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Introduction:We investigated the effects of humanamnioticfluid stem cells (hAFS) and rat adipose tissue stromal
vascular fraction GFP-positive cells (rSVC-GFP) in a model of cardio-renal syndrome type II (CRSII).
Methods and results: RHF was induced by monocrotaline (MCT) in 28 Sprague-Dawley rats. Three weeks later,
four million hAFS or rSVC-GFP cells were injected via tail vein. BNP, sCreatinine, kidney and heart NGAL and
MMP9, sCytokines, kidney and heart apoptosis and cells (Cs) engraftment were evaluated.
Cell-treated rats showed a significant reduction of serum NGAL and Creatinine compared to CRSII. In both hAFS
and rSVC-GFP group, kidney protein expression of NGAL was significantly lower than in CRSII (hAFS p = 0.036
and rSVC-GFP p b 0.0001) and similar to that of controls. In both hAFS and rSVC-GFP treated rats, we observed
cell engraftment in the medulla and differentiation into tubular, endothelial and SMCs cells. Apoptosis was sig-
nificantly decreased in cell-treated rats (hAFS 14.07 ± 1.38 and rSVC-GFP 12.67 ± 2.96 cells/mm2) and similar
to controls (9.85 ± 2.1 cell/mm2). TUNEL-positive cells were mainly located in the kidney medulla. Pro-
inflammatory cytokines were down regulated in cell-treated groups and similar to controls. In cell-treated rats,
kidney and heart tissue NGAL was not complexed with MMP9 as in CRSII group, suggesting inhibition of
MMPs activity.
Conclusion: Cell therapy produced improvement in kidney function in rats with CRSII. Thiswas the result of inter-
stitial, vessel and tubular cell engraftment leading to tubular and vessel regeneration, decreased tubular cells ap-
optosis and mitigated pro-inflammatory milieu. Reduction of NGLA-MMP9 complexes mainly due to decrease
MMPs activity prevented further negative heart remodeling.

© 2018 Elsevier B.V. All rights reserved.
Keywords:
Cardiorenal syndrome type II
NGAL
Stem cells
Congestive heart failure
Remodeling
1. Introduction

Cariorenal syndrome type II (CRSII) is defined as kidney injury in the
setting of chronic heart failure [1,2].Many are themechanisms underly-
ing kidney damage. These encompass decrease cardiac output with low
kidney perfusion inducing reduced glomerular function, splanchnic
congestion leading to tubular injury, neuroendocrine and inflammatory
factors [1,2]. In CRSII the heart-kidney crosstalk is as such that kidney
damage, once established, produces a vicious circle that in turn leads
to a further heart damage [3,4,5]. The reversibility of kidney damage
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in CRSII is still debated. Neither in animal studies, nor in heart failure
clinical trials, this hypothesis has been ever demonstrated. One possible
future development is the use of stem cells to ameliorate kidney func-
tion by acting on paracrine mechanisms, decreasing inflammation,
repairing tissue damage and producing organ favorable remodeling
[6–8]. These hypotheses have been confirmed in diabetic nephropathy
[9–11] and inmodels of kidney damagewheremesenchymal bonemar-
row stem cells [12–16] and human adipose derived stem cells were
used [17].

Aim of our studywas to explorewhether in an animalmodel of right
congestive heart failure (themonocrotaline treated rat), the in-vivo ad-
ministration of adipose stromal vascular cells or amniotic fluid stem
cells was able to block and/or reverse the pathophysiological mecha-
nisms leading to congestion-induced tubular damage in CRSII.
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2. Material and methods

2.1. Animals and experimental protocols and cells characterization

2.1.1. Animals and experimental protocols
Right sided heart failure (RHF) was induced in male Sprague-Dowley rats, weighting

90 to 100 g, by injecting intraperitoneally 30 mg/Kg of monocrotaline (MCT) according to
Vescovo et al. [18–26].

MCT is a well-established model of RHF which mimics the CHF syndrome in man
[17–26].

