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Introduction
	 Acute Kidney Injury (AKI) is a highly prevalent health condition 
characterised by rapid and progressive decrease in glomerular filtra-
tion rate, causing loss of renal function [1,2]. One in five adults and 
one in three children experienced AKI worldwide [3], showing an in-
cidence rate of chronic kidney damage and kidney failure of 25.8% 
and 8.6% person/years, respectively [4]. It is clear the need for new 
approaches aimed at prevention and treatment of AKI [4,5].

	 Several studies in the last years demonstrated the successful use 
of different stem cell types in the treatment of AKI in distinct experi-
mental animal models [6-11]. Administration of bone marrow-derived 
mesenchymal stem cells [8,10], bone-marrow derived hematopoietic 
stem cells [8,12], adipose-derived stem cells [13,14] and endothelial 
progenitor cells [15,16] have been successfully tested in preclinical 
models of AKI. Moreover, several studies demonstrated the potential 
effect of human Amniotic Fluid Stem Cells (AFSCs), obtained during 
mid-term pregnancy by c-kit/ sorting, for regenerative purposes in 
different disease models [7,17].

	 Amniotic fluid provides nutrients and mechanical protection to the 
developing embryo during gestation. Since it contains cells of fetal 
origin, it is normally analysed in prenatal diagnosis by amniocentesis 
to test for possible chromosomal aberrations of the embryo. There-
fore, cells from AF can be easily collected by amniocentesis, isolated 
and expanded in culture [18]. The heterogeneous population isolat-
ed includes mesenchymal stem, progenitor and differentiated cells. 
Several groups have reported their subsequent differentiation into all 
three types of germ layer cells [19-22] and their potential to treat dis-
eases of different organs including AKI [7,17]. In particular, intrave-
nous injection of AFSCs into SCID mice with glycerol induced AKI 
ameliorated renal function compared with injection of mesenchymal 
stem cells, protecting tubular epithelial cells and modulating the in-
flammatory response [17]. Interestingly, an acute ischemia reperfu-
sion rat model treated with AFSCs with renal progenitor phenotypes 
showed a reduction of fibrotic process demonstrating the nephropro-
tective effect of cell treatment [23]. In all these studies the stem cells 
were derived from mid-term amniotic fluid followed amniocentesis 
procedure considered invasive with a certain risk for both the mother 
and the fetus. To possibly exclude procedural risks and minimal eth-
ical objections, isolation and characterisation of cells derived from 
full-term amniotic fluid have been recently proposed [24]. 
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Abstract
	 Stem cells isolated from amniotic fluid of full-term pregnancies 
have been recently proposed as a new source of stem cells. The 
comparison with first trimester amniotic fluid stem cells is relevant 
for their application in regenerative medicine. We here isolated a 
population of human Amniotic Fluid Mesenchymal Stem Cells 
(AFMSC) from full-term pregnancies during caesarean section. Full-
Term (FT)-AFMSCs expressed several stem/stromal cell markers, 
in common with bone marrow mesenchymal stromal cells and with 
mid-term Amniotic Fluid Stem Cells (AFSCs) commonly isolated af-
ter amniocentesis. The regenerative potential of FT-AFMSCs was 
investigated in a murine model of acute kidney injury induced by 
glycerol injection and compared with that of mid-term AFSCs, used 
as positive control. The administration of FT-AFMSCs accelerated 

the recovery of renal function, promoting the amelioration of blood 
urea nitrogen and serum creatinine levels. Moreover, treatment with 
FT-AFMSCs stimulated tubular cells proliferation. The beneficial ef-
fects generated by FT-AFMSCs in renal recovery were comparable 
to those obtained using AFSCs from amniocentesis. 

