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Abstract

Background: In cardiorenal syndrome type 2 (CRS2), the role of systemic congestion in heart
failure (HF) is still obscure. We studied a model of CRS2 [monocrotaline (MCT)-treated rats]
secondary to pulmonary hypertension and right ventricular (RV) failure in order to evaluate
the contribution of prevalent congestion to the development of kidney injury. Methods: Ten
animals were treated with MCT for 4 weeks until they developed HF. Eleven animals were
taken as controls. Signs of hypertrophy and dilatation of the right ventricle demonstrated the
occurrence of HF. Brain natriuretic peptide (BNP), serum creatinine (sCreatinine), both kidney
and heart neutrophil gelatinase-associated lipocalin (NGAL), matrix metallopeptidase 9
(MMP9), serum cytokines as well as kidney and heart cell death, as assessed by TUNEL, were
studied. Results: Rats with HF showed higher BNP levels [chronic HF (CHF) 4.8 + 0.5 ng/m|;
controls 1.5 £ 0.2 ng/ml; p < 0.0001], marked RV hypertrophy and dilatation (RV mass/RV vol-
ume: CHF 1.46 + 0.31, controls 2.41 + 0.81; p < 0.01) as well as pleural and peritoneal effusions.
A significant increase in proinflammatory cytokines and sCreatinine was observed (CHF 3.06
+ 1.3 pg/ml vs. controls 0.54 + 0.23 pg/ml; p = 0.04). Serum (CHF 562.7 + 93.34 ng/ml vs. con-
trols 245.3 + 58.19 ng/ml; p = 0.02) as well as renal and heart tissue NGAL levels [CHF 70,680
+ 4,337 arbitrary units (AU) vs. controls 32,120 + 4,961 AU; p = 0.001] rose significantly, and
they were found to be complexed with MMP9 in CHF rats. A higher number of kidney TUNEL-
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positive tubular cells was also detected (CHF 114.01 + 45.93 vs. controls 16.36 + 11.60 cells/
mm?; p = 0.0004). Conclusion: In this model of CHF with prevalent congestion, kidney injury
is characterized by tubular damage and systemic inflammation. The upregulated NGAL com-
plexed with MMP9 perpetuates the vicious circle of kidney/heart damage by enhancing the
enzymatic activity of MMP9 with extracellular matrix degradation, worsening heart remod-
eling. © 2015 S. Karger AG, Basel

Introduction

Cardiorenal syndrome (CRS) is defined as a complex pathophysiological disorder of the
heart and kidneys in which acute or chronic dysfunction of one organ may induce acute or
chronic dysfunction of the other organ [1]. CRS type 2 (CRS2) is characterized by chronic
abnormalities of cardiac function leading to kidney injury or dysfunction [2, 3]. It is difficult
to extract specific mechanisms for CRS2 based on human studies, which are mainly observa-
tional. Therefore, animal studies may provide important insights into the pathogenesis of
CRS2 by mimicking human phenotypes. The predominant mechanisms proposed include
neurohormonal activation, hemodynamic factors such as renal hypoperfusion and venous
congestion as well as inflammation and oxidative stress [2-5].

A decreased glomerular filtration rate may be the result of reduced cardiac output in
systolic heart failure (HF), but in congestive and diastolic HF, this may not be the case. A high
venous pressure is an alternative and important cause of worsening kidney function; in this
case, tubular damage plays a major role [6] and simultaneously constitutes a stimulus for
peripheral synthesis and the release of inflammatory mediators [7]. Moreover, inflammation
could be an additional nonhemodynamic mechanism for the progression of chronic kidney
disease [5, 8] triggered by local kidney factors or by increased gut absorption of endotoxin [9,
10]. In fact, patients with severe HF feature high levels of tumor necrosis factor (TNF)-a and
interleukins (IL) [11].

The aim of our study was to evaluate the contribution of prevalent congestion to the
development of kidney injury in a model of CRS2 secondary to pulmonary hypertension and
right ventricular (RV) failure. Specifically, the aim of the study was (1) to evaluate the occur-
rence and mechanism of kidney damage and (2) to analyze the role of neutrophil gelatinase-
associated lipocalin (NGAL), a product of tubular damage currently used as an early biomarker
of kidney dysfunction, in worsening heart remodeling, contributing to a perpetuation of the
vicious circle of heart/kidney damage.

