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Abstract

Tacrolimus is widely used as an immunosuppressant in liver transplantation, and tacrolimus-induced acute kidney injury
(AKI) is a serious complication of liver transplantation. For early detection of AKI, various urinary biomarkers such as
monocyte chemotactic protein-1, liver-type fatty acid-binding protein, interleukin-18, osteopontin, cystatin C, clusterin and
neutrophil gelatinase-associated lipocalin (NGAL) have been identified. Here, we attempt to identify urinary biomarkers for
the early detection of tacrolimus-induced AKI in liver transplant patients. Urine samples were collected from 31 patients
after living-donor liver transplantation (LDLT). Twenty recipients developed tacrolimus-induced AKI. After the initiation of
tacrolimus therapy, urine samples were collected on postoperative days 7, 14, and 21. In patients who experienced AKI
during postoperative day 21, additional spot urine samples were collected on postoperative days 28, 35, 42, 49, and 58. The
8 healthy volunteers, whose renal and liver functions were normal, were asked to collect their blood and spot urine samples.
The urinary levels of NGAL, monocyte chemotactic protein-1 and liver-type fatty acid-binding protein were significantly
higher in patients with AKI than in those without, while those of interleukin-18, osteopontin, cystatin C and clusterin did not
differ between the 2 groups. The area under the receiver operating characteristics curve of urinary NGAL was 0.876 (95%
confidence interval, 0.800-0.951; P<<0.0001), which was better than those of the other six urinary biomarkers. In addition,
the urinary levels of NGAL at postoperative day 1 (p=0.0446) and day 7 (p =0.0006) can be a good predictive marker for
tacrolimus-induced AKI within next 6 days, respectively. In conclusion, urinary NGAL is a sensitive biomarker for tacrolimus-
induced AKI, and may help predict renal event caused by tacrolimus therapy in liver transplant patients.
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Introduction

Tacrolimus, a calcineurin inhibitor, is widely used as an
iImmunosuppressant in patients undergoing liver transplantation.
Although therapeutic drug monitoring helps maintain the blood
concentration of tacrolimus within a narrow therapeutic range (5—
15 ng/mL), preventing adverse reactions such as nephrotoxicity
and neurotoxicity, adverse reactions do occur in patients with
greater blood concentrations of tacrolimus [1]. One such severe
adverse reaction is nephrotoxicity. Acute kidney injury (AKI) is a
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frequent complication of liver transplantation and its incidence has
been reported to range between 36% and 78% [2—4]. Postoper-
ative AKI has been reported to cause high mortality in the
recipients [3,4], and one of the main risk factors for acute renal
failure after liver transplantation is calcineurin inhibitor toxicity
[5,6]. Thus, tacrolimus nephrotoxicity is a serious problem for
liver transplant recipients.

Although serum creatinine (Scr) is a commonly used marker for
renal function, it fails as a marker for renal injury due to the
following reasons: Scr level increases after changes in glomerular
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Figure 1. Diagnostic algorithm of tacrolimus-induced AKIl in the patients after liver transplantation. Between August 2010 and July
2013, 93 patients were enrolled with the written informed consent. Nine patients with perioperative renal impairment before the administration of
tacrolimus-based posttransplant immunosuppressive treatment and patients with any renal replacement therapy were excluded. Patients with renal
impairment by some other causes including septic ischemia, antibiotics and hepatorenal syndrome were also excluded from this study. In addition,
the patients of renal impairment with low tacrolimus levels, whose Scr levels were not changed even by the decrease of tacrolimus dosage, were also
excluded indicating other causes-derived renal impairment such as tubular necrosis post-surgery. Among 24 patients with normal kidney function, 13
patients with post-transplant infectious disease, surgery for hemostasis, post-surgical diabetes mellitus and acute rejection episode were excluded for
the temporal discontinuation of tacrolimus administration. Finally, the clinical data of the 11 control patients and 20 patients with tacrolimus-induced
AKI were used.

doi:10.1371/journal.pone.0110527.g001
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filtration, and hence is thought to be a delayed marker for
decreased renal function [7]. In addition, Scr is affected by non-
renal factors such as age, sex, body weight, muscle mass, total body
volume, and protein intake [8,9]. Therefore, more sensitive and
specific biomarkers are needed to detect AKI at an early stage.

