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Abstract: The prevalence of type 1 cardiorenal syndrome (CRS) is increasing and strongly associated with long-
term mortality. However, lack of reliable animal models and well-defined measures of renoprotection, made early
diagnosis and therapy difficult. We previously successfully established the swine acute myocardial infarction (AMI)
model of ischemia-reperfusion by blocking left anterior descending branch (LAD). Reperfusion was performed after
90-minute occlusion of the LAD. AMI was confirmed by ECG and left ventricular angiography (LVG). Then those 52
survived AMI reperfusion swine, including ventricular fibrillation-cardiac arrest after restoration of blood flow, were
randomly divided into four groups (four/group) according to different interventions: resuscitation in room tempera-
ture, resuscitation with 500 ml saline in room temperature, resuscitation with 4 °C 500 ml saline and normal control
(with no intervention of resuscitation). Each group was further observed in four groups according to different time
of resuscitation after ventricular arrhythmias: 1, 3, 5, 10-minute reperfusion after ventricular arrhythmias. Plasma
and random urine were collected to evaluate renal function and test renal biomarkers of acute kidney injury (AKI).
Our swine AMI model of ischemia-reperfusion provoked subclinical AKI with the elevation of the tubular damage
biomarker, NGAL, I.-18 and L-FABP. Renal damage rapidly observed after hemodynamic instability, rather than
observation after several hours as previously reported. The increasing rate of biological markers declined after
interventions, however, its impact on the long-term prognosis remains to be further studied. These data show that
elevation of tubular damage biomarkers without glomerular function loss may indicate appropriate timing for effec-
tive renoprotections like hypothermia resuscitation in type 1 CRS.
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Introduction to renal injury, it is classified as either type 1
CRS if acute or type 2 CRS if chronic. In a retro-
spective study of 438 patients diagnosed with
CRS, type 1 CRS was most frequent (48.2%) fol-

lowed by Type 2 CRS (21.9%) [10].

The complex interdependent relationship bet-
ween the heart and kidney is often evident
when either organ becomes severely injured.
Previous studies have revealed that acute myo-

cardial infarction (AMI) with acute kidney injury
(AKI), about 17%, is strongly related to long-
term mortality and heart failure [1-4]. An acute
worsening in renal function is prognostically
important in patients with decompensated
heart failure; and after surgery, where even a
small change in renal function is associated
with increased mortality [5-8]. This clinical enti-
ty with regard to heart-kidney crosstalk was
recently redefined as cardiorenal syndrome
(CRS) according to the time frame and order of
occurrence [9]. When cardiac dysfunction leads

Despite decades of pioneering basic research
and important technical advances in our under-
standing of the dynamic changes in renal func-
tion during or after cardiac dysfunction, the
prognosis for patients with AKI remains poor.
Several major problems have plagued the field
and hindered progress. Scant information is
available for studying CRS with animal models.
Renal ischemia and reperfusion models were
often established by clamping both renal arter-
ies, which could not well elucidate the patho-
physiologic characteristics of AKI with cardio-
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vascular disease. Our current knowledge
regarding CRS is mainly based on single-or
multiple-center clinical studies. However, those
“hot-spot” researches still cannot make us
reach an agreement of optimal treatment strat-
egy of CRS. Firstly, clinical evaluation of acute
loss of renal function is not early, accurate, and
reliable enough for predicting the occurrence of
AKI. Serum creatinine level and urine output do
not change until approximately half the kidney
function has been lost and they may be affect-
ed by sex, muscle mass, and the hydration sta-
tus of the patient [11]. Thus, an early diagnosis
of AKI by using tubular damage biomarkers pre-
ceding filtration function loss has aroused great
interests in recent years. Secondly, the patho-
physiologic mechanisms involved in CRS are
complex and incompletely understood, and
thus effective management of these syn-
dromes remains a challenge [12]. Besides, sev-
eral interventions for AKI which have been
proved ineffective [13, 14], hinders the prog-
ress of reaching a consensus about timely
renal salvage.

