
Int J Clin Exp Pathol 2016;9(11):11607-11614
www.ijcep.com /ISSN:1936-2625/IJCEP0023974

Original Article 
Evaluation of two kinds of materials  
for whole kidney regeneration

Yong Guan1*, Xiaoli Liu2*, Kailin Li3, Xufeng Zhang2, Tongyan Liu4, Shuangde Liu2, Feng Kong3, Chengjun 
Zhou5, Guanghui Cheng3, Chao Sun3, Denglu Zhang1, Xiaoshuai Xie1, Aibing Xue1, Yuqiang Liu1, Shulu Zu1, 
Shengtian Zhao1, Hongwei Wang2

Departments of 1Urology, 2Kidney Transplantation, 3Central Research Lab, 4Ultrasound, 5Pathology, The Second 
Hospital, Shandong University, Shandong, China. *Equal contributors.

Received December 10, 2015; Accepted July 18, 2016; Epub November 1, 2016; Published November 15, 2016

Abstract: Kidney transplantation is now one of the most effective treatment for end-stage renal failure. However, or-
gan shortage remains a major problem. Hence, an alternative solution for the limited donor organs is in great need. 
Xenotransplantation of metanephros and cell-scaffold technology (CST) provide new ways for kidney regeneration. 
The structure and function of regenerated kidneys using these two methods are compared to identify the trend for 
kidney regeneration. Kidney scaffolds, which were decellularized by SDS perfusion, were recellularized with human 
umbilical vein endothelial cells (HUVEC) and mouse embryonic stem (ES) cells. Metanephros from embryonic day 
13.5 were transplanted into the omentum of adult rats. After cultured in vivo for a period, the structural integrity 
was evaluated. The quantity and type of cells of kidney generated from metanephros were much more than that 
of the kidney regenerated from CST. But the latter was more suitable for transplantation. Both kidney regeneration 
methods have their own advantages, and one method which could offer all these advantages may be the optimal 
way for kidney transplantation.
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Introduction

End-stage organ failure is a key challenge for 
the medical community because of the ageing 
population and the severe shortage of suitable 
donor organs available [1]. Chronic kidney dis-
ease is a leading cause of mortality and mor-
bidity worldwide, affecting about 8% to 16% of 
the global adult population [2]. Currently there 
is no good treatment for end-stage renal dis-
ease (ESRD) except dialysis and transplanta-
tion. Although the condition could be amelio-
rated with dialysis, it could not solve the prob-
lem that the homeostatic and endocrine func-
tions of the kidney was lost [3-5]. Although kid-
ney transplantation keeps all the functions of 
the kidney, shortage of donor organs is still the 
main problem to be solved. In addition, patients 
who received donor kidneys must tolerate the 
immunosuppressive medications for life to pre-
vent organ rejection [6, 7]. Consequently, find-
ing of new sources of functional and transplant-
able kidneys is in extremely urgent need. 

Stem cells techniques and regenerative medi-
cine provided the possibility for production of 
functional kidneys. Many researchers have tar-
geted cell-scaffold therapeutic approaches as 
the way to produce an alternative kidney for 
transplantation [8-11]. This method contains 
two processes: decellularization and recellular-
ization. Decellularization is the process of 
removing cellular components from the donor 
tissue using detergents or enzyme [12]. The 
decelluarized organs, known as scaffolds, 
maintained the extracellular matrices (ECM) 
and biologic factors. And intact vascular net-
work was well preserved, which was important 
for recellularization and transplantation. Then 
some progenitor cells or adult cells were seed-
ed on the scaffold, and allowed to organize into 
functional components of the organ, which was 
called recellularization. Currently, CST has 
enabled researchers to develop some bioengi-
neered organs, such as lungs [13, 14], heart 
[15], and liver [16, 17]. And kidney engineering 
is still in research because of the complex 
structure and cell types [10, 11, 18].

http://www.ijcep.com


Whole kidney regeneration

11608 Int J Clin Exp Pathol 2016;9(11):11607-11614

The metanephros, which constitutes the pri-
mordial mammalian kidney, is a promising po- 
tential source for the generation of a functional 
whole kidney [19-22]. The metanephros con-
tains few or no antigen presenting cells because 
it has no vasculature for several days following 
the formation of kidney [23]. And the trans-
planted metanephros would be vascularized in 
part by blood vessels originating from the host. 
So this method could partially avoid the immu-
no-rejection problem. Some researches have 
been performed to study the renal function of 
transplanted metanephros [19, 21, 24, 25]. 
These results indicated that transplantation of 
metanephros into adult hosts is possible.