After 21 days, a time-point when pulmonary hypertension (PH) is present and right
ventricle (RV) hypertrophy and right ventricle failure (RVF) have developed, the rats
were randomly separated into three different groups:

I. Ten MCT rats treated with saline, serving as a control group with PH and RVF (CRSII
group)

II. Seven CRSII rats injected with c-Kit–selected hAFS harvested from human amniocen-
tesis specimens (hAFS group)

III. Eleven CRSII rats injected with rSVC-GFP, stromal vascular fraction cells harvested
from adipose tissue of GFP rats (rSVC-GFP group).

Another group of ten rats treated with saline served as control group.
All the groups received treatment with cyclosporine (10 mg/kg/die) and azitromycin

in drinking water, which was started at day 21 after MCT administration.
All animalswere killed at day thirty. Hearts and Kidneywere excised and frozen in liq-

uid nitrogen or paraformaldehyde-fixed and paraffin-embedded. Blood sampleswere also
collected.

Experiments were approved by the University of Padua Biological Ethical Committee
and the Investigation conforms to the Guide for Care and Use of Laboratory Animals pub-
lished in 1996 by the US National Institute of Health [6,7].

2.1.2. Isolation, culture and injection of hAFS cells
Human AFS c-Kit selected (hAFS) cells were derived according to De Coppi et al. [28],

and Angelini et al. [6,7]. Samples of amniotic fluid cells (AF) were collected by amniocen-
tesismean gestational age 12 weeks, during routine prenatal diagnosis. A written consen-
sus was obtained from each woman to use the AF experimentally.

Cytogenetic analysis was performed as reported in Angelini et al. and Castellani et al.
[6,7]. These cells showed self-renewal and multi-lineage potential as already described
[27–28].

Characterization of hAFS has been already performed and previously reported [7,28].
During all culture periods (from P3 to P8), hAFS cells highly expressed (90%) CD29,

CD44 (hyaluronate receptor) and stromal cell markers as CD90 (Thy-1), CD105 (endoglin,
TGFbeta receptor) and CD73. Cells also expressed HLA-ABC but not HLA-DR. The absence
of the latter and the CD73 detection indicate low immunogenicity profile of the selected
and cultured cells [6,7,28].

2.1.3. Cytofluorimetric analysis of hAFS cells
Human AFS cells were incubated with anti-human antibodies: CD29 FITC, CD44.
FITC, CD73 PE, CD90 FITC, CD105 PE, CD80 FITC and CD86 PE (Beckton Dickinson,

Pharmingen, San Jose, CA), SSEA-4 FITC (Santa Cruz). Cells have been analyzed for HLA-
ABC FITC and HLA-DR PE (Immunotech, Marseille, France).

Analysis was performed by a COULTER Epics XL-MCL cytometer (Beckman Coulter,
CA) and data were elaborated by means of EXPO™ 32 ADC Software.

After 5–6 passages 4 × 106 cells were suspended in a Dulbecco solution and injected
[6,7]. In a previous series of experiments we demonstrated the absence of effects of the
Dulbecco solution injected in a group of normal rats [6,7]..

2.1.4. Isolation, characterization and injection of rSVC-GFP cells
The stromal vascular fraction was isolated from subcutaneous adipose tissue of

3-months-old GFP+ transgenic Wistar rats upon collagenase type II digestion (1 mg/mL)
(Sigma-Aldrich) in DMEM at 37 °C for at least 1 h. The sedimented stromal vascular cells
(rSVC) obtained by 350g centrifugation were re-suspended in an erythrocyte-lysing buffer
for 5 min and then washed two times in DMEM [6,7].

Freshly isolated rSVC-GFP expressed CD29, CD44 and CD73, even though a lower per-
centage of cells was positive compared to hAFS. The presence of these mesenchymal
markers highlighted the stromal properties of the obtained cells. The positivity for CD31
and CD34 may be related to the vascular precursor component of this cell population.

Since the cells have not been selected, we could detect a low percentage of CD45 pos-
itive cells. For more details, refer to previously data published by our group [6,7].

rSVC-GFP cells includes a population of vascular cells (pericytes and endothelial pro-
genitor cells), progenitor cells and multipotent mesenchymal cells [29–31].

