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Abstract

Background The therapeutic potential of adult stem cells

in the treatment of chronic diseases is becoming increas-

ingly evident. In the present study, we sought to assess

whether treatment with mesenchymal stem cells (MSCs)

efficiently retards progression of chronic renal failure

(CRF) when administered to experimental models of less

severe CRF.

Methods We used two renal mass reduction models to

simulate different stages of CRF (5/6 or 2/3 mass renal

reduction). Renal functional parameters measured were

serum creatinine (SCr), creatinine clearance (CCr), rate of

decline in CCr (RCCr), and 24-h proteinuria (PT24h). We

also evaluated renal morphology by histology and immu-

nohistochemistry. MSCs were obtained from bone marrow

aspirates and injected into the renal parenchyma of the

remnant kidneys of both groups of rats with CRF (MSC5/6

or MSC2/3).

Results Animals from groups MSC5/6 and CRF2/3

seemed to benefit from MSC therapy because they showed

significantly reduction in SCr and PT24h, increase in CCr

and slowed the RCCr after 90 days. Treatment reduced

glomerulosclerosis but significant improvement did occur

in the tubulointerstitial compartment with much less

fibrosis and atrophy. MSC therapy reduced inflammation

by decreasing macrophage accumulation proliferative

activity (PCNA-positive cells) and fibrosis (a-SM-actin).

Comparisons of renal functional and morphological

parameters responses between the two groups showed that

rats MSC2/3 were more responsive to MSC therapy than

MSC5/6.

Conclusion This study showed that MSC therapy is effi-

cient to retard CRF progression and might be more effec-

tive when administered during less severe stages of CRF.

Keywords Mesenchymal stem cells � Stem cells �
Chronic renal failure progression

Introduction

Progressive deterioration observed in chronic kidney dis-

ease is the consequence of a series of inflammatory events

leading to glomerulosclerosis, interstitial cell infiltration,

tubular atrophy, activation of fibrogenic factors, and for-

mation of fibrosis [1]. Since the process of renal repair

depends on the severity and extent of kidney injury and the

amount of resident stem cells, the recent development of

cell therapy aiming to restore or replace chronically injured

tissues brought hope for treatment of many chronic dis-

eases [2, 3]. However, in addition to the paucity of reports

using mesenchymal stem cells (MSCs) as regenerative

therapy for chronic renal failure (CRF), comparisons
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among results are jeopardized by discrepancies such as the

use of different models of renal damage, various amounts

of cells administered, and differences in the routes of cell

administration [2–7].

The 5/6 nephrectomized rat is the classical model used

to simulate human CRF, and is therefore employed in most

publications seeking to investigate the effects of cell

therapy. However, it causes a significant reduction in

nephron number, which in turn results in severe damage

and advanced-stage CRF [8, 9]. To our knowledge, there

are no reports regarding the efficacy of cell therapy when

administered in less severe stages of CRF. We hypothe-

sized that severe reduction of renal mass might compro-

mise the regenerative capacity of the kidney, which would

affect cell therapeutic results [10]. To address this issue, we

evaluated the ability of MSCs to retard CRF progression

when administered to rats with less severe kidney damage

(CRF2/3), and endeavored to compare our results with the

classical CRF model (CRF5/6).

Materials and methods

Animals

Animal procedures were performed in accordance with

protocols approved by the Institutional Animal Care and

Use Committee of the Medical School (FAMERP). Adult

female Wistar rats (n = 40 total) weighing 250–300 g

underwent 5/6 and 2/3 renal mass reduction. All animals

were maintained on standard rat chow and water

ad libitum.

Chronic renal failure models

The 5/6 renal mass reduction model was created as previ-

ously described to experimentally induce severe CRF. To

simulate a less severe CRF model, we reduced total renal

mass by two-thirds (the 2/3 CRF model) according to our

previous observations [11]. Briefly, female rats were

administered ketamine hydrochloride (50 mg/kg) and xil-

azine (10 mg/kg) anesthesia, and infarction of approxi-

mately one-third of the left kidney was performed by

microsurgical ligation of one branch of the left renal artery,

followed by right-side uninephrectomy [12].

Isolation and characterization of MSCs

MSCs were isolated from the femur and tibiae of male

Wistar rats. After bone marrow cells were collected by

flushing, nucleated cells were isolated with a density gra-

dient Ficoll-Hypaque (Gibco) and resuspended in DMEM

medium (Gibco) supplemented with 1 % penicillin–

streptomycin (Invitrogen, Carlsbad, USA) and 10 % fetal

bovine serum (FBS; Cultilab, Campinas, Brazil). Cells

were incubated (37 �C in 5 % CO2) for 14 days as primary

culture. MSCs were recovered by taking advantage of their

tendency to adhere tightly to plastic; nonadherent cells

were removed by washing. Flow cytometry analyses

(FACS Canto; Becton–Dickinson, San Jose, CA) were

performed for CD31, CD44, CD90, CD45, CD31, and

CD34 (Caltag Laboratories, Carlsbad, CA). We tested the

cells’ differentiation potential by assessing their potential

for adipogenic and osteogenic differentiation, as previously

described [13].