	 The results of the present paper suggest that stem cells isolated 
from full term amniotic fluid are effective in the promotion of renal 
regeneration and can be an alternative stem cell source obtained at 
the final stage of pregnancy. 
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	 Based on plastic adherence of unselected populations of amniotic 
fluid cells, Amniotic Fluid Mesenchymal Stem Cells (AFMSCs) have 
been isolated from second and third trimester amniotic fluid. A recent 
study reported the feasibility of collecting big volumes of term am-
niotic fluid using a siphoning catheter system, allowing the isolation 
and characterisation of full-term AFMSCs (FT-AFMSCs) [25]. These 
cells were highly proliferative adherent progenitors with properties 
similar to those of bone marrow-derived Mesenchymal Stromal Cells 
(MSCs); interestingly, they could be reprogrammed to pluripotent 
stem cell fate and then differentiated into hematopoietic and neuronal 
cell lineages [25]. By using specific growth medium, AFMSCs with 
mesenchymal characteristics of renal origin have been isolated and 
characterised as renal progenitor on the basis of their cell morpholo-
gy, cell surface marker expression, transcriptome and ability to differ-
entiate into chondrocytes, osteoblasts and adipocytes [26]. However, 
the renoprotective ability demonstrated for mid-term AFSCs in AKI 
models has not been investigated in FT-AFMSCs.

	 In this study, we isolated cells from human full-term amniotic flu-
ids obtained after caesarean section. FT-AFMSCs were tested in com-
parison with mid-term AFSCs in a glycerol-induced rhabdomyolysis 
AKI mouse model. 

Materials and Methods
Isolation and culture of cells from mid and term amniotic 
fluid

	 Cells were isolated from the human AF of twenty-five healthy 
women who underwent a caesarean delivery after informed consent 
was obtained according to ethical committee of Health and Science 
City Hospital (N. CS2/320). Samples were collected by puncturing 
the amniotic membranes after the myometrium incision during cae-
sarean delivery. Samples were centrifuged at 1500 rpm for 10 minutes 
and all isolated cells were plated in 35mm2 Petri dishes containing 
α-MEM Medium (Gibco/BRL) supplemented with 20% Chang Me-
dium B (Irvine Scientific, Santa Ana, California, USA) and 2% Chang 
Medium C (Irvine Scientific), 20% Fetal Calve Serum (Invitrogen, 
Carlsbad, CA, USA), 50 IU/mL penicillin, 50 g/mL streptomycin, 
5mM glutamine (all from Sigma-Aldrich, St. Louis, MO, USA). The 
medium was removed after 5 days of incubation at 37°C with 5% 
CO2 incubator, removing the non-adhering cells. Afterwards, the me-
dium was replaced twice weekly until the cells reached confluence. 
FT-AFMSCs were used between 1st-6th passages. AFSCs from mid-
term amniotic fluid were generated as described [7] and used as posi-
tive control. Cells, collected during amniocentesis of healthy woman 
(as approved by the IRB of Children’s Hospital Los Angeles), were 
sorted using c-kit selection, cloned and cultured as above. AFSCs 
were used between 17th-26th passages.

Flow cytometry 

	 FT-AFMSCs were characterized at passage 1 or 2 using flow 
cytometry analysis. Cells were detached using the non-enzymat-
ic cell dissociation solution (Sigma-Aldrich), centrifuged at 1,200 
rpm for 5 minutes and then solved in 0.1% Bovine Serum Albumin 
(BSA)-Phosphate Buffered Saline (PBS). For each staining, approx-
imately 100,000 cells were incubated for 30 minutes at 4°C with ei-
ther FITC, APC or PE-conjugated antibodies against CD24, CD29, 
CD73, CD90, CD133, CD146, CD166 (BD Bioscences, Franklin 
Lakes, NJ, USA), CD44 (BioLegend, San Diego, CA, USA), CD105,  
CD117 (MiltenyiBiotec, Aubum, CA, USA), SSEA4 (R&D Systems, 
Minneapolis, USA). Labelled cells were washed by centrifugation in 
0.1% BSA-PBS and, finally, the pellet was resuspended in 200 µl of 
0.1% BSA-PBS. Cells were then exposed to cytofluorimetric analysis 
(FACScan, Becton Dickinson), and the percentage of positive cells 
was measured.