Materials and Methods

Animals and Development of Pulmonary Hypertension and RV Hypertrophy and Failure

RVHF was induced in 10 male Sprague-Dawley rats (90-100 g) by intraperitoneal injection of 30 mg/
kg monocrotaline (MCT) according to Dalla Libera et al. [12] and Vescovo et al. [13] [chronic HF (CHF) group].
MCT is a well-established model of RVHF which mimics the congestive HF syndrome in humans [12, 13].
Eleven rats treated with saline served as a control group.

Twenty-eight days after MCT injection, all animals were euthanized; their hearts and kidneys were
excised, and parts were frozen in liquid nitrogen or fixed in paraformaldehyde and then embedded in paraffin.
Blood was also drawn. The Biological Ethics Committee of the University of Padua approved the experiments.
The investigation conformed to the Guide for the Care and Use of Laboratory Animals published in 1996 by
the US National Institutes of Health.
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Assessment of RV Hypertrophy and Failure

To ensure that the MCT rats developed RVHF beyond the well-known postmortem signs of congestion,
such as pericardial, pleural and peritoneal effusions, the following measurements were taken: left ventricular
mass/RV mass index (LVM/RVM; an index of hypertrophy) and RVM/RV volume index (RVM/RVVol; an
index of dilatation).

The two indices were calculated by computerized planimetry (Image PRO-Plus 4.0; Media Cybernetics,
Silver Spring, Md., USA) on formalin-fixed transverse sections of the heart taken from the middle portion of
the interventricular septum [14, 15].

Histological Study

At the end of the experiments, the hearts and kidneys were removed from the animals, fixed in neutral
buffered formalin and then processed for histology. H&E, Masson trichrome (for fibrosis) and periodic acid-
Schiff stains were done to define the heart and kidney damage.

Assessment of Cell Death

In situ nick-end labeling (TUNEL) of fragmented DNA was performed on cryosections of the heart and
kidney using an in situ cell death detection kit (POD; Boehringer Mannheim). Labeled nuclei were identified
from the negative nuclei counterstained with TO-PRO-3 and counted after being photographed. The total
number of positive nuclei was determined by counting (magnification x250) all the labeled nuclei presentin
the entire specimen [14, 15]. The number of positive nuclei was then expressed as the number of TUNEL-
positive nuclei per square millimeter [14-16].

Brain Natriuretic Peptide Assessment

Brain natriuretic peptide (BNP) was measured on sera with an enzyme-linked immunoassay (ELISA)
kit (BNP-45 cat. No. EK-011-17; Phoenix Pharmaceuticals Inc., Burlingame, Calif., USA) following the manu-
facturer’s instructions. The antibody was specific for rat BNP [14, 15].

Creatinine Assessment

Creatinine was measured on sera with an ELISA (Rat Creatinine ELISA kit; Cusabio Biotech Co., Tema
Ricerca, Castenaso, Italy) following the manufacturer’s instructions. The antibody was specific for rat creat-
inine. Values are expressed in picograms per milliliter.

NGAL Assessment on Sera
NGAL was measured on sera with an ELISA (Rat NGAL ELISA kit; Bioporto Diagnostics, Bio Exe Research
Technology, Verona, Italy) following the manufacturer’s instructions. The antibody was specific for rat NGAL.

Semiquantitative NGAL mRNA Assessment on Kidney Tissues

The total RNA from rat kidneys was extracted by the acid guanidinium thiocyanate method and the
phenol-chloroform extraction technique. One microgram of RNA was reverse transcribed with MuLV reverse
transcriptase (Life Technologies, Monza, Italy) in the presence of random hexamers according to the manu-
facturer’s instructions. The cDNA was amplified for glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
to evaluate the quality of the extraction.

