significantly
correlates with the development of DGF*!. Parikh et al.*> demonstrated an earlier prediction of DGF
using the measurement of urine NGAL in comparison to other clinical parameters and definition that
are currently in use. It was also confirmed by Hall ef al.** studies, which showed that urinary NGAL is
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an early, noninvasive and accurate biomarker of the necessity for dialysis during the first week after renal
transplantation. Moreover there is a correlation between plasma NGAL level and DGF succeeding kidney
transplantation from donors after cardiac death***. In our studies we found that before transplantation,
serum NGAL was related to creatinine and cystatin C*. At each time point, serum NGAL was related
positively to ser um creatinine, cystatin C, and negatively to urine volume. In adidtion, in patients with
delayed graft function, there was no fall in serum NGAL or cystatin C. Therefore, we concluded that
NGAL should be investigated as a potential early, sensitive marker of kidney impairment/injury, which
might provide an additional accurate measure of kidney impairment in CKD and among transplant
recipients, particularly at advanced stages. In the recent studies, Buemi et al.*’ studied the predictive
value of urinary and plasma NGAL in both living and deceased kidney transplant recipients. Recipient
plasma NGAL performed better than urinary NGAL in terms of predicting DGF occurrence, whereas
donor plasma NGAL and urinary NGAL values did not influence the time needed to reach serum cre-
atinine levels of <2mg/dl after transplantation. In addition, recipient plasma NGAL values obtained 24
and 48h after transplantation, but not urinary NGAL values, were found to be a significant predictor of
graft function recovery.

At the beginning, NGAL was identified by Western Blot technique. In many studies, NGAL started to
rise at 2hours after the injury, peaking at 8-12hours and returned to normal after 24-48 hours*-3741-%3,
however, data on the time course of NGAL changes in kidney allograft recipients are limited. Nowadays
in widespread use are ELISA assays such as BIOPORTO. The clinical measurement of plasma NGAL
is available on Triage® NGAL device (Inverness, Inc, San Diego, CA, USA). The advantage of this kit
is to obtain quantitative results in 15min and requiring a microliter sample*. Furthermore the clinical
platform Architect® analyzer (Abbott Diagnostics, Abbott Park, IL, USA) is able to perform an easy and
non-invasive test - urinary NGAL immunoassay with the results available in 35 minutes®.

Kidney injury molecule 1 (KIM-1). Kim-1 (also known as Tim-1 - T-cell immunoglobulin and
mucin-containing molecule), firstly described by Ichimura et al> in 1998, is a type 1 transmembrane
protein with two extracellular domains: 6-cysteine immunoglobulin-like and mucin-like O-glycosylated
protein. It has also cytoplasmic and transmembrane domains. KIM-1 is hardly detected in normal kidney
tissue and urine®'. However, it is expressed at very high levels in proximal tubules shortly after the kid-
ney injury such including acute kidney injury caused by ischemia, nephrotoxic drugs, as well as chronic
kidney disease and acute/chronic renal transplant dysfunction®..

Increase in KIM-1 is observed particularly in the S3 segment of proximal tubule. There is no evidence
of KIM-1 expression in the glomerulus, peritubular interstitial cells and inner medullary cells’>*2. The
quantitative marker of KIM-1 measured in urine by immunoassay is the extracellular ectodomain of
molecular weight 80-90kDa>2. It is cleaved by metalloproteinase from the surface of damaged activated
tubular cells.

KIM-1 has a numerous features of ideal biomarker such as absence in normal kidneys and increasing
expression after renal injury, significant relationship between urine and tissue level of KIM-1 and corre-
lation with the severity of renal dysfunction®!. KIM-1 may also help distinguish acute tubular necrosis
from other causes of acute kidney injury, both by measuring the urine and expression in renal tissue®>*.
However, according to Marcus et al.% there was no statistically significant difference between urinary
KIM-1 level in patients with delayed and normal graft function. In both groups it remained in high level.
Zhang et al.>* demonstrated that expression of KIM-1 preceded the appearance of morphological changes
in tubules and positively correlated with degree of kidney damage. They also indicated the possibility of
dual role of KIM-1 - beyond tubular injury biomarker it is involved in regeneration process and as such
may be a potential marker of renal repair.