Great progress has been made in recent years
that molecules such as NGAL (neutrophil gelati-
nase-associated lipocalin), L-FABP (L-type fatty
acid-binding protein) and IL-18 (Interleukin-18)
have demonstrated to allow a kidney injury to
be diagnosed even in the absence of a subse-
quent manifest dysfunction [15]. Those bio-
markers are specific for kidney injury, sensitive
enough to detect even less severe insults, easy
and rapid to measure, and inexpensive enough
to make their use sustainable, which comple-
ment clinical assessments and enable impro-
ved therapeutic decision-making. Furthermore,
a body of evidence from experimental and clini-
cal studies has now established a plausible bio-
logical role for biomarkers of tubular damage,
and presented strong proof of the concept that
subclinical AKI should be added in the spec-
trum of AKI diagnosis [16, 17]. The term ‘sub-
clinical’ AKI referring to patients who are bio-
marker-positive and creatinine-negative chal-
lenges the traditional view that a kidney prob-
lem is clinically relevant, only when a loss of fil-
tration function becomes apparent and distin-
guishes renal function loss from AKI with tubu-
lar damage, which may have a profound impact
on the epidemiology, prevention, and manage-
ment of AKI [18].
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Materials and methods
Renal I/R model

The swine AMI model of ischemia-reperfusion
was establish as described previously [19].
Blood restoration was performed after 90-min-
ute occlusion of the LAD (left anterior descend-
ing branch). AMI was confirmed by ECG and left
ventricular angiography (LVG). Then those 52
survived AMI reperfusion swine, including ven-
tricular fibrillation-cardiac arrest after restora-
tion of blood flow, were randomly divided into
four groups (four/group) according to different
interventions: resuscitation in room tempera-
ture, resuscitation with 500 ml saline in room
temperature, resuscitation with 4°C 500 ml
saline and normal control (with no intervention
of resuscitation). Each group was further
observed in four groups according to different
time of resuscitation after ventricular arrhyth-
mias: 1, 3, 5, 10-minute reperfusion after ven-
tricular arrhythmias. Plasma and random urine
were collected to evaluate renal function and
test renal biomarkers of AKI. Subclinical AKI is
confirmed by biomarker positivity and RIFLE
(RIFLE, risk, injury, failure, loss of function and
end-stage renal disease) negative. RIFLE refer-
rers as diagnostic criteria for AKI based on
loss of renal excretory function. All experiments
were performed under the Guidelines for
Animal Experimentation (Jiangsu, China).

Measurement of renal function

The blood samples and random urine were
collected in lithium-heparinized tubes (4 ml,
Venosafe, Terumo Europe N.V., 3001 Leuven,
Belgium) and plastic tubes (10 ml, cent tube
nat screw, Sarstedt Australia Pty Ltd Techno-
logy Park, SA 5095 Australia) respectively. After
centrifuging at 3500 rpm at 4°C for 10 min, the
plasma and the supernatant of urine were and
analyzed with automatic biochemical analyzer
(OLYMPUS AU5400).

Measurement of plasma and urinary neutro-
phil gelatinase-associated lipocalin (NGAL) by
ELISA

The NGAL in plasma and urine was measured
using a commercially available pig ELISA kit
(KIT 044, Bio-Porto Diagnostics, Gentofte, DK).
The analysis was carried out in accordance
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Table 1. Parameters of renal function and biomarkers in different groups