These kidney regeneration methods may pro-
duce a functional kidney, but each of them has 
some disadvantages. Studies are carried out 
on kidney regeneration using these two meth-
ods, structure of the regenerated kidney is eval-
uated, and the trend of kidney regeneration is 
analyzed.

Materials and methods

Kidney regeneration through CST

Preparation of decellularized kidney scaffolds: 
For this experiment, we isolated rat kidneys 
from male Wistar rats (Animal Center of Shan- 
dong University, Jinan, China) weighing 220-
400 g. All the procedures on these animals 
were approved by the Animal Ethics Committee 
of Shandong University (Jinan, China) and the 
Guide for the Care and Use of Laboratory 
Animals published by the U.S. National 
Institutes of Health (NIH Publication No. 85-23, 
revised 1996) was followed. Kidneys were 
removed and perfused with some solutions in 
the following sequence: 0.01 M phosphate 
buffered saline (PBS, pH 7.4) for 15 min, 0.5% 
sodium lauryl sulfate (SDS) for 4 h, and then 
PBS for 24 h to remove SDS.

Characterization of the decellularized scaffold

Histological examination: To assess cell and 
nuclear clearance as well as preservation of 
collagen, hematoxylin & eosin (HE) (Solarbio, 
China) were used after fixation in 10% formalin, 
paraffin embedding, and sectioning.

Immunohistochemistry for ECM

Tissue slides were fixed in 4% paraformaldeyhyde 
and then processed using the common protocol 

of immunohistochemistry. The following primary 
antibodies were used: mouse monoclonal anti-
Fibronectin antibody (Abcam, Cambridge, MA, 
USA, ab194395, 1:200), and rabbit polyclonal 
Anti-Collagen IV antibody (Abcam, ab6586, 
1:200).

Imaging of the vasculature

To confirm the integrity of the vascular tree, 
x-ray fluoroscopy was performed on the ben- 
ch before implantation using a Siemens 
SIREMOBIL Compact L C-arm. Conray (ioth- 
alamate meglumine) (Mallinckrodt Inc, St. 
Louis, MO) contrast agent was diluted at 1:50 
in distilled water and perfused through the 
vasculature at a rate of 0.2 mL/minute.

DNA and collagen quantification

The DNA content of fresh and decellularized 
kidney was quantified using the tissue DNA iso-
lation kit (PureLink Genomic DNA MiniKit, 
Invitrogen) according to the manufacturer’s 
instructions. Optical densities at 260 nm and 
280 nm were used to evaluate the purity and 
yield of nucleic acids, which was quantified on 
the basis of 280 nm absorbance.

Soluble collagen was quantified using the Sircol 
Assay (Biocolor), as per the manufacturer’s 
instructions. All concentrations were deter-
mined on the basis of a standard curve gener-
ated in parallel, and values were normalized to 
the original tissue dry weight.

HUVEC and mES cell culture

We performed primary culture of HUVEC and 
expanded them at passages 8-10 in ECM (sci-
encell). At the time of cell seeding, cells were 
centrifuged and resuspended in 3.0 ml of ECM, 
and the concentration was 1.0×107/mL.

mES cells were cultured and passaged every 
two days on mitotically inactivated mouse 
embryonic fibroblast (MEFs) in proliferation 
medium DMEM supplemented with 1 mM sodi-
um pyruvate, 100 mM nonessential amino 
acids, 2 mM L-glutamine, 100 U/mL penicil-
lin-100 mg/mL streptomycin, 0.1 mM mercap-
toethanol, and 10% ES cell qualified FBS. The 
preparation for cell seeding was the same as 
that of HUVEC.

Recellularization of kidney scaffolds with 
HUVEC and mES cells

After decellularization and sterilization, the 
scaffolds were seeded with 1×107/mL HUVEC 
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diluted in 2 ml medium from the renal artery 
and the same content of mES cells through the 
ureter. Cells were allowed to attach overnight, 
after which perfusion of culture was resumed. 
Perfusion media was infused through sterile 
access ports (Millipore) to minimize the risk of 
contamination. Media was allowed to 
equilibrate with 5% CO2 and 95% room air 
before reaching the cannulated renal artery at 
1 mL/min for 7 days.