Until now, various biomarkers for AKI have been identified,
such as neutrophil gelatinase-associated lipocalin (NGAL), and
liver-type fatty acid-binding protein (L-FABP). In clinical practice,
NGAL serves as a good biomarker for AKI in emergency room
patients [10], during septic shock [11], and after cardiac surgery
[12,13] and liver transplantation [14,15]. L-FABP is also a good
biomarker for renal damage following cisplatin-induced nephro-
toxicity [16], contrast-induced nephrotoxicity [17], and septic
shock induced AKI [18].

In 2007, the Acute Kidney Injury Network (AKIN) criteria for
the classification and staging of AKI was published [19].
According to these criteria, an absolute increase in Scr levels of
at least 0.3 mg/dL or a percentage increase of more than or equal
to 50% within 48 h is defined as AKI. However, in some liver
transplant recipients, the changes in Scr are gradual and cannot be
evaluated according to the AKIN criteria. Therefore, new and
reliable diagnostic methods for the detection of tacrolimus-induced
AKI are needed. In this light, here, we attempt to identify urinary
biomarkers for the early detection of tacrolimus-induced AKI in
patients undergoing living-donor liver transplantation (LDLT).

Table 1. Patient characteristics.

Urinary NGAL as an AKI Biomarker after Liver Transplantation

Experimental Procedures

Patients and urine samples

A total of 21 adult patients (7 men and 14 women) who
underwent LDLT at Kyoto University Hospital between August
2010 and March 2012, were enrolled in a pilot study after
obtaining written informed consent. We performed power analysis
using the patients who developed AKI within 14 days after liver
transplantation. Among the 21 patients, 14 were diagnosed with
AKI. Additionally, the patients were classified into 2 groups
according to the urinary NGAL levels. The number of patients
with NGAL levels lower than the cut-off value (62.0 ng/mg
creatinine) was 4 among AKl-free patients and 1 among AKI
patients. The power of this study was calculated as 0.606. For a
power greater than 0.8, a sample size of 30 would be required.

Based on the results of the preliminary study, we extended the
observation period to add 10 more patients. A total of 93 patients
(45 men and 48 women; age, > 18 years) who underwent LDLT at
Kyoto University Hospital between August 2010 and July 2013,
were enrolled in the present study after obtaining written informed
consent. Nine patients with perioperative renal impairment before
the administration of tacrolimus-based posttransplant immuno-
suppressive treatment, patients with renal impairment by some
other causes including septic ischemia, antibiotics and hepatorenal
syndrome, and patients with any renal replacement therapy were
also excluded from this study. In addition, the patients of renal
impairment with low tacrolimus levels, whose Scr levels were not

postoperative period
(ng/mL)

Healthy (n=8) AKl-free (n=11) AKI (n=20) P value

Age (years) 33.6+11.2 43.6*10.0 48.7x14.0 0.026
Sex (male/female) 8/0 4/7 8/12
Body weight (kg) 65.1+9.8 61.0+12.4 54.7+10.2 NS
Primary disease (n)

Biliary atresia 2 2

Primary biliary cirrhosis 1 6

Hepatitis C virus-related liver cancer 1 5

Other 7 7
ABO blood group match

Identical 6 14

Compatible 2 2

Incompatible 3 4
Child Pugh score - 85+23 10.5+2.2 0.037
MELD score - 15.0%+6.9 183*5.2 NS
Donor (Living/Cadaveric), n = 10/1 18/2
Preoperative Scr (mg/dL) 0.78+0.06 0.61x0.19 0.690.24 0.024
Preoperative BUN (mg/dL) 12.6+4.8 13.6+5.8 17.1%£7.0 NS
Preoperative eGFR 94.9+9.4 96.8+28.0 86.6+26.7 NS
(mL/minute/1.73 m?)
Total dose of tacrolimus between - 67.8+41.5 58.5%+353 NS
POD 1 and 21 (mg)
Mean blood levels of tacrolimus during the 21-day - 8.65+1.97 8.51*x1.79 NS