Group 2 (resuscitation with 500 ml saline in

Groups Group 1 (resuscitation in room temperature) Group 3 (resuscitation with 4°C 500 ml saline) Nor-mal control
room temperature)
Subgroups# 1 min 3 min 5 min 10 min 1 min 3 min 5 min 10 min 1 min 3 min 5 min 10 min
ALB (g/1) 16.22+ 12.07+ 17.38+ 19.15+ 12.22+ 11.93+ 13.48+ 21.15+ 12.85+ 11.55+ 11.60+ 8.67+ 14.20+
1.67A 0.64 3.18A 1.84A 1.42 0.24 1.27 2.93A 1.49 1.78 1.29 0.79A 2.39
SCR(umol/1) 59.80+ 64.2+ 65.9+ 53.2+ 61.28+ 68.87+ 39.07¢ 51.87+ 61.28+ 35.38% 40.05+ 28.88+ 76.78%
17.17 8.79A 9.21A 3.03A 15.09 10.85A 3.01A 6.17A 23 3.96A 10.14A 2.26A 8.20
BUN (mmol/I) 2.98+ 3.02+ 3.29+ 3.25+ 3.03+ 3.28+ 244+ 3.57+ 2.85+ 1.96+ 2.03+ 1.44+ 3.23+
0.73 0.40A 0.62 0.27 0.66 0.51 0.21A 0.44A 0.73 0.33A 0.47A 0.14A 0.29
Cys C (mg/I) 0.04+ 0.00+ 0.04+ 0.05+ 0.06+ 0.03% 0.096+ 0.12+ 0.035+ 0.06+ 0.00+ 0.017+ 0.01+
0.038 0.01 0.37 0.03A 0.05A 0.028A 0.04A 0.09 0.028A 0.018A 0.18 0.04 0.16
Urine A/C 830.67+ 802.61+ 1247.69+ 1332.82+ 249.58+ 428.67+ 854.69+ 1286.52+ 348.78+ 367.06+ 391.19+ 1324.56+ 46.34+
(ug/umol) 219.54A 345.47A 247.60A 179.65A 85.28A 55.76A 346.28A 109.59A 212.27A 115.50A 51.53A 420.87A 2.25
Plasma NGAL 155.43+ 159.92+ 154.61+ 168.90+ 152.93+ 158.88+ 147.85+ 163.17+ 161.19+ 171.88+ 147.63+ 147.03+ 43.43+
(ng/ml) 4.14A 1.33A 9.05A 15.35A 4.32A 2.83A 0.36A 9.15A 15.23A 15.33A 8.52A 1.50A 3.69
Urine NGAL 687.13+ 738.71+ 900.99+ 866.27+ 911.99+ 882.59+ 753.52+ 813.94+ 1129.97+ 1025.52+ 767.51+ 1192.63+ 149.88+
(ng/mg Cr) 58.18A 115.48A 44.27A 49.09A 237.55A 123.94A 54.13A 75.19A 329.69A 111.36A 69.94A 148.32A 20.23
Plasma IL-18 76.54+ 81.61+ 64.84+ 92.41+ 7217+ 85.55+ 65.76+ 82.29+ 76.87+ 94.69+ 84.35+ 80.14+ 35.47+
(pg/ml) 7.13A 8.1A 17.88A 13.98A 10.13A 7.62A 15.62A 1.37A 4.5A 8.56A 7.23A 3.22A 5.93
Urine IL-18 132.68+ 108.42+ 58.39+ 5477+ 22.50+ 130.95+ 80.70% 93.92+ 61.16+ 128.34+ 120.18+ 171.19+ 36.09+
(pg/mg Cr) 14.53A 19.01A 13.53A 12.27A 9.79A 17.78A 18.00A 8.13A 25.49 17.51A 3.26A 8.07A 5.06
Plasma L- 31.52+ 28.12+ 23.97+ 39.85+ 15.38+ 24.61+ 17.43+ 38.45+ 1.46+ 38.08+ 16.75+ 16.78+ 9.39+
FABP (ng/ml) 447N 1.92A 3.94A 4.29A 1.9A 2.41A 4.23A 4.93A 5.8 6.9A 4.58A 3.32A 1.09
Urine L-FABP 305.47+ 484.19+ 378.49+ 533.93+% 1388.96+ 1025.13+ 473.56+ 443.40+ 456.62+ 909.03+ 817.48+ 1085.89+ 92.93+
(ng/mg Cr) 86.69A 153.14A 83.59A 102.88A 718.99A 269.15A 136.79A 326.55A 102.76A 183.12A 136.63A 97.2A 8.38

Values are means + s.d. ACompared with normal control, P < 0.05; #Each group was further observed in four groups according to different time of resuscitation after cardiac arrest: 1, 3, 5, 10-minute reperfusion after cardiac arrest. (min:
minute). ALB: albumin; SCR: serum creatinine; BUN: blood urea nitrogen; Cys C: cystatin C; A/C: albumin creatinine ratio; NGAL: Neutrophil Gelatinase-Associated Lipocalin; IL-18:Interleukin -18; L-FABP: L-Type Fatty Acid-Binding Protein.

8338 Int J Clin Exp Pathol 2015;8(7):8336-8347



Renal function in a swine model of type 1 cardiorenal syndrome

with the instructions given by the manufac-
turer.