KIM-1 peaked at 2-3hours in patients undergoing cardiac surgery®®*, returning to baseline within
24-48hours, but data in kidney transplant recipients in this regards are inconclusive®.

A rapid direct immunochromatographic lateral flow 15-min assay for detection of urinary Kim-1 (rat)
or KIM-1 (human) has been developed®®. Using this assay, more urinary KIM-1 was detected in the urine
of patients with AKI than in the urine from healthy volunteers. Recently, Filed et al.*® studied urine sam-
ples from 182 brainstem dead multi-organ donors (all of whom donated hearts that were transplanted)
were analyzed for a Luminex(™) panel of biomarkers linked with AKI, including KIM-1, NGAL and
others. They found that donor urinary KIM-1 levels were significantly higher in donors whose kidneys
displayed aberrant early function (p =0.011). In addition, they also stated that the availability of a lateral
flow device (Renastick(™) ) for KIM-1 that also demonstrated higher urinary KIM-1 levels in donors
whose kidneys show aberrant initial function (p=10.03), made KIM-1 a potential indicator of AKI that
may merit further evaluation for its application at the donor bedside. Biomarker dipstick, such as for
KIM-1, may thus provide a sensitive and accurate detection of kidney injury in clinical trials and then
in clinical practice. However, in case of DGF urinary KIM-1 appears to be useless.

Interleukin-18 (IL-18)%°. Interleukin-18 (IL-18) is a proinflammatory cytokine with a molecular
weight of 18kDa®. It is a part of the IL-1 family of cytokines and is produced in an inactive form in
which it remains until caspase-1 activated by ischemia cleaves it into its active form. IL-18 is especially
abundant on macrophages but also on dendritic cells, monocytes and kidney epithelial cells. In healthy
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individuals — serum and urinary levels of IL-18 generally remain low and significantly increased in states
such as renal tissue damage®'.

It participates in different diseases such as ischemia-reperfusion injury, minimal change nephrotic
syndrome or transplant rejection, but above all IL-18 is a mediator and a biomarker of ischemic tissue
damage causing AKI. Furthermore it is seems to be specific to this particular type of kidney injury which
was established by Parikh et al.®? in the study showing increased IL-18 levels in patients treated for AKI
but not in those with urinary tract infections, prerenal azotemia, chronic kidney diseases or healthy
controls. A different study suggests that knockout mice deficient in caspase enzyme, tend to develop less
severe tubular necrosis than their wild-type cousins®. It has been demonstrated that in patients with
minimal change nephrotic syndrome urinary IL-18 levels remained in correlation with proteinuria and
the severity of the disease itself®.

Another fact in favor of IL-18 as a future biomarker is that relatively affordable, accessible and fast
commercial ELISA kits to measure urine IL-18 levels are already available by Raybiotech Co Ltd. in more
than 50 countries.

Alike urine NGAL levels, IL-18 urine levels were significantly increased especially in the first 24 hours
(peaking at 6 hours), following cardiac surgeries and successfully predicted AKI and its progression®.

However several studies have demonstrated a close association between systemic inflammation and
urinary IL-18 levels®. Patients treated in intensive care units had higher urinary IL-18 concentration
levels than healthy controls®®®” which may impact its predictive role as a biomarker.

Liver-type fatty-acid binding protein [L-FABP]. Fatty-acid protein bindings (FABPs) are a family
of nine, organ specific cytoplasmatic proteins that are involved in the intracellular lipids transport. There
are specific types in liver, intestinal, heart muscle, adipocyte, epidermal, ileal brain, myelin and testis.
Their exact role and biological mechanism of action remains barely understood®. L-FABP is synthesized
mostly in the liver and due to its small molecular size (14kDa) it can be filtered through glomerulus
and reabsorbed by epithelial cells in proximal tubule partly through megalin-dependent system. L-FABP
is not detected in the urine of healthy individuals. However, in animal models, during kidney injury
caused by ischemia the reabsorption of L-FABP decrease and it occurs in urine®”°. It was also con-
firmed in several human studies. In the study on adults undergoing CBP urinary L-FABP increased
significantly after 4hours following surgery, whereas serum L-FABP started to increase after 12hours
postoperatively”!, indicating that urinary L-FABP was mostly determined by proximal tubule injury. Doi
et al.”? reported that in patient with septic shock complicated with AKI higher concentration of urinary
L-FABP at the time of admission correlated with greater mortality. Recently, Yang et al.” assessed urinary
NGAL and L-FABP levels at Ohours, 2 days, and 6 days after kidney transplantation (KT) and followed
patients for up to 2-years after kidney transplantation. They found that high 0-hour L-FABP (P =015)
and acute rejection (P =.006) were independent factors predicting poor long-term graft function. They
also suggested that urinary L-FABP might be a useful predictor of adverse long-term outcomes in kidney
transplant recipients. Additionally, L-FABP is simply measured by enzyme-linked immunosorbent assay
(ELISA)” that are commercially available.