postoperative day.
doi:10.1371/journal.pone.0110527.t001
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NOTE: The results are given as mean = standard deviation. Statistical analysis was performed using the Mann-Whitney U test and Kruskal-Wallis test.
Abbreviations: BUN, blood urea nitrogen; eGFR, estimated glomerular filtration rate; MELD, Model for End-stage Liver Disease; Scr, serum creatinine; POD,
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Figure 2. Comparison of the urinary levels of NGAL (A), MCP-1 (B), L-FABP (C), IL-18 (D), osteopontin (E), cystatin C (F), and clusterin
(G) among healthy volunteers (8 measurements of 8 subjects), AKI-free group (11 measurements of 11 subjects) and AKI group (20
measurements of 20 subjects). Data were from urinary samples on postoperative day 1 immediately before the administration of tacrolimus in
liver transplant patients (AKI-free group and AKI group). Data were normalized to urinary creatinine concentration and plotted on a logarithmic Y axis.
Statistical analyses were performed using the Mann-Whitney U test and Kruskal-Wallis test. *<0.05, **P<<0.01, ***P<<0.001. NGAL, neutrophil
gelatinase-associated lipocalin; MCP-1, monocyte chemotactic protein-1; L-FABP, liver-type fatty acid-binding protein; IL-18, interleukin-18, N.D., not

detected.
doi:10.1371/journal.pone.0110527.9g002

changed even by the decrease of tacrolimus dosage, were also
excluded from this study indicating other causes-derived renal
impairment such as tubular necrosis post-surgery. Among them,
the clinical data of the 31 liver transplant patients (12 men and 19
women) were retrospectively analyzed in the present study (Fig. 1).
For comparison, 8 healthy male volunteers were also recruited
with written informed consent. This study was conducted in
accordance with the Declaration of Helsinki and its amendments,
and was approved by the Ethics Committee of Kyoto University
Graduate School and Faculty of Medicine. All patients provided
written informed consent.

In all liver transplant patients, postoperative immunosuppres-
sive therapy using tacrolimus was initiated on the morning after
surgery (postoperative day 1). The blood concentration of
tacrolimus was measured using a chemiluminescent enzyme
immunoassay (ARCHITECT, Abbott). The daily oral dose of
tacrolimus was adjusted to achieve target trough blood concen-
trations of 10-15 ng/mL during the first 2 weeks following
surgery, approximately 10 ng/mL during the next 2 weeks, and 5—
7 ng/mL thereafter [20]. Spot urine samples were collected
immediately before the administration of tacrolimus on postoper-
ative day 1 as the control urine lacking tacrolimus. After the
initiation of tacrolimus therapy, urine samples were collected on
postoperative days 7, 14, and 21. In patients who experienced AKI
during postoperative day 21, additional spot urine samples were

PLOS ONE | www.plosone.org

collected on postoperative days 28, 35, 42, 49, and 58. The 8
healthy volunteers, whose renal and liver functions were normal,
were asked to collect their blood and spot urine samples. All urine
samples were stored at —80°C with protease inhibitor cocktail
tablets (Complete Mini, Roche Diagnostics, Mannheim, Ger-
many).

Urinary creatinine was determined according to the Jaffé
reaction by using the LabAssay Creatinine kit (Wako Pure
Chemical Industries Ltd., Osaka, Japan). The biomarker candi-
dates were measured using commercially available ELISA kits,
according to the manufacturer’s instructions. NGAL, monocyte
chemotactic protein-1 (MCP-1), osteopontin, and cystatin C were
measured using ELISA kits purchased from R&D Systems
(Minneapolis, MN). L-FABP level was determined using ELISA
kits from CMIC Co., Ltd (Tokyo, Japan). Interleukin-18 (IL-18)
was assessed using ELISA kits from Medical & Biological
Laboratories Co. Ltd (Nagoya, Japan). Clusterin was measured
using kits from AdipoGen Inc. (Incheon, Korea). The level of each
urinary biomarker was normalized to urinary creatinine levels to
adjust for changes in urine concentration.

Diagnostic criteria of tacrolimus-induced AKI and data
collection

Tacrolimus-induced AKI was diagnosed by the attending
physicians or nephrologists, and not fully according to the AKIN
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Figure 3. Comparison of the urinary levels of NGAL (A), MCP-1 (B), L-FABP (C), IL-18 (D), osteopontin (E), cystatin C (F), and clusterin
(G) between AKI-free group (37 measurements of 11 subjects) and AKI group (40 measurements of 20 subjects). Data were from
urinary samples in the post-transplant tacrolimus therapy. Data were normalized to urinary creatinine concentration and plotted on a logarithmic Y
axis. Statistical analyses were performed using the Mann-Whitney U test and Kruskal-Wallis test. *P<<0.05, ***P<C0.001. NGAL, neutrophil gelatinase-
associated lipocalin; MCP-1, monocyte chemotactic protein-1; L-FABP, liver-type fatty acid-binding protein; IL-18, interleukin-18, N.D., not detected.
doi:10.1371/journal.pone.0110527.g003