2.1.5. Cytofluorimetric analysis of rSVC-GFP positive cells
Rat SVC-GFP positive cells were incubated with CD29-FITC, CD31-PE, Cd34-PE, CD44-

FITC, CD45-PE, CD73-PE, purchased from BD and Biolegend.
Analysis was performed by a COULTER Epics XL-MCL cytometer (Beckman Coulter,

CA) and data were elaborated by means of EXPO™ 32 ADC Software.
After characterization, freshly isolated 4 × 106 cells in 500 μL DMEMwere suspended

in a Dulbecco solution and immediately injected via tail vein in the recipient rats as de-
scribed above [3].
2.1.6. Assessment of RV hypertrophy and failure
In order to make sure that the MCT animals developed RHF, beyond the well-known

post-mortem signs such as pericardial, pleural and peritoneal effusions, the following
measurements were taken:

- Right Ventricle Mass/Left Ventricle Mass (RVM/LVM) (Index of Hypertrophy)
- Right Ventricular Mass/Right Ventricular Volume index (RVM/RVV) (Index of dilata-

tion) [6,7,18].

These two latter indiceswere calculatedwith a validatedprocedure currently adopted
in our laboratory, using a computer-based image analyzer system consisting of an Olym-
pus BH2 optical microscope connected to a computer via a video camera (JVC 3-CCD,
Yokohama, Japan) and software for image analysis (Image PRO-Plus 4.0; Media Cybernet-
ics, Silver Spring, MA), on formalin fixed transverse sections of the heart taken in themid-
dle portion of the interventricular septum [6,7].

2.1.7. Assessment of cell death and kidney histology
In situ nick-end labeling (TUNEL) of fragmented DNAwas performedon cryo-sections

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 by
DAB and counted after being photographed. The total number of positive nucleiwas deter-
mined by counting (magnification 250×) all the labeled nuclei present in the entire spec-
imen. The number of positive nuclei was then expressed as number of TUNEL-positive
nuclei per square millimeter [3,6,7] Kidney Histology was performed on longitudinal sec-
tions of the entire left kidney of each animal. H&E and trichrome stains were used for de-
tection of inflammation, congestion, glomerular and tubular damage.

2.2. Biomarker assessment of heart failure and CRSII occurrence

2.2.1. Brain natriuretic peptide assessment
Brain natriuretic peptide (BN) was measured on sera with an enzyme- linked

immunoassay (ELISA kit; BNP-45 Cat. No. EK-011-17; Phoenix Pharmaceuticals, Inc.,
Burlingame, CA) following the manufacturer's instructions. The antibody was specific for
rat BNP [3].

2.2.2. Creatinine assessment
Creatinine was measured on sera with an enzyme-linked immunoassay (Rat Creati-

nine (Cr) ELISA kit; CUSABIO BIOTECHCO., TEMARicerca, Italy) following themanufactur-
er's instructions. The antibody was specific for rat Creatinine. Values were expressed in
pg/mL [3].

2.2.3. Neutrophil gelatinase-associated lipocalin (NGAL) assessment on sera
Neutrophil gelatinase-associated lipocalin (NGAL) was measured on sera with an

enzyme-linked immunoassay (Rat NGAL ELISA kit; BIOPORTO Diagnostics, Bioexe Re-
search Technology, Verona, Italy) following the manufacturer's instructions. The antibody
was specific for rat NGAL [3].

2.2.4. Bio-Plex multiplex cytokine assays
2 mL whole blood was obtained from each rat; after 30′ incubation at 37 °C to induce

coagulation, samples were centrifuged at 13200 rpm for 10 min at 4 °C. Serum samples
were then analyzed through a Bioplex suspension array system (Bio-Rad, Milan, Italy) in
order to quantify 9 cytokines: IL-1α, IL-1β, IL-2, IL-4, IL-6, IL-10, GM-CSF, IFN-γ and
TNF-α, following the manufacturer's instructions. Briefly, serum samples and standards
were incubatedwith amixture of 5000 beads for cytokine for 30min at room temperature
in a 96-well sterile filter plate; after three washings, a cocktail of biotinylated antibodies
was added; after a 30-minute incubation and three washings, streptavidin-PE was
added to the samples. Finally, after a 10-minute incubation, the plate was read with
Bioplex Manager software (Bio-Rad, Milan, Italy) [32].