When intraassay reproducibility was deter-
mined by the same sample eight times, the
coefficient of variation for the obtained value
was within 10%. The measurable range of this
kit was between 10 and 400 ng/ml. Four differ-
ent dilutions of urine (U1-4) and EDTA plasma
(P1-4) were spiked with calibrator material and
analyzed in the assay after appropriate further
dilution, the mean recovery (P) of which was
98%. This assay system detects the pig NGAL
in urine, plasma, serum, tissue extracts or
culture media.

Measurement of plasma and urinary L-type
fatty acid-binding protein (L-FABP) by ELISA

The L-FABP in plasma and urine was measured
using a commercially available pig ELISA kit
(KIT ab156517, Abcam, UK). The analysis was
carried out in accordance with the instructions
given by the manufacturer.

The sensitivity in this assay is 0.1 ng/mL, and
the range of spike recovery is from 94% to
103%. The measurable range of this kit is
between O and 10 ng/ml. This assay system
detects the pig L-FABP in serum, plasmas, tis-
sue homogenates, body fluids and cell culture
supernatants.

Measurement of plasma and urinary
Interleukin -18 (IL-18) by ELISA

The IL-18 in plasma and urine was measured
using a commercially available pig ELISA kit
(KIT BMS672/BMS672TEN, eBioscience, US).
The analysis was carried out in accordance
with the instructions given by the manufac-
turer.

Reproducibility within the assay was evaluated
in 3 independent experiments, each assay of
which was carried out with 6 replicates of 4
serum samples. The calculated overall intra-
assay coefficient of variation value was 6.8%.
The measurable range of this kit was between
39.1 and 2500 pg/ml. Recoveries were deter-
mined in 3 independent experiments with 6
replicates each, and the overall mean recovery
was 110%.

Statistical analysis

Statistical analysis was performed using SAS
6.12 software (SAS Institute Inc., USA). Data
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are given as the mean = SD analysed using
one-way ANOVA with Dunnett’'s significance
correction test. Differences were considered
significant at P < 0.05.

Statement of ethical approval

All animal work was conducted in accordance
with the Chinese Animal Protection Law, com-
pliance with the Guide for the Care and Use of
Laboratory Animals for non-European authors
and was approved by the Ethics Review
Committee for laboratory animals of the district
government of Jiangsu, China.

Results

Establishment of the swine AMI model of isch-
emia-reperfusion-interventions

There were 62 swine in total enrolled in the AMI
model of ischemia-reperfusion-interventions.
Firstly, we established the swine model of AMI-
reperfusion as the method mentioned above.
All the animals developed ventricular arrhyth-
mias in 30 minutes after reperfusion. 10 swine
died after reperfusion because of recurrent
ventricular fibrillation despite the defibrillation
(360 J) and chest compressions. Those sur-
vived swine including ones with ventricular
fibrillation-cardiac arrest intervened by 4 differ-
ent resuscitation methods and then sacrificed
on Day 1 post-surgery.

AMI and reperfusion-induced subclinical acute
kidney injury

Plasma parameters reflecting renal function in
experiment groups were changed unparalleled
to clinical AKI. Creatinine (Scr) and blood urea
nitrogen (BUN) level in all resuscitation groups
were lower than normal control group. Albumin
level were significantly higher in 1, 5, 10-min
resuscitation of group 1 especially 10-min
resuscitation of group 2, while significantly
lower in 10-min resuscitation of group 3. Those
renal biomarkers including plasma and urine
NGAL, IL-18, L-FABP were almost all significant-
ly higher in experimental groups than control
normal, suggesting that AMI-reperfusion swine
provoked subclinical AKI (Table 1). Plus, urine
albumin creatinine ratio and Cys C level reflect-
ing early renal damage in resuscitation groups
were mostly statistically higher than normal
control.