(A) (B) (©) (D)
100 —— 100 100 100
—
80 80 80 801 J_,rf—'J
® -
Z 60q" 601 60 60
2 | A
| |
3 4°'H NGAL 407 MCP-1 407 L-FABP = Hf IL-18
20 20 201 20+ i
I
0 T T T T 0 T T T T 0 T T r T 0 T T T T
0O 20 40 60 8 100 O 20 40 60 80 100 O 20 40 60 80 100 O 20 40 60 80 100
100% - specificity% 100% - specificity% 100% - specificity% 100% - specificity%
(E) (F) (@)
100 — 100 100 1
/
. |
801 = 801 | eo1
B — f"f
2 601 - 1 i 601
£ 60 jf 60 - i
B 4 —
S 407 f 401 40
@ f osteopontin r cystatin C clusterin
201 201 201
0 T T T T 0 T T T T 0 T T T T
0 20 40 60 80 100 O 20 40 60 8 100 O 20 40 60 80 100
100% - specificity% 100% - Specificity% 100% - Specificity%

Figure 4. Receiver operating characteristic curve analysis of urinary NGAL (A), MCP-1 (B), L-FABP (C), IL-18 (D), osteopontin (E),
cystatin C (F), and clusterin (G). Urinary biomarker levels were corrected using urinary creatinine concentrations. NGAL, neutrophil gelatinase-
associated lipocalin; MCP-1, monocyte chemotactic protein-1; L-FABP, liver-type fatty acid-binding protein; IL-18, interleukin-18.
doi:10.1371/journal.pone.0110527.9g004
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Abbreviations: AUC, area under the curve; Cl, confidence interval; IL-18, interleukin-18; L-FABP, liver-type fatty acid-binding protein; MCP-1, monocyte chemotactic protein-1; NGAL, neutrophil gelatinase-associated lipocalin.

doi:10.1371/journal.pone.0110527.t002
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criteria. They diagnosed renal impairment basically defined as an
increase in Scr level of 50% within continuous 96 hours regardless
the blood levels of tacrolimus was higher and/or lower than the
target range. Retrospectively, the renal impairment was also
diagnosed in the patients when their elevated Scr levels were
lowered by the decrease of tacrolimus dosage. The AKI group
comprised patients who had developed AKI, while the AKI-free
group comprised patients who had not developed renal disease
during the 35-day postoperative period. The clinical information,
treatment process, and laboratory data of all patients were
obtained from electronic medical records. The preoperative
estimated glomerular filtration rate (eGFR) was calculated
according to the eGFR equation for the Japanese:
eGFR = 194 xAge—0.287 xScr—1.094 (x0.739, if female) [21].

Statistical analyses

All statistical analyses were performed using Prism version 5.02
(GraphPad Software, Inc., San Diego, CA). Mann-Whitney U-test
and Kruskal-Wallis test were used to compare the differences
between urinary biomarker levels in AKI patients, AKI-free
patients, and healthy volunteers. To compare categorical vari-
ables, we used the chi-square test or Fisher’s exact test. We
determined receiver operating characteristic (ROC) curves and
calculated the area under the curve, 95% confidence intervals (CI),
sensitivity, specificity, positive predictive value, negative predictive
value, positive likelihood ratio, and negative likelihood ratio. For
ROC curve analysis, all the collected data of AKI-free group after
administration of tacrolimus and those between the initiation and
termination of diagnosis as renal impairment in AKI group were
used. A value of P<<0.05 was considered statistically significant.
Probability analysis was performed according to the Kaplan-Meier
method, and the outcome was compared between the subgroups
by using a log-rank test. The cut-off point was examined by

Youden Index [22].

Results

Patient characteristics

Of the 31 patients who underwent LDLT, 20 (64.5%)
developed tacrolimus-induced AKI during the 35-day postopera-
tive period. The primary diseases observed are listed in Table 1.
The Child-Pugh score and model for end-stage liver disease score
were significantly higher in AKI group patients than in AKI-free
group patients. Because the healthy volunteers had higher muscle
mass, preoperative Scr levels were significantly different between
the 3 groups. Age, sex, body weight, preoperative blood urea
nitrogen level, preoperative eGFR level, total dose of tacrolimus
between postoperative days 1 and 21, and average blood levels of
tacrolimus during the 21-day postoperative period did not differ
significantly between the AKI and AKI-free groups.