Kidney regeneration by transplantation of 
metanephros

Metanephroi retrieval and transplantation: We 
isolated metanephros for this experiment from 
embryonic day 13.5 (E13.5) Wistar rats (Animal 
Center of Shandong University, Jinan, China) 

using the microsurgery techniques. Then the 
metanephros was placed immediately into ice-
cold Ham’s F12 DMEM (DMEM: F12) solution 
(Conning). 

After isolation, the metanephros was immedi-
ately transplanted in the omentum of two-
month-old female Wista (host) rats. The host 
rats had their left kidney removed. And then the 
incision was closed. Some transplanted meta-
nephroi was removed after six weeks following 
transplantation.

Characterization of the transplanted meta-
nephroi

Histological examination: To assess the histol- 
ogy of the transplanted metanephroi, hemato- 
xylin & eosin and Masson Trichrome staining 

Figure 1. The production of kidney scaffold. A, C, E, G: Shows the characteristics of normal kidney, while B, D, F, G: 
Shows the characteristics of the kidney scaffold. A and B: Gross feature of the kidney and kidney scaffold. After de-
cellularization, the kidney became semi-transparent. C and D: HE staining shows that only collagen was left on the 
scaffold after decellularization. E-G: Immunochemistry shows that collagen IV and fibronectin was well preserved 
after decellularization. I: DNA content was almost removed after decellularization. J: Before and after decellular-
ization, there was no obvious changes for the content of collagen. K1-4: x-ray fluoroscopy shows that the vascular 
system was well preserved after decellularization.
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(Solarbio, China) were used after fixation in 10% 
formalin, paraffin embedding, and sectioning.

Immunohistochemistry for metanephro

The E13.5 and transplanted metanephroi was 
fixed in 4% paraformaldeyhyde, quenched for 
endogenous peroxidase in 0.3% Hydrogen 
Peroxide, blocked with 4% normal goat serum 
in PBS and incubated with primary antibodies 
for 24 h at 4°C. They were incubated with 
biotinylated secondary antibodies for 30 min at 
room temperature. The following primary 
antibodies were used: rabbit polyclonal to 
Nanog (Abcam, ab106465), rabbit polyclonal to 
SOX2 (Abcam, ab97959), rabbit polyclonal to 
OCT4 (Abcam, ab18976), rabbit monoclonal to 
pax-2 (Abcam, ab79389).

Statistical analysis

Quantitative results were reported as mean 
standard deviation. Student t-test was used to 
reveal differences in the level of cytokines, DNA 
and collagen content among different groups. 
The significance level was set at 0.05 and 

Graphpad prism 6.0 was used for the 
analyses.

Results

Characterization of the decellularized scaffold

Our procedures successfully decelluylarized rat 
kidneys as shown by a near transparent appear-
ance (Figure 1B), and H&E staining showed a 
lack of cellular nuclear material with only colla-
gen left (Figure 1D).

The ECM of the decellularized renal scaffold, 
was preserved as seen by the distribution of 
specific ECM proteins, collagen IV and fibronec-
tin, which were similar to that in native rat kid-
ney tissue (Figure 1F and 1H).

We removed most DNA for comparison to the 
native organ (Figure 1I), while retaining total 
collagen levels similar to those in cadaveric kid-
ney tissue (Figure 1J).

Although the kidney was well decellularized, the 
intact vascular network maintained the hierar-

Figure 2. Recellularization of the kidney scaffold. A: HUVEC. B: mES cells. C and D: HE staining shows that the cells 
we seeded attached to the kidney scaffold.
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chical branching structures through the renal 
artery as depicted with contrast media (Figure 
1K).

Recellularization of the decellularized kidney 
scaffold

We recellularized the scaffold with HUVEC 
(Figure 2A) and mES cells (Figure 2B). 

After decellularization and perfusion with cul-
ture medium, these cells were able to attach 
and grow in the ECM (Figure 2C and 2D).

Throughout the entire test period after in vivo 
transplantation, regenerated kidney grafts 
appeared well perfused without any evidence 
of bleeding from the vasculature. Regenerated 
kidneys produced urine shortly after removal of 
the vascular clamps.