Int J Clin Exp Pathol 2015;8(7):8336-8347
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Figure 1. Changes of clinical renal parameters fewer than 3 different interventions in 4 different-time resuscitation.
*P < 0.05 compared 4 different-time resuscitation within each group, # < 0.05 compared with group 1 in each-time
resuscitation, ## < 0.05 versus other 2 groups in each-time resuscitation. A-E shows the comparison of mean val-
ues of clinical renal parameters (AC, Cys C, Scr, BUN, Alb) under different interventions. A: versus 3 groups, in 1-min
resuscitation: F=17.299, P < 0.001; in 3-min resuscitation: F=7.364, P=0.006;in 5-min resuscitation: F=17.994, P
< 0.00%;in 10-min resuscitation: F=0.05, P=0.092; B: versus 3 groups, in 1-min resuscitation: F=0.504, P=0.614;
in 3-min resuscitation: F=12.907, P=0.001; in 5-min resuscitation: F=12.566, P=0.001; in 10-min resuscitation:
F=3.106, P=0.074; C: versus 3 groups, in 1-min resuscitation: F=0.013, P=0.988; in 3-min resuscitation: F=28.094,
P<0.001; in 5-min resuscitation: F=21.180, P < 0.001; in 10-min resuscitation: F=64.251, P < 0.001; D: versus 3
groups, in 1-min resuscitation: F=0.013, P=0.988; in 3-min resuscitation: F=16.573, P < 0.001; in 5-min resuscita-
tion: F=11.498, P=0.001; in 10-min resuscitation: F=82.050, P < 0.001; E: versus 3 groups, in 1-min resuscitation:
F=11.849, P=0.001; in 3-min resuscitation F=0.355, P=0.707; in 5-min resuscitation: F=11.695, P=0.001; in 10-

min resuscitation: F=64.097, P < 0.001.

Effective interventions for the subclinical acute
kidney injury based on the changes of clinical
renal parameters

To compare optimal time and appropriate fluid
supply for the salvage of subclinical acute kid-
ney injury, we used 4 different interventions
in 4 different-time resuscitation. Firstly, we
observed the clinical parameters of renal func-
tion (Figure 1). Along with the time axis, albu-
min creatinine ratio (AC) level increased signifi-
cantly in 5, 10-min resuscitation compared
with 1, 3 min in each intervention. When we
supplied them 500 ml saline to resuscitate, AC
in 10-min resuscitation were notablely higher
than in other 3 time-point resuscitation.
Moreover, in each time-point resuscitation
except for the 10-min resuscitation, AC
decreased overwhelmingly in group 2, 3 com-
pared with group 1 (Figure 1A). For the param-
eter of Cys C (Figure 1B), value of 3-min resus-
citation of group 1 was significantly lower than
other 3 time point. Conversely, it of group 3
significantly transcended other 3 time point.
The trend of Scr and BUN levels were unexpect-
edly declined over time in groups of resuscitat-
ing with 500 ml saline, and in 5-min resuscita-
tion of group 2, both values were significantly
lower than other time point (Figure 1C and 1D).
Alb levels of 10-min resuscitation exceed other
3 time pointin group 1, 2, whereas dropped the
lowest in group 3. Besides, the values of 1,
3-min resuscitation in group 2, 3 were signifi-
cantly lower than in group 1 (Figure 1E).

Role of renal biomarkers in comparing optimal
interventions for the subclinical acute kidney
injury

Then we compared the changes of plasma and

urine biomarkers including NGAL, IL-18 and
L-FABP under different interventions (Figure 2).

8341

In the condition of resuscitation in room tem-
perature, plasma NGAL levels (Figure 2A) had
no fluctuation along with the time axis, while
the level of plasma L-FABP (Figure 2E) in 10-min
resuscitation significantly exceed other 3 time
point, with the plasma IL-18 level (Figure 2C) of
5-min resuscitation significantly lower than
10-min resuscitation. The values of urine NGAL
(Figure 2B) in 5, 10-min resuscitation of group
1 surpassed 1,3-min resuscitation, with urine
L-FABP levels (Figure 2F) in 3, 10-min resusci-
tation higher than 1-min resuscitation.
Conversely, the urine IL-18 (Figure 2D) of group
1 showed the opposite trend that values in 5,
10-min resuscitation were significantly lower
than other time point. The 3 plasma biomark-
ers in group 2 and 3 displayed similar fluctua-
tion in the wake of time that values of group 2
dropped at 5-min resuscitation and raised at
10-min resuscitation, while 3-min resuscitation
of group 3 significantly transcended others.
Urine IL-18 level of group 2 at 3-min resuscita-
tion exceeded other 3 time point, while L-FABP
levels peaked at 1-min resuscitation. There was
the same trend of urine IL-18 and L-FABP levels
in group 3 that values hit the lowest at 1-min
resuscitation and reached the highest at
10-min resuscitation, while values at 5-min
resuscitation of urine NGAL were significantly
below others. Comparing 3 different interven-
tions at the same time point, plasma NGAL and
IL-18 seemed no significant changes, while
plasma L-FABP indicated significant fluctuation
in resuscitation with 500 ml saline especially
under 4°C. At 1-min resuscitation, the 3 urine
biomarkers showed different trends in different
groups that NGAL levels in group 3 were signifi-
cantly higher than group 1, while group 2 of
L-FABP levels were the highest than other 2
groups which of IL-18 were the lowest. Besides,
urine NGAL levels at 5-min resuscitation in
group 2 and 3 were significantly lower than