RNA extraction and real time-PCR

	 Total RNA was extracted by Trizol (Life Technology, Carlsbad, 
CA) according to the manufacturer’s protocol. RNA quantification 
was performed using the Nanodrop spectrophotometer (ND-1000; 
Nanodrop, Wilmington, DE, USA) and 200 ng of RNA was retro 
transcribed adopting High Capacity cDNA Reverse Transcription Kit 
(Applied Biosystems, Foster City, CA). The mRNA expression was 
assessed by quantitative real-time PCR (RT-PCR). In brief, RT-PCR 
mix containing 5 ng of cDNA, 100 nM of each primer (Table 1), and 
1x SYBR GREEN PCR Master Mix (Applied Biosystems) were as-
sembled by a 96-well StepOne Real Time System (Applied Biosyste-
ms). Negative cDNA controls (no cDNA) were cycled in parallel with 
each run. Data were showed as relative quantification (2- ΔΔCt) using 
ΔΔCt method and adopting GAPDH as normalizer.

Animal and experimental design 

	 In vivo studies were approved and conducted in accordance with 
the National Institute of Health Guide for the Care and Use of Lab-
oratory Animals and approved by the Italian Ministry of Health 
(274/2015-PR-26031.EXT24). To generate a model of rhabdomyoly-
sis induced-AKI [27], male SCID mice of 7-8 weeks old (Charles 
River Laboratories) were treated with hypertonic glycerol (8 ml/kg 
body weight of 50% glycerol solution) by intramuscular injection into 
the inferior hind limb. The glycerol injection induces myolysis and 
haemolysis, leading to toxic and ischemic tubular damage. This mod-
el of AKI is characterized by a strong damage occurring at day 1 and a 
spontaneous recovery 5-8 days post injury [28-30]. Mice were treated 
the day after glycerol injection (peak of damage) with 350,000 cells 
in 120 µl PBS or PBS alone, as control, by intravenous injection in 
the tail vein. In each group (including three mice at least), mice were 
killed three days after glycerol administration. Blood samples were 
collected for Blood Urea Nitrogen (BUN) and creatinine determina-
tion.

Target Forward Primer Reverse Primer

GAPDH CCGCTTCGCTCTCTGCTC CGACCAAATCCGTTGACTCC

OCT4 A AGCAGGAGTCGGGGTGG CTGGGACTCCTCCGGGTT

PAX2
FOXD1

CCCAGCGTCTCTTCCATCA
ACCCTGAGCACTGAGATGTC

GGCGTTGGGTGGAAAGG
CCACGTCGATGTCTGTTT

VIMENTIN GGAACAGCATGTCCAAATCGAT CAGCAAAGTTGGATTTGTACCATT

Table 1: RT-PCR primer sequences.
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	 Kidney tissues were processed for histology. The following groups 
were studied: 1) PBS group; 2) AFSC group; 3) FT-AFMSC groups. 
Three different cell lines of FT-AFMSCs were tested, using at least 
three mice for each cell line.

BUN and Creatinine assays

	 Blood samples were collected four days after glycerol treatment, 
immediately centrifuged at 3,000 rpm for 10 minutes at room tem-
perature. Plasmatic phase was collected and freshly used for creati-
nine and BUN determination. Serum creatinine was evaluated using 
a colorimetric microplate assay based on the Jaffe reaction (Quanti-
chrom Creatinine Assay, BioAssay Systems, Hayward, CA), while 
BUN was measured by direct quantification of serum urea using a 
colorimetric assay kit (Quantichrom Urea Assay, BioAssay Systems).

	 For renal histology, paraffin kidney sections of 5 µm thick were 
routinely stained with haematoxylin and eosin (Merck, Darmstadt, 
Germany). Luminal hyaline casts and denudation of tubular base-
ment membrane were assessed in non-overlapping fields (up to 10 for 
each section) using a 20x objective (high power field, HPF). Number 
of casts and tubular necrosis was recorded in a single-blind fashion 
[28]. To assess the proliferation of tubular cells, immunohistochem-
ical analysis for the detection of Proliferating Cell Nuclear Antigen 
(PCNA) positive cells was performed. In details, to retrieval antigens, 
kidney sections were boiled in citrate buffer for 10 minutes, followed 
by 20 minutes of blocking with a solution of 5% bovine serum al-
bumin. Renal sections were stained with a monoclonal PCNA anti-
body (1:400, Santa Cruz Biotechnology, Santa Cruz, CA). For the 
immunoperoxidase staining, a secondary antibody, horseradish per-
oxidase-conjugated (1:300, Pierce, Rockford, IL) was used. Results 
were quantified by counting positive nuclei within tubule per field, 
selecting randomly 10 sections each renal cortex, using a 20x objec-
tive (high power field, HPF).