The quantity of RNA was evaluated by spectrophotometer (NanoVue; GE Healthcare Life Sciences, Euro-
Clone S.p.A., Pero, Italy). PCR amplification products were exported on agarose gel electrophoresis and
stained with ethidium bromide, and gel pictures were taken with Alliance 2.7 (UVITEC Ltd. Cambridge,
Eppendorf, Milan, Italy). Quantitative evaluation was done by Alliance 2.7 1D image software, and the results
are expressed as arbitrary units (AU). The following oligonucleotide primer pairs were used for NGAL:
forward 5-ACATTCGTTGCAAGCTCCAG-3' and reverse 5-TCCGTACAGGGTGACTTTGA-3'. The primer pairs
were designed using Primer 3 (free access) based on published sequences (http://www.ncbi.nlm.nih.gov).

Immunoblotting of NGAL and Matrix Metallopeptidase 9 Proteins on Heart and Kidney Tissues

Heart and kidney samples were homogenized and solubilized in sodium dodecyl sulfate (SDS) buffer [9,
15]. Protein quantification was performed using the Qubit® Protein Assay Kit (Life Technologies) according
to the manufacturer’s instructions. Protein samples were mixed with a nonreducing and a reducing buffer
and incubated for 5 min at either room temperature (reducing and nondenaturing conditions) or 95°C
(reducing and denaturing conditions).
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Table 1. Occurrence of HF and

cardiac remodeling LVM/RVM RVM/RVVol  BNP, ng/ml

Controls (n=11) 2.93+0.35%  241+0.81%  1.5£0.2%*
CHF group (n = 10) 1.85+0.16%*  1.46+031%  4.8+0.5%*

Values are expressed as means * SD. *p = 0.01; **p < 0.001; ***p <
0.0001.

All samples were subsequently separated on 10% gel in SDS-PAGE and transferred onto a nitrocellulose
membrane (Amersham, EuroClone). The membrane was blocked for 1 h with 5% nonfat milk in TBS
containing 0.5% (v/v) Triton X-100 (Sigma-Aldrich) and incubated overnight with polyclonal goat antibodies
against matrix metallopeptidase 9 (MMP9) or NGAL (1:500; Abcam, Prodotti Gianni, Milan, Italy). Blots were
developed using the SuperSignal West Femto ECL substrate (Pierce, EuroClone).

Densitometric software (Alliance 2.7 1D fully automated software) determined the percent distribution
of the NGAL and MMP9 antibodies after image acquisition by Alliance 2.7 (UVITEC, Eppendorf, Milan, Italy).

Bio-Plex Multiplex Cytokine Assay

Serum samples were analyzed with a suspension array system (Bio-Plex; Bio-Rad, Hercules, Calif., USA)
for the quantification of 9 cytokines [IL-1q, -18, -2, -4, -6 and -10, interferon-y (IFN-y) and TNF-«a] following
the manufacturer’s instructions as previously described [14, 15, 17].

Statistical Analysis
Means * SD of the observed data were calculated. Student’s t test was used for unpaired data. p < 0.05
was considered statistically significant. Analysis of variance was also used [14, 15].

Results

Occurrence of HF

At 28 days, postmortem examination of the CHF rats demonstrated pericardial, pleural
and peritoneal effusions characteristic of CHF. LVM/RVM, which is an index of RV hyper-
trophy, was significantly decreased in CHF animals (1.58 + 0.16) compared to controls (2.93
+0.35; p<0.001), indicating that the RV developed mass increased (table 1). RVM/RVVol, an
index of RV dilatation, showed significantly lower values in CHF rats than in controls (1.46 +
0.31vs.2.41+0.81; p=0.01), indicating that for a similar RV mass, CHF rats show greater RV
dilatation (table 1).

BNP confirmed the morphologic data, showing high levels in CHF rats compared to
controls and thereby confirming the presence of RVHF in this group (4.8 + 0.5 vs. 1.5+ 0.2 ng/
ml; p < 0.0001; table 1; fig. 1a).

Serum Cytokine Levels

CHF rats showed increased serum levels for all the cytokines measured. This was partic-
ularly true for TNF-a (CHF 1,325.37 + 559.95 pg/ml vs. controls 84.46 * 64.50 pg/ml), IL-1«
(CHF 183.71 £ 51.61 pg/ml vs. controls 78.31 * 26.07 pg/ml), IL-4 (CHF 731.67 + 154.83 pg/
ml vs. controls 316.62 + 12.55 pg/ml), IL-6 (CHF 5,314.93 * 1,632.98 pg/ml vs. controls
1,754.01 + 188.85 pg/ml) and IL-10 (CHF 2,613.10 * 934.04 pg/ml vs. controls 847.70 *
152.19 pg/ml), which showed significantly higher levels (p < 0.05; fig. 2).