Experimental protocols

Animals were divided according to the amount of renal

mass reduced (2/3 and 5/6 models) and further subdivided

into 4 groups of 10 animals each according to the amount

of renal mass reduced (CRF2/3 or CRF5/6) and treatment

given (MSC2/3 or MSC5/6). We assessed renal function by

measuring serum creatinine (SCr), creatinine clearance

(CCr), and 24-h proteinuria (PT24h) at baseline and at

90 days after surgery. CRF progression was measured by

the rate of decline in the CCr (RCCr; mL/min/day). On the

day of surgery, MSCs at a concentration of 1 9 106 cells in

0.15 mL of medium were injected into the boundaries of

infarcted and healthy parenchyma of the remnant kidney.

Culture medium (0.15 mL) was injected into rats in the

control group. At the end of 90 days, animals were

weighted and killed.

Histological and immunohistochemical analysis

Coronal sections of the kidney were immersion-fixed in

paraformaldehyde solution and embedded in paraffin. Light

microscopy was performed on 3-mm sections of tissue

stained with hematoxylin, eosin (HE), and Masson tri-

chrome to assess glomerulosclerosis (GS) and Tubuloin-

terstitial fibrosis (TI). For grading the induced GS, the

numbers of glomeruli forming crescent were counted in a

blinded fashion. GS was defined as glomeruli with sclerosis

or mesangial expansion and/or focal hyalinosis with tuft

adherence. A minimum of 50 glomeruli per rat kidney were

evaluated, and the mean value was used as representative

for the rats. Glomerular sections were assessed by standard

semiquantitative analysis and expressed as the glomerular

sclerosis index (GSI) [14]. The extent of GS was graded

from 0 to 4 by a semiquantitiative (score: 0, normal

glomeruli; 1, mesangial thickening of\25 % of the tuft; 2,

moderate GS-mesangial proliferation and thickening up to

50 %; 3, severe GS-obliteration of capillaries and diffuse

sclerosis up to 75 %; and 4, complete capillary obliteration

and thrombosis with global sclerosis up to 100 %).
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TI damage was evaluated using a semiquantitative

analysis of 20 cortical fields according to Veniant el al.

Lesions were graded from 0 to 4 according to the area with

tubulointerstitial changes (tubular atrophy, casts, interstitial

inflammation, and fibrosis) [15].

The score index in each rat was expressed as a mean

value of all scores obtained. All the histological analyses

were performed by an observer unaware of the treatment

received by each group.

Immunohistochemistry analysis was performed as pre-

viously described [16]. Briefly, the sections were incubated

with the following antibodies for immunohistochemical

studies: anti-a-SM-actin (Dako, Glostrup, Denmark), and

anti-proliferating cell nuclear antigen (PCNA) (Sigma, St.

Louis, Mo., USA) or anti-ED1 antibody for 30 min at room

temperature. The reaction product was detected with an

avidin–biotin–peroxidase complex (Vector Laboratories,

Burlingame, CA, USA). The material was counterstained

with Hematoxylin, dehydrated and mounted. Nonspecific

protein binding was blocked by incubation with 20 % goat

serum in phosphate buffered saline (PBS) for 20 min.

Negative controls consisted of replacement of primary

antibody with normal rabbit IgG or mouse IgG for

polyclonal and monoclonal antibodies, respectively, at

equivalent concentrations.

For evaluation of immunoperoxidase staining for a-SM-

actin, each grid field was graded semi-quantitatively and the

mean score per kidney was calculated. Each score reflected

mainly changes in the extent, rather than the intensity, of

staining and depended on the percentage of grid field

showing positive staining: 0 = absent or less than 5 %;

I = 5–25 %; II = 25–50 %; III = 50–75 %; IV[ 75 %.

The numbers of ED1-positive and PCNA-positive cells

in each section were calculated by counting the number of

positive cells in 30 sequential (0.245-mm2) grid fields from

the renal cortex [17].

Statistical analysis

Data are presented as mean values ± standard deviations.

Statistical differences between groups were calculated

using analysis of variance (ANOVA) using Bonferroni

post-test analysis (GraphPad Prism Software, San Diego,

CA). P\ 0.05 was considered statistically significant.