YKL-40. YKL-40 is a 40kDa heparin- and chitin-binding glycoprotein”. The abbreviation YKL-40
is based on the one letter code for the first three N-terminal amino acids, tyrosine (Y), lysine (K) and
leucine (L) and the apparent molecular weight of YKL-407%. Recently, urinary and serum YKL-40 levels
are reported to be elevated in patients with DGF””. Schmidt et al.” measured urinary and blood YKL-40
values at different time points by level of allograft recovery. They found that patients with delayed graft
function has highest serum YKL-40 when compared with patients with slow or immediate graft func-
tion 2 days after transplantation. They also studied urinary YKL-40 and observed that it was markedly
elevated in patients with delayed graft function. It may be due to the fact that YKL-40 was secreted by
neutrophils and monocyte/macrophages as a part of the innate immune response to injury.

They suggested that YKL-40 could be as a possible biomarker to identify patients at greatest risk of
sustained renal failure following transplantation.

Clusterin. Very recently, Pianta et al.”® studied the utility of clusterin for prediction of DGF (hemo-
dialysis within 7 days of transplantation) was compared with urinary interleukin (IL)-18, neutrophil
gelatinase-associated lipocalin (NGAL), kidney injury molecule-1, serum creatinine, and clinical vari-
ables. Both NGAL and clusterin are synthesized in the proximal as well as distal tubules”. They found
that at 4 r after reperfusion, anuria was highly specific, but of low sensitivity for detection of DGE.
At 4hr, receiver operating characteristic analysis suggested that urinary clusterin, IL-18, kidney injury
molecule-1, and NGAL concentration were predictive of DGFE. Moreover, after adjusting for preoperative
clinical variables and anuria, clusterin and IL-18 independently enhanced the clinical model for predic-
tion of DGE Finally they conclude, that both urinary clusterin and IL-18 are useful biomarkers and may
allow triaging of patients with DGF within 4 hr of transplantation.

Cystatin C. So far we discussed markers of kidney injury, while cystatin C represents markers of
kidney function. It is is a polypeptide chain with 120 amino acid residues of a basic low molecular mass
protein (13,359) freely filtered by the glomerulus and subsequently reabsorbed by the proximal tubule
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Figure 2. Time course of novel urinary biomarkers.

where it is catabolized®. As it is not secreted by the renal tubules as creatinine®, some limitation of
creatinine (effect of muscle mass, diet, sex, tubular secretion) are not taken into consideration. However,
cystatin C is affected by hyper- and hypothyroidism, and inflammation®*®. It was not find to be supe-
rior to creatinine in estimating kidney function®!. Herget-Rosenthal et al.®® reported that serum cystatin
C is a useful detection marker of acute kidney injury and might detect it one or two days earlier than
creatinine. It usually increases after 12 hours, peaking at 24 hours, then returns to baseline®®¥. Urinary
cystatin C, which represents tubular injury was found to be superior to conventional and novel plasma
markers in the early diagnosis of acute kidney injury following adult cardiac surgery®. In our study we
found that serum NGAL decreased significantly as early as 1 days after kidney transplantation, prior a fall
in cystatin C and in creatinine®. At each time point serum NGAL was related positively to serum creati-
nine, cystatin C, and negatively to urine volume. In 4 patients we observed a delayed graft function-DGF,
in all of these patients we did not observe a fall in serum NGAL, creatinine and cystatin C. At any time
serum NGAL, cystatin C and creatinine were significantly higher in patients with DGF when compared
to patients without DGF. However, urinary NGAL has a limited usefulness in anuric patients. In the
Fig. 2 time course of urinary biomarkers is presented based on the available literature.