Int J Clin Exp Pathol 2015;8(7):8336-8347
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Figure 2. Comparison of renal biomarkers under 3 different interventions in 4 different-time resuscitation. *P <
0.05 compared 4 different-time resuscitation within each group, # < 0.05 compared with group 1 in each-time re-
suscitation, ## < 0.05 versus other 2 groups in each-time resuscitation. A-E shows the comparison of mean values
of plasma renal biomarkers (NGAL, IL-18, L-FABP) under different interventions, with (B-F) displaying them of urine
samples. A: versus 3 groups, in 1-min resuscitation: F=1.237, P=0.318; in 3-min resuscitation: F=3.459, P=0.058;
in 5-min resuscitation: F=1.813, P=0.194; in 10-min resuscitation: F=7.204, P=0.006; B: versus 3 groups, in 1-min
resuscitation: F=5.237, P=0.019; in 3-min resuscitation: F=9.007, P=0.003; in 5-min resuscitation: F=12.196,
P=0.001; in 10-min resuscitation: F=25.210, P < 0.001; C: versus 3 groups, in 1-min resuscitation: F=0.712,
P=0.507; in 3-min resuscitation: F=4.105, P=0.038; in 5-min resuscitation: F=3.541, P=0.055; in 10-min resuscita-
tion: F=3.722, P=0.049; D: versus 3 groups, in 1-min resuscitation: F=58.748, P < 0.001; in 3-min resuscitation:
F=2.778, P=0.094; in 5-min resuscitation: F=34.030, P < 0.001; in 10-min resuscitation: F=224.256, P < 0.001;
E: versus 3 groups, in 1-min resuscitation: F=28.627, P < 0.001; in 3-min resuscitation: F=15.255, P=0.000; in
5-min resuscitation: F=5.254, P=0.019; in 10-min resuscitation: F=56.010, P < 0.001; F: versus 3 groups, in 1-min
resuscitation: F=11.498, P=0.001; in 3-min resuscitation: F=11.279, P=0.001; in 5-min resuscitation: F=21.640,
P=0.019; in 10-min resuscitation: F=17.184, P < 0.001.

group 1, on the contrary, urine IL-18 and L-FABP
levels had an upward trend from group 1 to 3
that values in group 3 were significantly higher
than that of 2 groups. There was a consistently
upward trend of the 3 urine biomarkers at
10-min resuscitation from group 1 to 3 that
they all culminated in group 3.

Discussion

In this study using the swine AMlI-reperfusion-
resuscitation model, we demonstrated the
three novel findings. First, AMI and reperfusion
induced subclinical AKI, which was detected
by increases of urine albumin creatinine ratio,
plasma Cys C level, and novel renal biomarkers,
including plasma and urine NGAL, IL.-18, L-FABP,
consistent with the establishment of type 1
CRS. Secondly, we confirmed the critical role of
renal biomarkers in the timely observation and
comparison of effective interventions for renal
salvage in type 1 CRS. Thirdly, in the very early
stage of type 1 CRS, plasma parameters of
renal function monitored in clinic including Scr,
BUN, Alb levels were not sensitive enough to
reflect the development and progression of
renal damage. Furthermore, this swine AMI-
reperfusion-resuscitation induced subclinical
AKI being closer to the human physiological
status, less trauma, being able for repeated
coronary angiography and electrical physiologi-
cal examination, etc, which provides a good
base of animal model for the further research
on heart-kidney crosstalk.