Results

Evaluating CRF severity of 2/3 and 5/6 mass reduction

models

Rats with CRF2/3 exhibited significantly less functional renal

damage than CRF5/6 animals as measured by SCr, CCr, and

PT24h (Table 1). After 90 days, renal function in CRF5/6

animals had declined CCr at a rate of 0.0073 ± 0.002 mL/

min/day, 38 % faster than in the CRF2/3 group

(0.0053 ± 0.002 mL/min/day; P = 0.04) (Table 1).

Effects of MSC treatment in both models

MSC treatment was equally effective in both CRF models.

It reduced SCr and PT24h, increased CCr, and slowed

RCCr (Table 1). However, while the CCr of CRF5/6 rats

Table 1 Renal function studies at day 90 in the CRF5/6 and CRF2/3 rats

Group SCr (mg/dL) CCr (mL/min) RCCR (mL/min/day) Pt24h (mg/24 h)

CRF2/3 0.94 ± 0.15*,b 0.31 ± 0.11a 0.005 ± 0.002*,b 37.8 ± 41.5b

MSC2/3 0.79 ± 0.08 0.61 ± 0.16 0.002 ± 0.002** 18.5 ± 22

CRF5/6 1.34 ± 0.42** 0.26 ± 0.10** 0.007 ± 0.002** 135 ± 42.6**

MSC5/6 1.02 ± 0.19 0.42 ± 0.12 0.005 ± 0.0018 23.5 ± 16.6

SCr creatinine, CCr creatinine clearance, RCCR rate of decline of CCr rate, Pt24h 24-hour proteinuria, CRF chronic renal failure, MSC

mesenchymal stem cell

* p\ 0.05 compared with the MSC2/3 group; ** p\ 0.05 compared with the MSC5/6 group
a p\ 0.001 compared with the MSC2/3 group; bp\ 0.05 compared with the CRF5/6 group

Fig. 1 Histological changes and the effect of treatment with MSCs

on the remnant kidneys of 2/3 and 5/6 nephrectomized animals. Data

are expressed as mean ± SD (*P\ 0.001 CRF2/3 vs. MSC2/3;

**P\ 0.05 CRF5/6 vs. MSC5/6; aP\ 0.05 MSC2/3 vs. MSC5/6;
bP\ 0.05 CRF2/3 vs. CRF5/6)
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increased by 61.5 %, the CCr of CRF2/3 rats increased by

97 %. Similarly, MSC treatment slowed the RCCr of

CRF2/3 rats by 60 % (-0.003 ml/min/day) versus 28.5 %

(-0.002 ml/min/day) in the CRF5/6 group, while MSC

reduced PT24h in the group with severe CRF, it did not

significantly decrease in CRF2/3 rats, probably because the

less severe disease already presented with reduced baseline

values and fewer glomerular lesions.

Histopathological and immunohistochemical findings

As shown in Figs. 1 and 2, histological semiquantitative

analysis showed that tubule interstitial damage and glo-

merulosclerosis were significantly less severe following

MSC therapy in both mass reduction models. However,

efficacy of therapy with MSC was much more pronounced

in the tubulointerstitial compartment.

Monocytes/macrophages and PCNA

The accumulation of macrophages (ED-1 positive cells)

was significantly reduced in rats with less severe chronic

kidney disease (CRF2/3 = 9 ± 3 vs. CRF5/6 = 37 ± 10

ED-1–positive cells; p = 0.001) as well as it was the

number of PCNA-positive cells (CRF2/3 = 2.4 ± 1 vs.

CRF5/6 = 8.3 ± 1 PCNA-positive cells; p = 0.0002)

(Fig. 3a, b).

Treatment with MSC decreased the number of ED-1

positive cells in the CRF2/3 model (Sham = 2.3 ± 0.78

vs. CRF2/3 = 9 ± 3 vs. MSC2/3 = 6 ± 1 p = 0.006), but

had no effect on PCNA expression (Figs. 3a, b, 4).

In contrast, a significant decrease in the number of ED-1

positive cells and in the expression of PCNA were

observed following MSC treatment in 5/6-nephrectomized

rats (p\ 0.01) (Figs. 3, 4).

Fig. 2 Light micrographs of the kidney sections stained with

Masson’s trichrome (9200) reagent. a, b Kidney sections from

CRF2/3 and CRF5/6 group showed histological features of chronic

renal injury, consisting of tubular dilatation and atrophy with

thickening of basement membrane, interstitial lymphocyte infiltrates,

and tubulointerstitial fibrosis. c, d The renal morphology of CRF2/3

and 5/6 after treatment with MSCs showing marked reduction of

chronic renal injury, less interstitial lymphocyte infiltrates, tubular

dilatation, and tubulointerstitial fibrosis when compared with the

untreated CRF group
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a-Smooth muscle-actin (a-SM-actin)

Staining for a-SM-actin was proportional to the severity of

CRF. Much lower expression of a-SM-actin occurred in

the CRF2/3 model when compared to the 5/6 model.