Summary. The complexity of the pathophysiology of acute tubular necrosis/acute kidney injury makes
that there is a low probability of finding one sensitive and specific biomarker, rather the entire panel,
with NGAL being the most studied®. All of the listed putative biomarkers have their strengths and weak-
nesses. Biomarkers connections are likely to be needed, but they are not well characterized. A limitation
of the prevalence of their use is high cost of production and validation, as well as lack of standardized
laboratory platforms to assess them. Moreover, current studies are based on relatively small numbers
of patient and events. Besides, most research was carried out using frozen samples, thus affecting their
quality. Another limitation is the absence of pharmacoeconomic analysis.

However, all these biomarkers reflect kidney injury, and search for biomarkers able to predict acute
kidney injury and delayed graft function continues.

References
1. Simi, A. & Sheerin, N. S. Biomarkers of acute injury: predicting the long-term outcome after transplantation. Kidney Int. 84,
1072-1074 (2013).
2. Saidi, R. E et al. Outcome of kidney transplantation using expanded criteria donors and donation after cardiac death kidneys:
realities and costs. Am. J. Transplant. 7, 2769 (2007).
3. Siedlecki, A., Irishb, W. & Brennan , D. C. Delayed graft function in the kidney transplant. Am. J. Transplant. 11, 2279-2296
(2011).
4. Keitel, E. et al. Renal transplants using expanded cadaver donor criteria. Ann. Transplant. 9, 23-24 (2004).
5. Yarlagadda, S. G. et al. Association between delayed graft function and allograft and patient survival: a systematic review and
meta-analysis. Nephrol. Dial. Transplant. 24, 1039-1047 (2009).
6. Lechevallier, E. et al. Posttransplantation acute tubular necrosis: risk factors and implications for graft survival. Am. J. Kidney
Dis. 32, 984-988 (1998).
7. Ounissi, M. et al. Risk factors and consequences of delayed graft function. Saudi J. Kidney Dis. Transpl. 24, 243-6 (2013).
8. Ghadiani, M. H., Peyrovi, S., Mousavinasab, S. N. & Jalalzadeh, M. Delayed graft function, allograft and patient srvival in kidney
transplantation. Arab J. Nephrol. Transplant. 5, 19-24 (2012).
9. Sharma, A. K. et al. Evaluation of factors causing delayed graft function in live related donor renal transplantation. Saudi J.
Kidney Dis. Transpl. 21, 242-5 (2010).
10. Caliskan, Y. et al. Effect of pre-transplant dialysis modality on kidney transplantation outcome. Perit. Dial. Int. 29 Suppl 2,
$117-22 (2009).
11. Bronzatto, E. J. et al. Delayed graft function in renal transplant recipients: risk factors and impact on 1-year graft function: a
single center analysis. Transplant. Proc. 41, 849-51 (2009).

SCIENTIFIC REPORTS | 5:11684 | DOI: 10.1038/srep11684 6



www.nature.com/scientificreports/

12.

13.

14.

15.
16.

17.
18.
19.
20.
21.
22.

23.

24

25.
26.
27.
28.
29.

30.
. Mishra, J. et al. Amelioration of ischemic acute renal injury by neutrophil gelatinase-associated lipocalin. J. Am. Soc. Nephrol.

32.
33.
34.
35.
36.

37.

38.
39.
40.
41.
42,
43.
44,
45.
46.
47.
48.
49.
50.
51.
52.

53.

Woo, Y. M. et al. The advanced age deceased kidney donor: current outcomes and future opportunities. Kidney Int. 67, 2407-14
(2005).

Quiroga, L. et al. Major effects of delayed graft function and cold ischaemia time on renal allograft survival. Nephrol. Dial.
Transplant. 21, 1689-96 (2006).

Weissenbacher, A. et al. Recipient and donor body mass index as important risk factors for delayed kidney graft function.
Transplantation. 93, 524-9 (2012).

Langenberg, C. et al. Renal blood flow in experimental septic acute renal failure. Kidney Int. 69, 1996-2002 (2006).

Wan, L., Langenberg, C., Bellomo, R. & May, C. N. Angiotensin II in experimental hyperdynamic sepsis. Crit. Care 13, R190
(2009).

Eknoyan, G. Emergence of the concept of acute renal failure. Am. J. Nephrol. 22, 225-230 (2002).