Diagnostic ability of urinary biomarkers

Seven urinary biomarkers were measured in the urine samples
which were collected immediately before the administration of
tacrolimus on postoperative day 1 of AKI and AKI-free patients,
and healthy volunteers (Fig. 2). Urinary level of NGAL in the AKI
group was significantly higher than that in the healthy volunteers
(Fig. 2A). Basement urinary levels of IL-18 and MCP-1 were
significantly higher in the patients receiving liver transplantation
immediately before administration of tacrolimus on postoperative
day 1 compared to healthy volunteers. Urinary levels of
biomarkers during AKI (40 measurements of 20 AKI patients)
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Figure 5. Time-dependent changes tacrolimus concentration, Scr levels and urinary NGAL concentrations. The average * SD values of
tacrolimus trough concentrations, Scr levels and urinary NGAL concentrations in the liver transplant patients who experienced AKI during the period
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and all measurements of 11 AKI-free patients (37 measurements)
were summarized (Fig. 3). Urinary levels of NGAL, MCP-1 and L-
FABP in AKI patients were significantly higher than those in AKI-
free patients during the posttransplant course with administration
of tacrolimus. However, urinary levels of IL-18, osteopontin,
cystatin C, and clusterin did not differ between the AKI and AKI-
free groups. To determine the specificity and sensitivity of urinary
biomarkers in the diagnosis of tacrolimus-induced AKI, we
performed ROC analysis (Fig. 4). The area under the curve
(AUQ) for ROC curve of each urinary biomarker, sensitivity, and
specificity are summarized in Table 2. Based on these results, we
focused on the urinary concentrations of NGAL as useful
biomarker to detect tacrolimus-induced AKI in liver transplant
patients.

The changes of serum and urinary markers

Next, we tried to find out the association between the
concentrations of tacrolimus, Scr levels and urinary concentrations
of NGAL with AKI development. In Fig. 5, the time-dependent
changes of each parameter are shown. A large variation of
tacrolimus concentrations and Scr was found both in AKI-free and
AKI patients. Urinary concentrations of NGAL tended to be
higher than the cut-off value (61.0 ng/mg creatinine) in the AKI
group, but not in AKI-free group.

Predictability of urinary NGAL

Because the urinary level of NGAL was found to have the
highest sensitivity and specificity in detecting tacrolimus-induced
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AKTI in liver transplant patients, we examined whether the urinary
level of NGAL could predict the occurrence of tacrolimus-induced
AKI in patients after LDLT. The 20 patients who developed AKI
during the 35 days after surgery were categorized into the 3 groups
based on the time of diagnosis of tacrolimus-induced AKI: 8
patients developed tacrolimus-induced AKI within 7 postoperative
days (AKI 1-7), 5 developed it between postoperative days 8 and
14 (AKI 8-14), and the remaining 7 developed it after
postoperative day 15. The relationship between urinary level of
NGAL at postoperative day 1 and the development of AKI in next
6 days was assessed. Although no statistically significant difference
was found in the urinary NGAL levels at postoperative day 1
between the AKI 1-7 and AKI-free groups (Fig. 6A), the urinary
NGAL levels at postoperative day 7 of the AKI 8-14 group was
markedly higher than that of the AKI-free group (Fig. 6B). After
dividing the samples by using the threshold values by ROC curves,
the probability of tacrolimus-induced AKI was examined based on
the urinary NGAL levels before AKI development, according to
the Kaplan-Meier method. As shown in Figs. 6C and 6D, high
urinary levels of NGAL at postoperative day 1 and 7, respectively,
were correlated with the probability of AKI.

Discussion

In this study, we examined various candidate urinary biomark-
ers for the early detection and/or prediction of tacrolimus-induced
AKI in patients who had received LDLT. Thus far, similar studies
were conducted in patients with ischemic AKI that developed after
cardiovascular surgery and or in patients with severe infectious
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AKI [8,23,24]. Recently, on the basis of microarray analysis with
isolated renal proximal tubules, we found that urinary levels of
MCP-1 could serve as sensitive and specific biomarkers for
cisplatin-induced nephrotoxicity in rats [25]. Cisplatin-induced
renal toxicity has been found to initiate at the proximal straight
tubules, gradually transducing into glomerular damage, tubular
apoptosis, and interstitial damage [26]. However, the molecular
mechanisms underlying tacrolimus-induced nephrotoxicity remain
unclear, although they are considered different from that of
cisplatin [27,28]. In the present study, urinary level of NGAL was
found to be a useful biomarker for tacrolimus-induced nephro-
toxicity in LDLT patients.