Statistical analysis

	 Results are generally expressed as mean ± SD or SEM. Statistical 
analysis was performed by Unpaired t-test between each mice group 
for BUN and creatinine evaluation. While ANOVA with Dunnett’s 
Multicomparison test was used in all other analysis. A P-value of 
<0.05 was considered significant.

Results
Isolation of FT-AFMSCs

	 Eleven healthy women (age 30-35 years) undergoing scheduled 
term caesarean section for breech presentation (gestational age 37-40 
weeks) were selected for this study. The median volume of collected 
AF was 13 mL (8.88-20mL) and all new-borns were vigorous with a 
median weight of 3,000 g (2,790-3,725 g) (Table 2). Cells were isolat-
ed and grown by using the Chang’s media, as described [7]. AFSCs, 
a well characterized source of multipotent stem cells obtained from 
mid-term amniotic fluid, were provided by Dr. Perin and used as pos-
itive control [7]. FT-AFMSCs grew until the 8th-10th passage while 
AFSCs were maintained in culture up to the 40th passage, maintaining 
their phenotype [7].

Characterization of FT-AFMSCs

	 Isolated cell lines from amniotic fluid were immediately pheno-
typically characterized at the first passages [11,19,31]. Cytofluorimet-
ric analysis showed that cells were positive for mesenchymal surface 
markers CD73, CD44, CD90, CD166 but not for CD105, at vari-
ance of mid-term AFSCs. Moreover, they were positive for CD146 
and CD29, similarly to AFSCs, while CD24 expression was higher 
than mid-term AFSCs (Table 3, Figure 1A). Marker expression did 
not substantially change during passages (not shown). Moreover, 
FT-AFMSC lines resulted positive for the stem cell marker SSEA4, 
with variable expression of the renal progenitor CD133 marker. By 
RT-PCR analysis, the expression of Vimentin and PAX2 in FT-AFM-
SCs was similar to AFSCs while the expression of the pluripotent 
marker OCT4 was higher in FT-AFMSCs (Figure 1B). On the con-
trary, the expression of Forkhead box D1 (FOXD1), a gene involved 
in kidney development, was markedly higher in AFSCs compared 
with FT-AFMSCs (Figure 1B). 

Effect of FT-AFMSCs on the recovery of glycerol-induced AKI 
in SCID mice

	 To test whether FT-AFMSCs may have a nephroprotective effect 
on AKI damage, experimental AKI was induced in male SCID mice 
by intramuscular injection of glycerol. Since creatinine and BUN 
reached their maximum peak 24 hours after injury [32], mice were 
treated at day 1 by intravenous injection of 350,000 cells from mid-
term or full-term amniotic fluidin 120 µl PBS or of PBS alone.

Patient Patient age (y) BMI Gestational week Neonate weight (g) Placenta wieght (g) AF volume (mL)

1 35 20.5 39+1 3890 710 12

2 36 22 36+5 2375 450 14

3 33 22.2 39+1 2930 590 10

4 31 24.3 38+3 3000 620 5.5

5 35 21.3 39+1 3725 580 20

6 38 21.7 38+1 2840 500 22

7 27 22.3 37+6 3460 700 4

8 31 23.5 38+6 4060 920 _

9 30 18.3 39+1 2390 320 20

10 35 26 37+1 2790 920 19

11 30 25.6 39 3360 640 10

Table 2: Information associated with caesarean deliveries, new-borns and collection of the fluid. Data of the eleven patients analysed.
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	 Animals were sacrificed at day 3 after cell injection. FT-AFMSCs 
promoted renal recovery and ameliorated the renal function, as shown 
by reduced creatinine and BUN levels (Figure 2A, 2B). The effects 
were consistent in all three FT-AFMSC lines used. As expected, mice 
treated with mid-termAFSCs had a similar protection from damage 
(Figure 2A, 2B).