Smith, H. W. The kidney: structure and function in health and disease. New York: Oxford University Press, Inc., 1951.

Ferguson, M. A. & Waikar, S. S. Established and emerging markers of kidney function. Clin. Chem. 58, 680-9 (2012).

Waikar, S. S., Betensky, R. A. & Bonventre, J. V. Creatinine as the gold standard for kidney injury biomarker studies? Nephrol.
Dial. Transplant. 24, 3263-5 (2009).

Myers, G. L. et al. Recommendations for improving serum creatinine measurement: a report from the Laboratory Working
Group of the National Kidney Disease Education Program. Clin. Chem. 52, 5-18 (2006).

Waikar, S. S., Betensky, R. A., Emerson, S. C. & Bonventre, J. V. Imperfect gold standards for kidney injury biomarker evaluation.
J. Am. Soc. Nephrol. 23, 13-21 (2012).

Waikar, S. S. & Bonventre, J. V. Creatinine kinetics and the definition of acute kidney injury. . Am. Soc. Nephrol. 20, 672-679
(2009).

. Molitoris, B. A. et al. Acute Kidney Injury Network working group: Improving outcomes of acute kidney injury: report of an

initiative. Nat. Clin. Pract. Nephrol. 3, 439-442 (2007).

Wu, L. & Parikh, C. R. Screening for kidney diseases: older measures versus novel biomarkers. Clin. . Am. Soc. Nephrol. 3,
1895-1901 (2008).

Waikar, S. S., Betensky, R. A., Emerson, S. C. & Bonventre, ]. V. Imperfect gold standards for biomarker evaluation. Clin. Trials.
10, 696-700 (2013).

Malyszko, J. Biomarkers of acute kidney injury in different clinical settings: a time to change the paradigm? Kidney Blood Press.
Res. 33, 368-82 (2010).

Mishra, J. et al. Identification of neutrophil gelatinase-associated lipocalin as a novel early urinary biomarker for ischemic renal
injury. J. Am. Soc. Nephrol. 14, 2534-2543 (2003).

Kjeldsen, L., Johnsen, A. H., Sengelov, H. & Borregaard, N. Isolation and primary structure of NGAL, a novel protein associated
with human neutrophil gelatinase. J. Biol. Chem. 268, 10425-32 (1993).

Tong, Z. et al. Neutrophil gelatinase-associated lipocalin as a survival factor. Biochem. ]. 391, 441-448 (2005).

15, 3073-82 (2004).

Schmidt-Ott, K. M. et al. Dual action of neutrophil gelatinase-associated lipocalin. J. Am. Soc. Nephrol. 18, 407-413 (2007).
Mishra, J. et al. NGAL as a biomarker for acute renal injury following cardiac surgery. Lancet. 365, 1231-1238 (2005).
Wagener, G. et al. Urinary neutrophil-associated lipocalin and acute kidney injury after cardiac surgery. Am. J. Kidney Dis. 52,
425-433 (2008).

Bennet, M. et al. Urine NGAL predicts severity of acute kidney injury after cardiac surgery: A prospective study. Clin. J. Am.
Soc. Nephrol. 3, 665-673 (2008).

Bachorzewska-Gajewska, H., Malyszko, J., Sitniewska, E., Malyszko, J. S. & Dobrzycki, S. Neutrophil-gelatinase-associated
lipocalin and renal function after percutaneous coronary interventions. Am. J. Nephrol. 26, 287-92 (2006).
Bachorzewska-Gajewska, H., Malyszko, J., Sitniewska, E., Malyszko, J. S. & Dobrzycki, S. NGAL correlations with cystatin C,
serum creatinine and eGFR in patients with normal serum creatinine undergoing coronary angiography. Nephrol. Dial.
Transplant. 22, 295-6 (2007).

Ling, W. et al. Urinary IL-18 and NGAL as early predictive biomarkers in contrast-induced nephropathy after coronary
angiography. Nephron Clin. Pract. 108, 176-81 (2008).

Makris, K. et al. Urinary NGAL as an early marker of acute kidney injury in critically ill multiple trauma patients. Clin. Chem.
Lab. Med. 47, 79-82 (2009).

De Geus, H. R., Bakker, J., Lesaffre, E. M. & Le Noble, J. L. Neutrophil gelatinase-associated lipocalin at ICU admission predicts
for acute kidney injury in adult patients. Am. J. Respir. Crit. Care Med. 183, 907-914 (2011).