CRS is defined as a complex pathophysiological
disorder of the heart and the kidneys in which
acute or chronic dysfunction in one organ may
induce acute or chronic dysfunction in the other
organ. This has been recently classified into
five subtypes on the basis of the primary organ

8343

dysfunction (heart or kidney) and on whether
the organ dysfunction is acute or chronic [20].
Of particular interest to the critical care special-
istare CRS type 1 (acute cardiorenal syndrome),
which has been described in 27-45% of hospi-
talized AHF (acute decompensated heart fail-
ure) patients [21, 22] and in 9-54% of ACS
patients [23-26]. CRS type 1 is characterized
by an acute deterioration in cardiac function
that leads to AKI; the spectrum of acute cardiac
dysfunction that could result in AKI includes
AHF, acute coronary syndrome (ACS), and
postcardiotomy low cardiac output syndrome,
among others [27].

In our swine model, AMI and reperfusion pro-
voked only subclinical AKI, which is mainly diag-
nosed by the elevation of the tubular damage
biomarker, NGAL, IL-18 and L-FABP. The con-
cept of subclinical AKI has recently emerged as
a novel entity as the role of biomarkers has
become better established [28]. Emerging evi-
dence suggests that 15-20% of patients who
do not fulfill current serum-creatinine-based
consensus criteria for AKI are nevertheless
likely to have acute tubular damage, which is
associated with adverse outcomes [16]. So,
new diagnostic criteria of AKI that utilizes not
only glomerular filtration rate/urine output, but
also tubular damage markers, have been pro-
posed recently [16]. Patients with subclinical
AKI (tubular damage biomarker positivity with-
out dysfunction), who might not have been rec-
ognized before the biomarker era, are now
known to be at an increased risk of progression
to clinical AKI and, more importantly, are at
an increased risk of adverse outcomes [29].
Therefore, making an early diagnosis, by which
we can identify patients who are likely to bene-
fit from intensive monitoring and precaution for
further damage is vital in clinic.
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Genomic, transcriptomic, and proteomic tech-
niques have identified NGAL as an early marker
of AKI [30, 31]. It has been investigated across
a range of different clinical settings of AKI, such
as after cardiac surgery [32, 33], in critically ill
patients, in patients receiving intravenous con-
trast media infusion for coronary angiography,
and in patients admitted to the emergency
department [34, 35]. Our model showed signifi-
cantly elevated levels of plasma and urinary
NGAL compared with normal control swine.
This is comparable with a recent report that
showed the Ml rats had higher levels of plasma
and urinary NGAL compared with rats in the
sham or volume depletion groups and supports
the key role of measuring the plasma or urine
NGAL level in MI patients with subclinical AKI
[28].

IL-18 is a mediator of inflammation and isch-
emic tissue injury in many organs [36]. Using an
ischemia-reperfusion model of human atrial
myocardium, inhibition of IL-18 with IL-18-
binding protein was associated with improved
cardiac contractile force [37]. In patients with
myocardial ischemia, IL-18 levels were
increased in serum compared with healthy con-
trols [38]. In addition, IL-18 was a mediator of
ischemic ARF in mice, and production of IL-18
was independent of inflammation caused by
neutrophils [39, 40]. In the latter study, I.-18
was detected in isolated mouse proximal
tubules, and the addition of IL-18 to the tubules
exacerbated tubular necrosis. Consistently, we
found that plasma and urine IL-18 were sensi-
tive in AMI-reperfusion swine that it increased
by several-fold after ischemia-reperfusion inju-
ry. It is produced by proximal tubules, activated
by caspase 1, and then excreted into urine
after ischemic injury, thus providing a rationale
for its application as a subclinical AKI biomark-
er [41].

In human kidney, L-FABP is expressed predomi-
nantly in proximal epithelial tubules, where
FABP serves as a target of the highly cytotoxic
aldehydes that are inevitably generated from
lipid peroxidation reaction during reperfusion
[42]. To evaluate the potential role of L-type
FABP (L-FABP) as a biomarker of renal ischemia
in both human kidney transplant patients and
animal models, Tokunori Yamamoto confirmed
that increased urinary L-FABP after ischemic-
reperfusion injury may find future use as a bio-
marker of acute ischemic injury [42]. Our obser-
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vation that plasma and urinary L-FABP level
increased significantly in AMl-reperfusion-
resuscitation swine confirmed its function in
early diagnosis of AKI.