	 On day 3 after cell injection, the histological assessment of the 
renal tissue of mice treated with PBS, showed tubular epithelial 
cell necrosis and vacuolization with accumulation of intratubular 
protein casts (Figure 3A, PBS). At variance, animals treated with 

mid-term AFSCs or FT-AFMSC lines presented reduced tissue dam-
age compared to PBS mice. In fact, morphometric evaluation clearly 
demonstrated a significant reduction of number of necrotic tubular 
cells (Figure 3B) and casts (Figure 3C). Moreover, administration of 
mid-term AFSCs or FT-AFMSC lines stimulated tubular cell prolif-
eration. In fact, the quantification of PCNA positive nuclei revealed a 
significantly higher number of proliferating cells in mice treated with 
mid-term AFSCs or FT-AFMSCs compared to the one of PBS group 
(Figure 4). 

Discussion

	 In this present study, we isolated FT-AFMSCs from full-term 
pregnancies with the aim of investigating their regenerative potential 
after injection in a murine model of AKI. We found that FT-AFMSC 
lines ameliorate the AKI recovery, preventing tubular cell necrosis 
and cast accumulation, with a comparable effect to mid-term AFSCs.

	 It is well established that amniotic fluid contains a population of 
stromal cells with similar characteristics to MSCs isolated from bone 
marrow. AFMSCs from mid-term pregnancies have been extensive-
ly characterized, they exhibit a broad differentiation potential toward 
mesenchymal lineages, and extensive regenerative ability [33].

Figure 1: Phenotypic characteristics of FT-AFMSCs. (A) Representative 
FACS analysis of expression of mesenchymal, stem and renal markers by 
FT-AFMSCs. In each histogram, the blue filled area shows binding of the 
specific antibody and the black line shows the isotypic control. FT-AFMSC 
lines isolated (n=7) were characterized and showed similar marker expres-
sion. (B) By real time PCR, the expression of Vimentin, Pax2, FOXD1 
and OCT4A was measured in FT-AFMSC lines (n=4) and control mid-term 
AFSCs. Data are expressed as relative quantification (RQ) of the mean of 
FT-AFMSC lines normalized to GAPDH and control mid-term AFSCs. 

Figure 2: Effect of FT-AFMSC lines on renal function in AKI mice. (A-B) 
Changes in renal function were measured by (A) BUN and (B) creatinine. 
Glycerol injection resulted in elevated BUN and creatinine levels at day 
4. In animals injected with control mid-term AFSCs and FT-AFMSC lines 
BUN and creatinine levels showed a significant reduction compared to 
PBS. Data are mean ± SD of mice for each group. PBS group (n=8); AFSC 
group (n=7); FT-AFMSCs 1 group (n=3); FT-AFMSCs 2 group (n=4); 
FT-AFMSCs 3 (n=5). *=p value < 0.05; **=p value < 0.01.

Figure 3: Effect of FT-AFMSC lines on morphology in AKI mice. (A) 
Representative micrographs of renal tissue from AKI mice on day 3 after 
cell injection showing tubular necrosis and tubular protein casts. Kidneys 
from mice treated with PBS showed tubular necrosis and cast accumula-
tion. Contrary, FT-AFMSC lines showed signs of recovery of tissue injury 
as mice injected with mid-term AFSCs. Original magnification 200x. (B-C)
Count of tubular (B) necrosis and (C) tubular casts at day 4 after damage. 
Data are mean ± SD of the count of 10 fields/section in two sections/mouse. 
n = 3-9 mice for each group were evaluated. ANOVA with Dunnett’s Mul-
ticomparison test was performed. PBS group (n=8); AFSC group (n=4); 
FT-AFMSCs 1 group (n=3); FT-AFMSCs 2 group (n=4); FT-AFMSCs 3 
(n=6). *=p value < 0.05; **=p value < 0.01; ***=p value < 0.001.
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	 At variance, only a limited number of articles characterize 
FT-AFMSCs collected during 38-40 weeks of gestation [34-36], 
showing characteristics that are similar to that of mid-term AFM-
SCs [17]. We here isolated eleven lines of FT-AFMSCs. FT-AFM-
SCs were positive for mesenchymal markers including CD29, CD44, 
CD73 and CD90 as previous described [34,37,38], but lacking CD105 
marker whose expression is detected only partially in other articles 
[25,39]. The absence of CD105 expression could be consequent of 
short-term expansion of our cultures; in fact, Wang et al. demon-
strated that CD105 expression increased following long-term cul-
ture since this condition is permissive for mesenchymal cell growth 
or for mesenchymal progenitor cells to differentiate into CD105 

positive cells [32]. As Phermthai et al., showed for amniotic fluid 
colony forming cells, our FT-AFMSCs expressed OCT4, vimentin, 
SSEA4 and CD133 [26,40].