Mishra, J. et al. Kidney NGAL is a novel early marker of acute injury following transplantation. Pediatr. Nephrol. 21, 856-8632
(2006).

Parikh, C. R. et al. Urine NGAL and IL-18 are predictive biomarkers for delayed graft function following kidney transplantation.
Am. . Transplant. 6, 1639- 45 (2006).

Hall, I. E. et al. IL-18 and urinary NGAL predict dialysis and graft recovery after kidney transplantation. J. Am. Soc. Nephrol. 21,
189-97 (2010).

Bataille, A. et al. Plasma neutrophil gelatinase-associated lipocalin in kidney transplantation and early renal function prediction.
Transplantation 92, 1024-1030 (2011).

Kusaka, M. et al. Serum neutrophil gelatinase-associated lipocalin as a predictor of organ recovery from delayed graft function
after kidney transplantation from donors after cardiac death. Cell Transplant. 17, 129-134 (2008).

Lebkowska , U. et al. Neutrophil gelatinase-associated lipocalin and cystatin C could predict renal outcome in patients undergoing
kidney allograft transplantation: a prospective study. Transplant. Proc. 41, 154-7 (2009).

Buemi, A. et al. Is plasma and urine neutrophil gelatinase-associated lipocalin (NGAL) determination in donors and recipients
predictive of renal function after kidney transplantation? Clin. Biochem. 47, 68-72 (2014).

Dent, C. L. et al. Plasma NGAL predicts acute kidney injury, morbidity and mortality after pediatric cardiac surgery: A
prospective uncontrolled cohort study. Crit. Care 11, R127 (2007).

Bennett, M. et al. Urine NGAL predicts severity of acute kidney injury after cardiac surgery: A prospective study. Clin. J. Am.
Soc. Nephrol. 3, 665-763 (2008).

Ichimura, T. et al. Kidney injury molecule-1 (KIM-1), a putative epithelial cell adhesion molecule containing a novel
immunoglobulin domain, is up-regulated in renal cells after injury. J. Biol. Chem. 273, 4135-4142 (1998).

Huo, W,, Zhang, K., Nie, Z,, Li, Q. & Jin, F. Kidney injury molecule (KIM-1): a novel kidney-specific injury molecule playing
potential double-edged functions in kidney injury. Transplant. Reviews 24, 143-146 (2010).

Vaidya, V. S. et al. Urinary Kidney injury molecule-1: a sensitive quantitative biomarker for early detection of kidney tubular
injury. Am. J. Physiol. Renal Physiol. 290, 517-529 (2006).

Han, W. K,, Bailly, V., Abichandani, R., Thadhani, R. & Bonventre, J. V. Kidney Injury Molecule-1 (KIM-1): A novel biomarker
for human renal proximal tubule injury Kidney Int. 62, 237-44 (2002).

SCIENTIFIC REPORTS | 5:11684 | DOI: 10.1038/srep11684 7



www.nature.com/scientificreports/

54.

55.

56.

57.

58.
59.

60.
61.

62.

63.
64.

65.
66.

67.

68.

69.

70.
71.

72.

73.

74.

75.

76.

77.

78.

79.
80.

81.

82.

83.

84.

85.
86.

87.

88.

89.

Zhang, P. L. et al. Kidney injury molecule-1 expression in transplant biopsies is a sensitive measure of cell injury. Kidney Int. 73,
608-614 (2008).

Marcus, R. J. et al. Utility of urinary biomarkers to predict delayed graft function after Kidney transplantation [abstract]. Am. J.
Transplant. 7, 62 (2007).

Liangos, O. et al. Comparative analysis of urinary biomarkers for early detection of acute kidney injury following cardiopulmonary
bypass. Biomarkers 14, 423-31 (2009).

Han, W. K. et al. Urinary biomarkers in the early detection of acute kidney injury after cardiac surgery. Clin. J. Am. Soc. Nephrol.
4, 873-82 (2009).

Vaidya, V. S. et al. A rapid urine test for early detection of kidney injury. Kidney Int. 76, 108-116 (2009).

Field, M. et al. Urinary biomarkers of acute kidney injury in deceased organ donors - kidney injury molecule-1 as an adjunct
to predicting outcome. Clin. Transplant. 28, 808-15 (2014).