Serum Creatinine Levels

CHF rats showed a significant rise in serum creatinine (sCreatinine; see fig. 1c for the time
course of sCreatinine levels). One week after MCT injection, the sCreatinine level was 0.7 *
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Fig. 1. Kinetic and final values for BNP, sSNGAL and sCreatinine. a Kinetic curve of BNP levels on rat sera dur-
ing the 4 weeks of the experiments. At 3 weeks, CHF rats showed significantly higher BNP levels than con-
trols. At 4 weeks, CHF rats showed high levels of BNP (4.8 + 0.5 ng/ml), confirming the presence of RVHF in
CHF rats compared to controls (1.5 + 0.2 ng/ml; p < 0.0001). b Kinetic curve of NGAL on rat sera. Similarly
to BNP levels, sSNGAL levels were significantly elevated in MCT-treated rats. Note that 1 week after MCT in-
jection, SNGAL levels reached up to 268.5 = 75.9 ng/ml. The histogram shows the NGAL values on rat sera at
4 weeks for CHF rats (536.9 + 53.7 ng/ml) and controls (245.3 + 58.19 ng/ml; p = 0.02). ¢ Kinetic curve of
creatinine on rat sera. One week after MCT injection, sCreatinine was 0.7 + 0.1 pg/ml and reached up to 3.06
+ 1.3 pg/mlin the fourth week. The histogram shows the sCreatinine values after 4 weeks of MCT treatment
(3.06 + 1.3 pg/ml) compared to controls (0.54 + 0.23 pg/ml; p = 0.04).
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Fig. 2. Serum cytokine levels. Inflammatory/immune mediators IL-1a, -1, -2, -4, -6 and -10, [FN-y and TNF-a
were determined with a Bio-Plex suspension assay on rat sera. Values are the means of the experiments run
in duplicate + SE. CHF rats show increased levels of all cytokines compared to controls, which very likely is
aresult of the general inflammation triggered by HF. * p < 0.05.
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0.1 pg/ml, and itreached up to 3.06 * 1.3 pg/ml in the fourth week, in contrast to the controls,
which showed a value of 0.54 + 0.23 pg/ml (p = 0.04; fig. 1c) in the fourth week.

Serum NGAL Levels

Similarly, CHF rats showed a significant rise in serum NGAL (sNGAL; see fig. 1b for the
time course of SNGAL values). One week after MCT injection, the sSNGAL level was 268.5 + 75.9
ng/ml, and it reached 536.9 + 53.7 ng/ml in the fourth week of treatment. The sSNGAL level in
CHF rats was 562.7 + 93.34 ng/ml in the fourth week, which was significantly higher than that
in controls (245.3 + 58.19 ng/ml; p = 0.02; fig. 1b).
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H&E H&E Masson trichrome PAS

Fig. 4. Kidney histology. a, b, e, f H&E staining showing the absence of glomerular, interstitial and vascular
lesions in controls and CHF rats. Only a tubular dilatation due to congestion is present in CHF rats (red ar-
rows). Original magnification: x20 (a, e), x40 (b, f). ¢, g Masson trichrome staining showing tubular dilata-
tion in CHF rats compared to controls, but no presence of fibrosis in the kidney. Original magnification: x40.
d, h Periodic acid-Schiff (PAS) staining highlighting tubular epithelial denudation, an early histological mark-
er of tubular damage, in CHF rats compared to controls (red square). Original magnification: x40. Color refers
to the online version only.

Tissue NGAL Levels
In the kidneys of CHF rats, the mRNA expression of NGAL was significantly higher than
that found in controls (70,680 * 4,337 vs. 32,120 + 4,961 AU; p = 0.001; fig. 3).

Kidney Histology

On histology, no sign of glomerular damage was detectable. Instead, tubular dilatation
was evident (fig. 4e-h). Neither signs of fibrosis (fig. 4g) nor of inflammatory infiltrate were
observed in the kidneys of CHF rats (fig. 4).