2.3. Molecular tissue remodeling

2.3.1. Immunoblotting of NGAL and MMP9 proteins on heart and kidney tissues.
Heart and kidney samples were homogenized and solubilized in sodium dodecyl sul-

fate (SDS) buffer [6,32,33]. Protein quantification was performed using Qubit® Protein
assay Kit (Life Technologies, Monza, Italy) according to the manufacturer's instructions.
Protein samples were mixed with a non-reducing and reducing buffer and incubated for
5 min at either room temperature (reducing and non denaturating conditions) or 95oC
(reducing and denaturating conditions).

All samples were subsequently separated on a 10% gel in a SDS-PAGE and transferred
onto a nitrocellulose membrane (Amersham, Euroclone, Italy). The membrane was
blocked for 1 h with 5% non-fat milk in the TBS containing 0.5% (v/v) Triton X-100.

(Sigma-Aldrich), and incubated overnight with polyclonal goat antibodies against
MMP9, or NGAL (1:500, Abcam, Prodotti Gianni, Milan, Italy). Blots were developed
using the SuperSignal West Femto ECL substrate (Pierce, Euroclone, Italy).

The percent distribution of theNGAL andMMP9 antibodieswas determined by a den-
sitometric software (Alliance 2.7 1D fully automated software) after image acquisition by
Alliance 2.7 (UVITEC, Eppendorf, Italy) [3].
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2.4. Transplanted cells engraftment and differentiation

2.4.1. Immunohistochemistry and double-immunofluorescence study
Kidneys paraffin-embedded sections (5 μm thick)were prepared, treated, and stained

for immunohistochemistry according to standard procedures.
The antibodies used were GFP-specific antibody (Abcam, Prodotti Gianni, Milan,

Italy), alfa human mitochondria antibody (Thermo Scientific, USA), alfa smooth muscle
actin (DakoCytomation, Glostrup, Germany), alfa von Willebrand factor (Chemicon,
Prodotti Gianni, Milan, Italy), CD68 (macrophages, Chemicon, Prodotti Gianni, Milan,
Italy), anti MNF116 (Prodotti Gianni, Milan, Italy). Bound antibodies were visualized
with anti-mouse or anti-rabbit FITC or rhodamine (TRITC)-conjugated secondary anti-
bodies (Chemicon, Millipore, Prodotti Gianni, Milan, Italy). Nuclei were stained with
TO-PRO-3 (Invitrogen, Molecular Probes, Eugene, OR). Micrographs were taken using
a laser scanner confocal microscope (Model TCS-SL; Leica, Germany). Samples were
also taken from spleen and rSVC-GFP and hAFS cells counted to exclude excessive
hemocatheresis.
2.4.2. Assessment of cells differentiation
Similarly hAFS and rSVC-GFP co-expressing alfa SMA, vWf and positive cells were

counted by two independent pathologists on high-power images. Three sections per ani-
mal and 12 randomly chosen fields per section were evaluated. Cells number was
expressed either as percentage or total number per μm [2] [6,7].
2.5. Statistical analysis

Means±SDormeans±SEwere calculated. Student t-test for unpaireddata and anal-
ysis of variance were used. A 5% difference was defined as statistically significant. ANOVA
was used for comparing differences in cytokine levels.
3. Results

3.1. Evaluation of occurrence of heart failure and CRSII

3.1.1. Morphological data
At post-mortem examination, CRSII rats showed pericardial, pleural

and peritoneal effusions characteristic of Heart Failure (HF). LVM/RVM,
which is an index of RV hypertrophy, was significantly decreased in
CRSII animals compared with controls (1.584 ± 0.156 vs 2.838 ±
0.354, p b 0.0001), indicating that RV developed hypertrophy
(Fig. 1A). Stem cells treated rats (SCT) showed intermediate values be-
tween CRSII rats and controls for both hAFS (2.084 ± 0.200, p b 0.0001
vs CRSII) and rSVC-GFP groups (2.164 ± 0.274, p= 0.012 vs CRSII), in-
dicating decreased RV hypertrophy after cell-treatment. RVM/RVV, an
index of RV dilation, in SCRII rats was significantly lower compared to
controls, indicating that, for a similar RVmass, therewas a greater RVdi-
lation (Fig. 1A). Both hAFS (2.184 ± 1.01, p b 0.001 vs CRSII) and rSVC-
GFP (2.249 ± 0.723, p= 0.03 vs CRSII) showed higher values for RVM/
RVV compared with CRSII group, suggesting that RV dilation was re-
duced. Clearly these values were not equal to those of controls, but
they confirmed a trend toward a positive remodeling in terms of reduc-
tion of RV hypertrophy and dilatation.
3.1.2. Biomarkers of heart failure and CRSII
BNPwas increased in CRSII rats when compared to controls (4.833±