McMahon, G. M. & Waikar, S. S. Biomarkers in Nephrology: Core Curriculum 2013. Am. J. Kidney Dis. 62, 165-178 (2013).
Melnikov, V. Y. et al. Neutrophil-independent mechanisms of caspase-1- and IL-18-mediated ischemic acute tubular necrosis in
mice. J. Clin. Invest. 110, 1083-1091 (2002).

Parikh, C. R., Jani, A., Melnikov, V. Y., Faubel, S. & Edelstein, C. L. Urinary interleukin-18 is a marker of human acute tubular
necrosis. Am. J. Kidney Dis. 43, 405-14 (2004).

Matsumoto, K. & Kanmatsuse, K. Elevated interleukin-18 levels in the urine of nephrotic patients. Nephron. 88, 334-9 (2001).
Parikh, C. R. et al. Postoperative biomarkers predict acute kidney injury and poor outcomes after pediatric cardiac surgery. J.
Am. Soc. Nephrol. 22, 1737-1747 (2011).

Gracie, J. A., Robertson, S. E. & McInnes, I.B. Interleukin-18. J. Leukoc. Biol. 73, 213-224 (2003).

Washburn, K. K. et al. Urinary interleukin-18 is an acute kidney injury biomarker in critically ill children. Nephrol. Dial.
Transplant. 23, 566-572 (2008).

Siew, E. D. et al. Elevated urinary IL-18 levels at the time of ICU admission predict adverse clinical outcomes. Clin. J. Am. Soc.
Nephrol. 5, 1497-1505 (2010).

Furuhashi, M. & Hotamisligil, G. S. Fatty acid-binding proteins: role in metabolic diseases and potential as drug targets. Nat.
Rev. Drug Disc. 7, 489-503 (2008).

Oyama, Y. et al. Evidence for megalin-mediated proximal tubular uptake of L-FABP, a carrier of potentially nephrotoxic
molecules. Lab. Invest. 85, 522-531 (2005).

Yamamoto, T. et al. Renal L-type fatty acid-binding protein in acute ischemic injury. . Am. Soc. Nephrol. 18, 2894-2902 (2007).
Portilla, D. et al. Liver fatty acid-binding protein as a biomarker of acute kidney injury after cardiac surgery. Kidney Int. 73,
465-72 (2008).

Doi, K. et al. Urinary L-type fatty acid-binding protein as a new biomarker of sepsis complicated with acute kidney injury.
Critical Care Med. 38, 2037-2042 (2010).

Yang, J. et al. Urine liver-type fatty acid-binding protein predicts graft outcome up to 2 years after kidney transplantation.
Transplant. Proc. 46, 376-80 (2014).

Tsigou, E., Psallida, V., Demponeras, C., Boutzouka, E. & Baltopoulos, G. Role of New Biomarkers: Functional and Structural
Damage. Crit. Care Res. Pract., Article ID 361078 (2013).

Hakala, B. E., White, C. & Recklies, A. D. Human cartilage gp-39, a major secretory product of articular chondrocytes and
synovial cells, is a mammalian member of a chitinase protein family. J. Biol. Chem. 268, 25803-25810 (1993).

Hauschka, P. V., Mann, K. G., Price, P. & Termine, J. D. Report of the Ad Hoc Committee on Nomenclature and Standards for
Bone Proteins and Growth Factors. J. Bone Miner. Res. 1, 485-486 (1986).

Schmidt, I. M. et al. Chitinase-like protein Brp-39/YKL-40 modulates the renal response to ischemic injury and predicts delayed
allograft function. J. Am. Soc. Nephrol. 24, 309-19 (2013).

Pianta, T. J. et al. Clusterin in Kidney Transplantation: Novel Biomarkers Versus Serum Creatinine for Early Prediction of
Delayed Graft Function. Transplantation. 99, 171-9 (2015).

Bonventre, J. V. et al. Next-generation biomarkers for detecting kidney toxicity. Nature Biotechnology 28, 436-440 (2010).
Bicik, Z., Bahcebasi, T., Kulaksizoglu, S. & Yavuz, O. The efficacy of cystatin C assay in the prediction of glomerular filtration
rate. Is it a more reliable marker for renal failure? Clin. Chem. Lab. Med. 43, 855-61 (2005).