Treatment with MSC was equally effective at reducing a-
SMA expression in both CRF2/3 and CRF5/6 animals

(p\ 0.05).

Interestingly, efficacy of treatment was possible to be

found in CRF2/3 rats in spite of the low expression of this

protein in this model (Figs. 3c, 4).

Discussion

Others and we have previously shown that administering

MSCs into a chronically damaged kidney improved renal

function and retarded progression of chronic kidney dis-

ease in 5/6 nephrectomized rats, in part by reducing intra-

renal inflammation and suppressing fibrosis [2–7].

Because the severity and extent of kidney injury might

influence the number of resident stem cells present in the

injured tissue, it is rational to hypothesize that the entire

process of renal repair triggered by cell therapy might be

influenced by the size of the remnant renal mass [1, 18].

Another important aspect of MSCs’ function is their role

in the stabilization of endothelial cells (and hence the

microcirculatory vascular bed). CRF is typically associ-

ated with microvascular rarefaction and ischemia.

Therefore, it is possible that a greater amount of healthy

tissue is associated with greater therapeutic effects of the

MSCs in the kidney caused by their paracrine effect and

new blood vessel formation. Therefore, in the present

study we tested whether the amount of remnant renal mass

would affect the efficacy of cellular therapy and whether

cell therapy might be more effective if administered dur-

ing a less severe disease stage.

The present study confirms our previous work showing

that MSC therapy benefitted rats with severe CRF, and also

demonstrates that animals sustained by a remnant renal

mass (CRF2/3) twice the size of the traditional 5/6 model

can also benefit from MSC therapy. The two CRF models

used in the study demonstrated significant differences

regarding renal function as a consequence of the renal mass

reduction. As expected, CRF2/3 rats presented lower SCr

and PT24h levels, better CCr, and slower RCCr than 5/6

nephrectomized rats at baseline and at 90 days after the

procedure. Although MSC treatment improved renal

functional parameters in the two models, CRF2/3 rats

exhibited greater improvement than classical CRF5/6 rats.

While an increase of 61.5 % was observed in the CCr of

MSC-treated CRF5/6 rats, the same treatment nearly dou-

bled the CCr of CRF2/3 rats. Similarly, cell therapy mildly

reduced the RCCr of CRF5/6 rats, but reduced the rate of

disease progression by 57 % in CRF2/3 rats. These dif-

ferent results might be caused by the capacity of MSCs to

promote repair in response to an inflammatory reaction

within the local microenvironment, the number of the host

Fig. 3 Immunohistochemistry

of renal tissue from 2/3 and 5/6

nephrectomized rats.

a Immunolocalization of ED-1

positive cells;

b immunolocalization of PCNA

and c staining for a-SMA. Data

are expressed as mean ± SD

(*p\ 0.01 CRF2/3 vs. CRF5/6,

**p\ 0.001 CRF5/6 vs. MSC5/

6, ***p\ 0.001 Sham vs.

CRF5/6, •p\ 0.01 CRF2/3 vs.

MSC2/3, #p\ 0.05 Sham vs.

CRF5/6)
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stem cell niche, and ultimately the amount of tissue dam-

age resulting from the renal mass reduction [19, 20].

It has been suggested that MSCs can reduce renal injury

and facilitate tissue repair by upregulating the expression

of anti-inflammatory cytokines and chemokines by the host

infiltrating macrophages, which results in reduced glo-

merulosclerosis and fibrosis [21, 22]. In fact, comparisons

of the morphological findings between the two CRF models

revealed greater chronicity (glomerulosclerosis, tubular

atrophy, and fibrosis) in CRF5/6 rats than in CRF2/3 rats

(Fig. 1). The amelioration of renal function after treatment

with MSCs was also associated with significant improve-

ments in the histological features of both groups of CRF

animals. In agreement with the histological features

immunohistochemistry evaluation showed that rats CRF2/3

have significantly less macrophages and PCNA when

compared with animals CRF5/6 group. Treatment with

MSC significantly reduced the number of macrophages and

the expression of a-SMA in both models. Treatments

reduced the PCNA only in animals with CRF5/6, which

was probably a consequence of more inflammation and

tissue damage in this model.

Conclusion

In conclusion, our results offer strong evidence that cell

therapy might be more effective if administered during less

severe stages of CRF. However, we understand that many

issues remain to be resolved before we can draw any def-

inite conclusions with respect to the therapeutic potential of

MSCs.
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