1.329 ng/mL vs 1.427 ± 0.422 ng/mL, p b 0.0001). hAFS and rSVC-GFP
rats groups showed a significant decrease when compared with CRSII
(2.314 ± 0.793 ng/mL and 2.345 ± 1.025 ng/mL, p = 0.0012 and p =
0.0038 vs CRSII respectively, Fig. 1A).

The occurrence of kidney damage in CRSII rats was demonstrated by
the significantly higher values of sCreatinine (3.5 ± 3.3 pg/mL, p =
0.012 vs controls) and sNGAL (532.7±280ng/mL, p=0.02 vs controls)
compared to controls (sCrea 0.5 ± 0.6 pg/mL and sNGAL 245.3 ±
154 ng/mL).

In hAFS and rSVC-GFP groups sCreatinine and sNGAL were reduced
when compared to CRSII, as showed in Fig. 1A (sCrea hAFS p = 0.07,
rSVC-GFP p = 0.024 and NGAL hAFS p = 0.07, rSVC-GFP p = 0.05 vs
CRSII respectively).
3.2. Assessment of kidney damage (histology - apoptosis)

CRSII rats showed histological signs of tubular necrosis and dilata-
tion with nuclear loss without presence of fibrosis, as seen in Fig. 1B.
In cell-treated rats tubular size seem to be similar to that of controls
with no sign of dilatation (Fig. 1B;b,e and h). CRSII rats showed tubular
dilatation, an early histological marker of tubular damage, as
highlighted by Fig. 1B,f. In cell-treated rats we found a positive remod-
eling of tubuli, which seems tomaintain the epithelium integrity similar
to those of controls (Fig. 1B; c,i). In all groups, no glomerular damage
was evident.

Apoptosis data are reported in Fig. 1 and Table 1 in Data in Brief ar-
ticle. The number of apoptotic nuclei in CRSII was 11 folds greater than
in controls group (CRSII 82.58 ± 25.01 TUNEL + cells/mm2 vs controls
7.601 ± 7.11 TUNEL + cells/mm2, p = 0.036 Table 1 in data in brief
article). A significant decrease of apoptotic cells was seen in the cell-
treated animals (hAFS 14.07 ± 1.38 and rSVC-GFP 12.67 ± 2.69
TUNEL + cells/mm2 Table 1 in data in brief article).

The differential count of apoptotic nuclei in the kidney cortex and
medulla, showed that damage was prevalent in the medulla, where tu-
bules are mainly located. In fact in accordance with the histological fea-
tures, no difference in apoptosis in the cortex of the cell-treated animals
compared to CRSII group was detected. Apoptotic nuclei in the medulla
of hAFS and rSVC-GFP groups showed a significant decrease compared
to CRSII group (26.4 ± 3.01 and 25.46 ± 6.35 TUNEL + cells/mm2,
p = 0.03 vs CRSII 82.58 ± 25.01 TUNEL + cells/mm2, Table 1 in
data in brief article).

A significant (p b 0.0008) correlation was found between the num-
ber of apoptosis in the medulla and sNGAL confirming the hypothesis
that tubular damage due to congestion plays a pivotal pathophysiolog-
ical role in CRSII.

3.3. Inflammatory citokines

Fig. 2 (in data in brief article) shows the serum levels of pro and anti-
inflammatory cytokines. The TNF-α, IL-1α, IL-6 and IL-10 levels were
significantly increased in CRSII animal when compared to controls.
Cell-treatment brought about significant changes of TNF-α (p =
0.049), IL-6 (p=0.032) and IL-10 (p=0.031) levels with the exception
of IL-1α that came out to show only a trend to difference (p = 0.079).
However, changes in cytokine levels were more marked in the rSVC-
GFP animals.