Cell Death

Cell death was significantly increased in both the heart and the kidney of CHF rats. The
number of TUNEL-positive kidney cells was found to be significantly higher in CHF rats than
in controls (114.01 + 45.93 vs. 16.36 + 11.60 cells/mm?; p = 0.0004; fig. 5a). Cell death
occurred almost exclusively in tubular cells, and glomerular cells were in fact spared (fig. 5b).
Also in the heart, the number of TUNEL-positive cells was significantly higher in CHF rats than
in controls (52.04 + 26.64 vs. 7.52 + 4.75 cells/mm?; p = 0.05; fig. 5a).

Protein Expression of NGAL and MMP9 in Hearts and Kidneys

Western blotting of heart and kidney samples performed both in reducing and dena-
turing conditions revealed the presence of 25- and 50-kDa bands, which corresponds to
monomers and dimers of NGAL (fig. 6a). Control rats showed a predominance of the 50-kDa
form, while the CHF group showed both the 25- and the 50-kDa form. The optical density of
heart NGAL was two-fold higher in CHF rats (6,056,000 + 877,500 AU) than in controls
(3,508,000 £ 193,800 AU; p = 0.01; fig. 6d).

The same NGAL samples blotted against anti-MMP9 revealed the presence of a 50- to
55-kDa band, which corresponds to the MMP9 monomer. In CHF rats, we also found bands at
115,130 and 220 kDa, representing the complexed forms of NGAL/MMP?9 (fig. 6b). This kind
of pattern was more evident in the heart samples.
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Fig. 5. Cell death assay. a The his-
togram shows the degree of apop-
tosis [TUNEL-positive (T+) cells] Controls CHE Controls CHE
quantified by TUNEL assay in the a Kidney Heart
kidney and heart. In CHF rats, cell
death was significantly increased
both in the kidney and heart.
b Representative images of con-
trols (left) and CHF rats (right)
made with the TUNEL technique.
White arrows indicate TUNEL-
positive cells identified by brown
nuclei. Note the lower degree of
TUNEL-positive cells in controls
for both kidney and heart sam-
ples. Color refers to the online
version only.

Western blots of heart and kidney samples, performed both in nonreducing and in non-
denaturing conditions, confirmed the presence of the complexed NGAL/MMP9 in these two
kinds of samples of CHF groups as compared to controls (fig. 6¢).

Discussion

In this well-characterized model of RV failure and systemic congestion with preserved
left ventricular ejection fraction, kidney injury occurred as demonstrated by increased levels
of sCreatinine and NGAL. MCT-treated rats developed RVHF and congestion, as demonstrated
by the clinical signs (presence of ascites, pleural and pericardial effusions), by the elevated
BNP levels and by the morphologic changes of the right ventricle with hypertrophy and dila-
tation.

In animals with a normal left ventricle at histology and morphometric analysis, no
glomerular, vascular and interstitial damage was present (fig. 4). Therefore, we can reasonably
exclude a toxic effect of MCT in that it produces kidney damage only at high doses adminis-
tered for prolonged periods of time [18, 19].

A systemic inflammatory response, which is also a consequence of HF, occurred as
demonstrated by the elevated levels of circulating proinflammatory cytokines. The inflam-
matory response was likely to be responsible for the high levels of cell death found in the
kidney and the heart.
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Fig. 6. Protein expression of NGAL and MMP9 on heart and kidney tissue. a Representative Western blots for
NGAL detection in kidneys and hearts performed in reducing and denaturing conditions. The Western blots
revealed the presence of 25- and 50-kDa bands, which correspond to monomers and dimers of NGAL protein.
Also note the presence, in CHF rats, of the 130-kDa band, which represents complexed NGAL/MMP9 (red
square). b Representative Western blots of the same sample for MMP9 detection in kidneys and hearts per-
formed in reducing and denaturing conditions. The Western blots revealed the presence of a 50- to 55-kDa
band, which corresponds to the MMP9 monomer. In CHF rats, we also found bands at 115, 130 and 220 kDa
(red square) in the heart, representing the complexed forms of NGAL/MMP9. This kind of pattern is more
pronounced in heart tissue. ¢ Representative Western blots of heart and kidney samples performed both in
nonreducing and in nondenaturing conditions (that preserved the native complex form), confirming the
presence of complexed NGAL/MMP9 in both kidney and heart samples of CHF rats compared to controls.
d Semiquantitative optical density of NGAL in the heart, where NGAL protein expression was twice as high
in CHF rats compared to controls (p = 0.01). e Semiquantitative optical density of NGAL in the kidney. Color
refers to the online version only.