To compare the role of renal biomarkers in the
subclinical AKI model, we observed that chang-
es of urine biomarkers were not unanimous
with plasma ones except for group 3 in which
we resuscitated AMI-reperfusion swine with
4°C 500 ml saline . We consider that the post-
ischemic kidney displays peculiar regional
alterations in blood flow patterns that there is
marked congestion and hypoperfusion of the
outer medulla that persist even though cortical
blood flow improves during reperfusion after an
ischemic insult [43-45]. If we resuscitate with
less effective interventions such as group 1
and group 2, the characteristic post-ischemic
congestion still worsens the relative hypoxia,
leading to prolonged cellular injury and cell
death in these predisposed tubule segments
[46]. However, hypothermia resuscitation may
stop the sustained hemodynamic alterations,
consistent changes of plasma and urine bio-
markers in our study supporting the specula-
tion. Further large-sample clinical study on the
impact of hypothermia resuscitation on type 1
CRS patients is necessary.

Furthermore, clinical urine parameters such as
urine albumin creatinine ratio appear to be
more sensitive than serum ones such as Scr
and BUN which even declined in our subclinical
AKI model. In the very early stage of type 1
CRS, the glomeruli are usually unimpressive
and prominent morphologic features include
effacement and loss of proximal tubule brush
border, patchy loss of tubule cells, focal areas
of proximal tubular dilation and distal tubular
casts, and areas of cellular regeneration [47].
This phase in which ischemic insult occurs
before kidney function begins to fall, probably
represents the most optimal window of oppor-
tunity for early diagnosis and active therapeutic
intervention. Urinalysis has been accepted as
an essential diagnostic tool in the approach to
ARF for years [48]. A higher number of urinary
casts was reported to present in patients with
severe ATN and those who required dialytic
support for their ATN [49]. Besides, numerous
urinary markers of proximal tubular injury have
been studied and correlated with the clinical
course of ARF. In our study, urine AC level didn’t
extremely elevated until 10-min resuscitation
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in group 2 and 3, and in 1, 3, 5-min resuscita-
tion, values in group 2 and 3 were significantly
lower than group 1, indicating hypothermia
resuscitation within 5 minutes may stop isch-
emic renal injury. However, urine biomarkers
which were interfered by alterations of hemody-
namics didn’t show the similar tendency. On
the contrary, plasma NAGL and L-FABP in the
10-min resuscitation of group 3 were signifi-
cantly lower than other 2 groups, may suggest-
ing hypothermia resuscitation effective and
useful even within 10 minutes. Scr and BUN
levels in the 3, 5, 10-min resuscitation of group
3 decreased significantly may be the result of
stopping of sustained renal damage under
resuscitation with 4°C 500 ml saline, which
also indicates the importance of hypothermia
resuscitation.

To our knowledge, there are scant even no lit-
eratures of animal models in type 1 CRS. Our
ischemia-reperfusion swine model being closer
to the human physiological status, less trauma,
being able for repeated coronary angiography
and electrical physiological examination, gives
profound understanding of subclinical AKI in
type 1 CRS. Moreover, the parameters mea-
sured in this model are not monitored time-
dependently. That means they are different
from those observed of 2-hour or 4-hour, 1 day
etc post cardiac surgery in previous literature.
Our finding implies subclinical AKI could occur
in a very early stage in type 1 CRS, which are
much earlier than those have been reported. In
return, it proves the undisputed importance
of those biomarkers in ischemia-reperfusion
injury.

In conclusion, our study on the basis of the type
1 CRS swine model may give some hints in clini-
cal assessments and therapeutic decision-
making. Firstly, monitoring tubular damage bio-
marker status even in the absence of functional
impairment, both in plasma and urine samples,
helps alertness of renal risk and makes effec-
tive salvage timely to improve patients’ progno-
sis. Secondly, urine output continues to repre-
sent a useful parameter for initiating adjust-
ments to fluid balance and the commencement
or ending of RRT (renal replacement treatment),
likewise, glomerular filtration markers, such as
levels of serum creatinine or serum cystatin C,
still are needed for the diagnosis and quantifi-
cation of excretory function loss. It is important
to combine biomarker-driven approach with
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those traditional parameters in the diagnosis
and treatment of Type 1 CRS. Thirdly, hypother-
mia resuscitation with sufficient fluid supply in
a very early stage of subclinical AKI in Type 1
CRS may preserve renal function and reduce
cardiovascular mortality.
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