Westhuyzen, J. & Cystatin, C.: a promising marker and predictor of impaired renal function. Ann. Clin. Lab. Sci. 36, 387-94
(2006).

Manetti, L. et al. Thyroid function differently affects serum cystatin C and creatinine concentrations. J. Endocrinol. Invest. 28,
346-349 (2005).

Knight, E. L. et al. Factors influencing serum cystatin C levels other than renal function and the impact on renal function
measurement. Kidney Int. 65, 1416-21 (2004).

Hoek, E. J., Kemperman, E A. & Krediet, R. T. A comparison between cystatin C, plasma creatinine and the Cockcroft and Gault
formula for the estimation of glomerular filtration rate. Nephrol. Dial. Transplant. 18, 2024-31 (2003).

Herget-Rosenthal, S. et al. Early detection of acute renal failure by serum cystatin C. Kidney Int. 6, 1115-22 (2004).

Malyszko, J. et al. Neutrophil gelatinase-associated lipocalin is a new and sensitive marker of kidney function in chronic kidney
disease patients and renal allograft recipients. Transplant. Proc. 41:158-61 (2009).

Bachorzewska-Gajewska, H. et al. Could neutrophil-gelatinase-associated lipocalin and cystatin C predict the development of
contrast-induced nephropathy after percutaneous coronary interventions in patients with stable angina and normal serum
creatinine values? Kidney Blood Press Res. 30, 408-15 (2007).

Koyner, J. L. et al. Urinary cystatin C as an early biomarker of acute kidney injury following adult cardiothoracic surgery. Kidney
Int. 74, 1059-69 (2008).

Ronco, C. et al. Neutrophil Gelatinase-Associated Lipocalin: Ready for Routine Clinical Use? An International Perspective. Blood
Purif. 37, 271-285 (2014).

Author Contributions
E.L. and J.M. wrote the main manuscript text and I.G. prepared table and figure, D.M. corrected
manuscript critically. All authors reviewed the manuscript.

Additional Information
Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Malyszko, J. et al. Biomarkers of delayed graft function as a form of acute
kidney injury in kidney transplantation. Sci. Rep. 5, 11684; doi: 10.1038/srep11684 (2015).

SCIENTIFIC REPORTS | 5:11684 | DOI: 10.1038/srep11684 8



www.nature.com/scientificreports/

This work is licensed under a Creative Commons Attribution 4.0 International License. The

M images or other third party material in this article are included in the article’s Creative Com-
mons license, unless indicated otherwise in the credit line; if the material is not included under the
Creative Commons license, users will need to obtain permission from the license holder to reproduce
the material. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/

SCIENTIFIC REPORTS | 5:11684 | DOI: 10.1038/srep11684 9


http://creativecommons.org/licenses/by/4.0/

	Biomarkers of delayed graft function as a form of acute kidney injury in kidney transplantation

	Creatinine

	Novel biomarkers. 
	Neutrophil gelatinase-associated lipocalin (NGAL). 
	Kidney injury molecule 1 (KIM-1). 
	Interleukin-18 (IL-18)60. 
	Liver-type fatty-acid binding protein [L-FABP]. 
	YKL-40. 
	Clusterin. 
	Cystatin C. 
	Summary. 

	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ Novel biomarkers indicative of acute kidney injury.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ Time course of novel urinary biomarkers.
	﻿Table 1﻿﻿. ﻿  Potential usefulness of biomarkers in kidney transplantation.



 
    
       
          application/pdf
          
             
                Biomarkers of delayed graft function as a form of acute kidney injury in kidney transplantation
            
         
          
             
                srep ,  (2015). doi:10.1038/srep11684
            
         
          
             
                Jolanta Malyszko
                Ewelina Lukaszyk
                Irena Glowinska
                Magdalena Durlik
            
         
          doi:10.1038/srep11684
          
             
                Nature Publishing Group
            
         
          
             
                © 2015 Nature Publishing Group
            
         
      
       
          
      
       
          © 2015 Macmillan Publishers Limited
          10.1038/srep11684
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep11684
            
         
      
       
          
          
          
             
                doi:10.1038/srep11684
            
         
          
             
                srep ,  (2015). doi:10.1038/srep11684
            
         
          
          
      
       
       
          True
      
   