3.4. Tissue NGAL in kidneys and heart

Western blot of heart and kidney samples performed both in reduc-
ing and denaturing conditions revealed the presence of 25 and the
50 kDa bands, which correspond to monomers and dimers of NGAL
(Fig. 2a and f). The optical density of heart and kidney NGAL was
2.3 and 2.4 fold-higher in CRSII (4.51 × 107 ± 0.67 A.U. in heart and
5.13 × 106 ± 1.51 × 106 A.U. in kidney) than in controls (1.93 × 107 ±
0.64 × 107 A.U. in heart, 2 × 106 ± 1.4 × 106 A.U. in kidney, p =
0.0079 and p = 0.00014 respectively) (Fig. 2e and l). In CRSII tissues,
western blot for MMP9 protein of the same samples revealed the pres-
ence of bands at 115, 130 ad 210–220 kDa, representing the complexed
forms of NGAL/MMP9 (Fig. 2 b and g). Western blot of kidney and
heart samples, performed both in non-reducing and in non-denaturing
conditions, confirmed the presence of the NGAL/MMP9 complexes in
CRSII group (Fig. 2c,d and h,i) thus enhancing MMP9 protease tissue
activity.

In the kidney, semi quantitative optical density in cell-treated rats
showed a significantly decrease in NGAL (2.06 × 106 ± 1.2 × 106 A.U.
p = 0.0036 hAFS and 1.89 × 106 ± 0.77 × 106 A.U. p b 0.0001in rSVC-
GFP vs CRSII, Fig. 2e). Similarly in the heart of cell-treated rats,
semi quantitative optical density showed a significant decrease
of NGAL levels 2.56 × 106 ± 1.18 × 106 A.U., p = 0.0017 hAFS and
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2.25 × 106 ± 1.03 × 106 A.U., p=0.0051 rSVC-GFP vs CRSII rats, Fig. 2l.
In cell-treated rats,Western blot for NGAL andMMP9proteins of kidney
and heart samples performed in non-reducing and non-denaturing con-
ditions, showed only faint bands at 115, 130 and 220 kDa, demonstrat-
ing a reduction in NGAL/MMP9 complexes (Fig. 2c,d and h,i) thus
favoring the inhibition of MMP9 degradation activity and the negative
remodeling.
3.5. Transplanted cells engraftment and differentiation

The transplanted cells that passed the pulmonary filter (Fig. S1)
engrafted in different organs as follows: Lung: hAFS: 13 ± 2; rSVC-
GFP: 56 ± 5 mm2 (Fig. S1); Heart: hAFS: 3,5 ± 0,3; rSVC-GFP: 1,2 ±
0,8 mm2; Skeletal muscle hAFS: 2,3 ± 0,4; rSVC-GFP: 8,9 ± 0,7 mm2.

The number of engrafted cells, in the Kidney, is reported in Fig. 3l and
m. The total number of engrafted rSVC-GFP cells (5.45 ± 1.1 cells/mm2)
was similar to that of hAFS (4.052 ± 0.96 cells/mm2). We observed that
the engrafted cells differentiated or fused into endothelial, SMA cells and
kidney tubuli (Fig. 3 a through i). A considerable number of stem cells
were found in the interstitium. In general hAFS showed a higher number
of interstitial positive cells than rSVC-GFP (p=0.043)which seems to be
more prone to differentiate in tubular-cells (p=0.002) as showed in his-
togram reported in Fig. 3l. Both type of stem cells are able to differentiate
in endothelial and SMA positive cells with a higher number of differenti-
ated cells originating from rSVC-GFP, compared to hAFS, even though
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of NGAL in kidney, expressed by arbitrary unit (A.U.), which support the data of western blot images. Cell-treated rats show a significantly decrease in the NGAL release (p = 0.0036 hAFS and p b 0.0001 rSVC-GFP vs CRSII rats); l) semi
quantitative optical density of NGAL in heart, expressed by arbitrary unit (A.U.), which support the data of western blot images. Cell-treated rats show a significant decrease in the NGAL release (p = 0.0017 hAFS and p = 0.0051 rSVC-GFP vs
CRSII rats).
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statistical significance differencewas not reached. Fig. 3m shows the dis-
tribution of stem cells engraftment in the cortical and medulla region of
the kidney. The two groups of cell-treatment showed the same degree of
differentiation into renal tubuli and endothelial cells in the cortex. On the
contrary, in the medulla there was a difference in terms of cell differen-
tiation. In fact rSVC-GFP group showed higher number of tubuli positive
cells (3.0±0.19 cells/mm2) compared to hAFS (0.45±0.09 cells/mm2, p
=0.03 Fig. 3m). There was a higher number of undifferentiated hAFS at
interstitial level (4.47 ± 0.8 cells/mm2) when compared to rSVC-GFP
group (0.5±0.14 cells/mm2, p=0.03). No statistically significant differ-
ences were seen for vWf and SMA differentiation for both hAFS (vWf
0.79 ± 0.39 cells/mm2, SMA 0.57 ± 0.56 cells/mm2) and rSVC-GFP
groups (vWf 0.84 ± 0.32 cells/mm2, SMA 1.5 ± 1.05 cells/mm2, p =
ns) even though there was a trend for higher differentiation potential
for rSVC-GFP group (Fig. 3m).