Cell death in the kidney was almost exclusively confined to tubular cells, and this accounts
for tissue and plasma NGAL release. It suggests that a congestion-induced increase in kidney
intravenous pressure is responsible for the tubular damage and NGAL release [16, 20, 21].

However, NGAL release may also be the result of kidney inflammation [3, 4, 22]. Although
serum cytokine levels were high, inflammatory cell infiltrates and fibrosis were not seen in
the kidney. In contrast, we found a high number of TUNEL-positive cells both in the kidney
and in the heart [4, 13, 16, 23, 24]. The source of the inflammation is certainly multifactorial,
and either the heart or the kidney could be its active source [21, 24]. It is possible that kidney
hypoperfusion in systolic HF and congestion in diastolic and congestive HF may form two
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Fig. 7. Vicious circle of congestion and heart/kidney damage in CRS2. The image represents the interrelation-
ship between the heart and kidney leading to a vicious circle amplifying the damage. RVHF increases the ve-
nous pressure, with consequent tubular damage, inflammation, cytokine activation, kidney NGAL release and
NGAL-MMP9 upregulation in the kidney. The upregulated NGAL-MMP9 complex perpetuates the vicious cir-
cle of kidney/heart damage by enhancing extracellular matrix degradation and worsening heart remodeling.
WHF = Worsening HF; WKF = worsening kidney function.

different pathways by producing an inflammatory milieu, tubular damage and NGAL release.
Ithas been shown that congestion by itself may trigger inflammation, as observed by Colombo
et al. [7]; they demonstrated in humans that forearm vein ligation induces the release of
proinflammatory cytokines from the endothelium.

In our animals, increased intrarenal venous pressure triggered tubular damage. The
released NGAL induced a further burst of inflammatory cytokines that, by endocrine or para-
crine mechanisms, produced organ damage to the heart [12, 13, 16] and kidney, as well as to
other organs such as skeletal muscles and the lung, as previously observed by our group [14,
15]. Venous hypertension and congestion may also activate the systemic and intrarenal renin-
angiotensin-aldosterone system [25]. Neuroendocrine activation, with elevated levels of
angiotensin II, catecholamine and BNP, also contributes to organ damage and a further dete-
rioration of heart and kidney function [12, 14].

In our model of CRS2, we confirmed the role of NGAL as an early biomarker of kidney
injury, in that its appearance in the blood far precedes the rise in sCreatinine. This paper also
supports the concept of a perpetuation of heart and kidney damage in CRS2. In fact, we
demonstrated that NGAL released by tubuli is complexed with MMP9 protein in both heart
and kidney CHF rats. NGAL (a specific MMP9 binder) binds MMP9, protecting it from degra-
dation with enhancement of its enzymatic activity, leading to increased collagen breakdown
with consequent negative heart remodeling [26-29] (fig. 7).

Conclusions
To the best of our knowledge, this is one of the few studies exploring the pathophysiology

of CRS2 in animals, shedding light on the mechanism involved in this syndrome. This paper
shows the role of congestion in the development of tubular injury with release of NGAL. On
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the basis of our findings, we put forward the hypothesis that congestion may lead to devel-
opment of tubular injury with release of NGAL.

NGAL released from renal tubular cells can be seen not only as an early marker of kidney
damage but also as an effector. In fact, NGAL also produces further inflammation and heart
damage through modulation of the degradation activity of MMP9 (fig. 7). The discovery of this
mechanism can open new avenues for the treatment of HF with drugs such as neprilysin, an
endopeptidase inhibitor that interferes also with the cleavage of zinc-dependent metallopro-
tease, which in clinical trials has been shown to improve mortality and preserve heart and
kidney function [30].
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