In patients with end-stage liver disease, many complications in
addition to hepatic dysfunction have been reported, such as renal
impairment due to hepatorenal syndrome, respiratory failure due
to hepatopulmonary syndrome, coagulation disorder, edema, and
consciousness disorder due to hepatic coma. In addition, the
surgical procedure of LDLT is highly invasive with respect to renal
function. McCauley et al. [29] reported that the peak level of Scr,
which was higher than 3 mg/dL, carried a significant risk of death
in liver transplant patients. Fraley et al. [30] showed that the
mortality of patients with post-liver transplant AKI was 41%,
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whereas that of patients without post-liver transplant AKI was 5%.
In the present study, the urinary levels of MCP-1 and L-FABP in
AKl-free patients were markedly higher than those of healthy
subjects. However, the urinary L-FABP levels between AKI-free
patients and patients of AKI group were not significantly different.
Among 7 biomarker candidates, only urinary level of NGAL in
AKl-free patients was similar with that of healthy subjects and
significantly lower than those of AKI group, suggesting that
urinary NGAL level rapidly decreased in the control prior to the
administration of tacrolimus by the morning of postoperative day
1. Taken together, urinary NGAL would be sensitive biomarkers
for the detection of tacrolimus-induced AKI in patients after
LDLT. Because power analysis showed that the r-value of 0.369 in
the present study was relatively moderate in the examination of
urinary NGAL, further analysis in future with larger sample size
should be examined to find the accuracy of the present results.
NGAL, a 25-kDa protein, was purified from human neutrophils
[31], and is expressed at very low concentrations in the bone
marrow and several human tissues, such as those of the trachea,
kidney, lung, and stomach [32]. NGAL is one of the most
upregulated genes and overexpressed proteins after renal ischemia,
and urinary levels of NGAL increase soon after ischemic renal
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mnjury in mouse and rat models [33]. The Ngal: siderophore: Fe
complex upregulates heme oxygenase-1 to preserve proximal
tubules and prevent cell death [34]. NGAL has been reported to
be a useful marker for renal ischemic injury such as that occurring
after cardiac surgery [12,13] and liver transplantation [14,15], and
for acute tubular injury such as cisplatin-induced AKI [35] and
contrast-induced nephropathy [36]. Calcineurin inhibitor causes
structural damage to the straight segment of the proximal tubule
[37] and renal vasoconstriction, which is mediated by the renal
sympathetic nervous system [38]. Thus, these findings suggest that
NGAL is upregulated and detected in the urine of patients with
tacrolimus-induced vasoconstriction and structural renal damage.

Urinary levels of NGAL at postoperative day 7 in the AKI 8-14
group were significantly higher than those in the AKI-free group,
indicating that the urinary levels of NGAL at postoperative day 7
can be a good predictive marker for tacrolimus-induced AKI.
Wagener et al. [15] reported that urinary level of NGAL/urine
creatinine ratio could predict postoperative AKI between 3 and
18 h after liver transplantation [15]. At postoperative day 1,
urinary levels of NGAL may reflect renal injury caused by the liver
transplant operation. However, of the 7 urinary biomarkers
examined, NGAL, osteopontin, and clusterin are synthesized in
the proximal as well as distal tubules [8]. On the other hand,
MCP-1, L-FABP, and IL-18 are specifically synthesized in the
proximal tubules. In a histological examination, Morgan et al. [39]
reported that tacrolimus-induced nephrotoxicity caused interstitial
fibrosis. In addition, excess expression of transforming growth
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factor beta 1 has been shown to be related to the interstitial fibrosis
caused by tacrolimus-induced nephrotoxicity [40,41]. These
findings suggest that the origin of urinary NGAL might be the
proximal as well as distal tubules. Therefore, a biomarker
synthesized at both the proximal and distal tubules such NGAL
could associate well with renal vasoconstriction and interstitial
fibrosis caused by tacrolimus-induced nephrotoxicity.

In conclusion, the urinary level of NGAL can serve as a sensitive
and predictive biomarker for tacrolimus-induced AKI, and
urinary NGAL-based monitoring of renal functions in liver
transplant recipients may be a convenient and effective way of
managing tacrolimus-induced AKI. However, further studies on
larger populations of patients, healthy volunteers, and/or other
organ transplant patients are required.
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