4. Discussion

In this well characterized model of RV failure secondary to pulmo-
nary hypertension [18,26] and systemic congestion, kidney injury oc-
curred as demonstrated by the increased levels of sCreatinine and
sNGAL. Clinical signs of congestion such as pleural effusion and ascites
were present. Right heart failure developed as demonstrated by the
RV dilatation, eccentric hypertrophy and elevated levels of BNP,
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suggesting that the criteria for CRS type II, i.e. the presence of kidney
damage secondary to heart failure, were met.

A systemic inflammatory response was detected as the circulating
level of pro-inflammatory cytokines was increased.

The functional impairment of kidney was accompanied by a struc-
tural damage that consisted of tubular damage and increased of
apoptosis.

Apoptosis wasmostly confined in themedulla and particularly in tu-
bular cells and is likely to be activated by the high levels of circulating
cytokines.

Tubular disruption and dilatation was seen at histology. It is
reasonable that a secondary release of NGAL protein occurred. This
is very likely due to the increased pressure in the medulla, due to
congestion.

In our animals no histologic evidence of glomerular damage or in-
flammatory cells infiltrate was detected. This supports the hypothesis
that kidney damage is mediated by circulating and tissue cytokines
rather than local cellular-mediated inflammation.

We can discuss on the origin of inflammation in cardiac failure, and
several hypotheses have been put forward. The heart itself can produce
tumor necrosis factor, sphingosine and other cytokines [26,34,35].

Other authors suggest that the neuroendocrine activation, charac-
terized by increased levels of catecholamine and angiotensin II may in-
duce cytokine release.

Congestion itself can induce cytokine release by the gut [36,37]
through production of LPS.

The role of oxidative stress has been advocated as well [38,39].
Our group has already shown in patients with CRS type I the role of

circulating monocytes in producing cytokines and apoptosis. Moreover
sera of patients with CRS type I produced apoptosis in cultured tubular
cells [40,41].

Kidney congestion may lead to production of cytokines, especially
IL6, that may be in turn responsible for apoptosis itself [42,43]. More-
over Du et al. [44] have shown that tubular cells themselves
can under hypoxic stimuli produce proinflammatory and profibrotic
factors.

NGAL, which is produced by kidney tubuli after injury, is a bio-
marker used to monitor renal tubular damage even in the absence of
significant reduction of GFR parameters [45–47]. NGAL cannot be con-
sidered a sole biomarker, but is an important effector in the kidney-
heart cross talk as demonstrated in our previous work [3] in that it is
able to produce further negative heart remodeling by activating metal-
loproteinases. NGAL (a specific MMP9 binder) binds MMP9 in both
heart and kidney, avoiding the metalloproteinase degradation with en-
hancement of its enzymatic activity, leading to increased collagen
breakdownwith consequent negative heart remodeling [3]. In the pres-
ent paper we demonstrated that cell-therapy prevents the formation of
NGAL/MMP9 complexes suggesting a positive remodeling on kidney
and heart. Cell-treatment showed a significantly decrease in kidney
NGAL release and a consequent reduction in NGAL/MMP9 complex
formation.

These findings confirm that NGAL cannot be seen as a simple bio-
marker of kidney damage, but, in turn, as an actor in determining
heart and kidney cross-talk and remodeling.