	 We previously showed that mid-term AFMSCs injected in a mu-
rine glycerol-induced AKI model accelerate tubular recovery [17]. 
The novelty introduced by this study is the demonstration of a po-
tential protective effect of FT-AFMSCs in the same AKI model. The 
FT-AFMSCs were able to ameliorate renal function and histology, 
limiting cell necrosis and promoting proliferation. A similar pro-re-
generative effect has been previously described in a rat renal damage 
due to cisplatin injection [31]. Moreover, we compared the effect of 
FT-AFMSCs with that c-kit isolated AFSCs. Compared to FT-AFM-
SCs, AFSCs isolated from mid-term pregnancies, selected and cloned 
showed higher expansion abilities and broad multipotency [7]. AFSCs 
have been described to growth at a very high number of passages, 
further exceeding that of MSCs. Nevertheless, the nephroprotective 
effect of full-term AFMSCs in murine glycerol-induced AKI model 
was similar.

	 Altogether, the results of this study underline a potential interest 
for FT-AFMSCs. In fact, although they are surely less proliferative as 
compared to mid-term AFSCs, they show similar renal regenerative 
capacity and can be easily obtained from the AF without ethical con-
cerns. Moreover, the collection does not involve invasive procedure, 
such as amniocentesis, necessary for the mid-term AFSCs isolation 
that could impose certain level of risks to the mother and the fetus.
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Markers AFSCs FT-AFMSCs 1 FT-AFMSCs 2 FT-AFMSCs 3 FT-AFMSCs 4 FT-AFMSCs 5 FT-AFMSCs 6 FT-AFMSCs 7 FT-AFMSCs 8

CD24 0.80 85.99 97.03 15.09 6.00 21.78 78.85 35.49 88.58

CD29 98.20 97.31 99.38 99.61 90.00 99.14 93.66 90.21 96.29

CD44 98.50 98.04 99.76 97.77 89.00 99.44 96.62 89.00 94.37

CD73 97.70 97.98 98.63 59.19 28.00 18.38 87.20 15.74 93.62

CD90 96.70 26.42 40.15 88.21 - 76.55 57.18 70.13 -

CD105 94.00 48.85 0.68 0.31 0.00 0.00 1.40 0.87 0.85

CD133 - 29.61 88.41 0.64 - 23.8 19.47 1.05 46.99

CD146 95.19 97.35 87.24 37.60 39.00 88.77 93.44 40.12 82.10

CD166 98.33 98.25 98.26 99.43 13.00 78.79 96.52 12.65 93.79

SSEA4 32.96 96.62 98.00 38.28 42.00 97.93 96.56 10.96 94.51

Table 3: FACS analysis.
Cytofluorimetric analysis of the expression of the mesenchymal markers (CD73,CD44, CD90, CD166, CD105), CD146, CD24, CD29, the stem markers 
SSEA4 and the renal progenitor marker CD133 in AFSCs and FT-AFMSCs. Cells were tested between the first and the third culture passage. Data are ex-
pressed as % positive cells and are mean of seven different FT-AFMSC lines compared to control AFSCs.

Figure 4: Cell proliferation in AKI untreated or treated with AFSCs or 
FT-AFMSCs. (A) Representative micrographs showing PCNA (Prolif-
erating Cell Nuclear Antigen) positive cells in kidney tissues from AKI 
mice on day 3 after cell or PBS injection. Original magnification x200. 
(B) Quantification of PCNA positive cells in AKI mice treated with cell or 
PBS injection. Data are expressed as the mean ± SEM of the count of 10 
fields/section (n=at least 3 mice for each group). ANOVA with Dunnet’s 
Multicomparison test was performed: *p<0.05, **p<0.001 versus Vehicle.
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