Combined with a reduction in renal NGAL, cell-treatment also leads
to a decrease in apoptosis,mainly in themedulla. Cell-therapy produced
striking effects on kidney function. In fact serum creatinine and NGAL
decreased significantly in both hAFS and rSVC-GFP group.

The observed reduction of circulating cytokines may be responsible
for the beneficial effect detected in the kidney and in the heart. This is
an important aspect of the heart-kidney cross-talk. However, we cannot
exclude that local release or production of cytokines may have had a
paracrine effect with positive consequences on apoptosis, cell engraft-
ment and differentiation. Indeed the paracrine effect of hAFS has been
documented both in cardiac and kidney regeneration [48,49] . Also in
this model, we can foresee a paracrine effect of both injected cells
since their percentage found post injection is not extremely high as
well as the cells positive for human mitochondria antigen.

Importantly, an improvement in histologic signs of tissue damage
wasdetected. Apoptosiswas reduced in tubular, vascular and interstitial
cells, suggesting that changes in the pro-inflammatory milieu could
have produced prevention of apoptosis. This explains part of the im-
provement in kidney damage simply by blocking the apoptotic cell
death.

On the other side, we observed stem cells engraftment and
differentiation.

Tubular cells regeneration, together with SMC and endothelial cell
repopulation was present as demonstrated by the specific double stain-
ing for vWF and SMA, anti GFP antibodies and anti-human mitochon-
drial antibodies.

In this paper we used the stem cells from amniotic fluid and the vas-
cular stromal fraction cells. Previous authors have compared hAFS stem
cells with bone-marrow mesenchymal stem cells [50] showing that
hAFS had more potent anti-apoptotic activity against renal tubular
cells but lesser stimulatory activity for the proliferation/differentiation
into renal tubular cells. In our paper, by comparing hAFS and rSVC-
GFP, we did not find differences on the inflammatory milieu, in terms
of cytokines profile and anti-apoptotic activity. hAFS showed more en-
graftment as SC in the interstitium and less tubular differentiation. A
trend toward less endothelial and vascular differentiation was evident.
This is probably due to the fact that hAFS represent a more heteroge-
neous population of non-committed stem cells when compared to
many adult progenitor cell types such as bone marrow or adipose de-
rived stem cells or as our vascular stromal cells.

We cannot exclude stem cells fusion as amechanism of engraftment
and differentiation as suggested by Du [44]. This may represent a major
reno-protective effect.

We can ascribe the different degree of apoptosis and cell differenti-
ations in themedulla compared to the cortex to the highermedullar tu-
bular damage, which is the result of the pathophysiology of CRSII in this
animal model.

5. Conclusions

In the present study, we have demonstrated that cell therapy with
both human amniotic stem cells and vascular stromal cells is able to im-
prove kidney function and restore kidney structure. We have also pro-
duced evidences that cell-therapy, by reducing NGAL and its effect on
MMP9 at cardiac and kidney levels, could prevent negative remodeling
by acting on metalloproteinases thus reinforcing the importance of
breaking the vicious cross talk circle between kidney and heart, which
represents a pathophysiological mechanism of function deterioration
in CRSII.

Cell-therapy treatment act through two different mechanisms:

1) a paracrine mechanism with anti-inflammatory and anti-apoptotic
effect

2) engraftment and differentiation of stem cells with repopulation of
tubular, endothelial, SMA and interstitial cells (see Fig. 4 pathophys-
iology of cardio-renal syndrome and cells repair)

We think that the mechanisms involved in the amelioration of kid-
ney function are complex, comprising the direct effect of engrafted
cells in the damaged organ, the paracrine effect of the injected stem
cell, the improvement of cardiac and vascular function. The contribution
of each factor is at the moment impossible to be weighed.

Future research on stem cells therapy should focus on a better un-
derstanding of their mechanisms of action. In other words whether
cells really need to reach the diseased organ and engraft or if an hit-
and-run effect through a paracrine action (microparticles, miRNA,
exosomes) that may block apoptosis or mitigate tissue damage and
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inflammation by modulating the immune system and resident stem
cells is necessary to exert a beneficial effect.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ijcard.2018.10.038.
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