Characterization of metanephros

Metanephros was retrieved successfully by 
micro-surgery (Figure 3A and 3B). 

Six weeks after transplantation of metaneph-
ros in the omentum, we performed immuno-
chemistry to detect markers of kidney. H&E 
staining showed that nephron was formed, 
which contained glomeroli and renal tubule 
(Figure 3C and 3D). The markers of stem cells, 
such as OCT4, NANOG and SOX2 were negative 
(Figure 3E-G), which demonstrated that the 
cells of metanephros have differentiated to 
other cells. And the key marker of kidney de- 
velopment, PAX2 (Figure 3H), was positive, 
which showed that the metanephros we trans-
planted had differentiated to renal cell linage. 
The vascular marker, CD31 (Figure 3I) was also 
positive.

Discussion

Whole kidney regeneration holds great promise 
for ESRD patients. There are several ways for 
kidney regeneration, transplantation of meta-
nephroi and cell-scaffold techniques was two 
of them. In the past few years, several groups 
have tried these ways for kidney regeneration 
[10, 11, 18, 19, 21, 22]. The aim of this study 
was to apply these two techniques in rodent 
model, and compare their advantages and dis-
advantages in structure and function of the 
regenerated kidneys.

Methods of CST have varied between different 
researches. The main goal was to produce a 
scaffold without disrupting its ultrastructure 
and improve the cell attachment in the scaf-
fold. We adopted the basic criteria for scaffold, 
which included: (1) Remove native cellular 
materials (DNA content at or below 50 ng DNA/
mg tissue) [26]. (2) Preserve native extracellu-
lar components and ultrastructure of the decel-
lularized organ [17, 27, 28]. (3) Preserve the 
intact vascular system.

We have developed an effective and fast meth-
od for kidney regeneration. The vascular trees 
of decellularized renal scaffold were intact at 
all hierarchical levels. The collagen of ECM was 
well preserved and Residual SDS levels in the 
scaffolds were negligible. The decellularized 
kidney scaffold was non-cytotoxic and promot-
ed cell attachment and differentiation when 
seeded with ES cells. There were several proto-
cols to produce decellularized scaffold, which 
may take several hours, days or even weeks to 
decellularize the kidney [10, 18, 29, 30]. The 
longer the time is taken , the more serious dis-
ruption for ECM micro-structure and cytokines 
occurs. We demonstrated that complete decel-
lularization of rat kidneys can be safely and 
effectively achieved using SDS alone, as docu-
mented by the histologic and immunochemistry 
findings which confirmed complete cell removal 
without loss of structural ECM proteins.

Another key step for CST was techniques of 
recellularization. Several groups of researchers 
are working on this step in rodent models [10, 
11, 18]. But there are still many aspects for 
improvement. In our opinion, stem cells are the 
ideal cell type for kidney regeneration. Song et 
al. reported that recellularization with endothe-
lial cells and neonatal kidney cells resulted in a 
functional kidney [10]. But the time required for 
maturation of the seeded cells is not clear and 
immuno-rejection problem should not be 
ignored. Ross et al. and Bonandrini et al. report-
ed that recellularizing the scaffold with mES 
cells leaded to a regenerated kidney. But some 
problems were encountered in the process of 
recellularization. The cells attached to the scaf-
fold did not grow well and no function was 
described in these two studies. In our study, 
the cells seeded on the scaffold grew well after 
recellularization and perfusion with the self-
made whole kidney culture system. And the 
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regenerated kidney could be transplantable 
and functional.

It has been known for over four decades that 
embryonic tissues are less immunogenic com-
pared with their adult counterparts [31]. Thus 
we chose the earliest time (E13.5) when the 
metanephroi was more complete and least 
prone to immune rejection. Our study shows 
long-time survival of metanephros transplant-
ed to the omentum and kidney formation.

Omentum is an immunological site for xeno-
and allo-transplantation [32]. So it’s inevitable 
to have immune response to transplantation a 
kidney from one rat to another [33]. Our study 
shows that metanephros from E13.5 did not 
lead to immune response. Abrahamson et al. 
transplanted metanephros from E17 rats [34] 
and Roger et al. from E15 rats [19]. These stud-
ies showed that E17 and E15 metanephros 
were more immunogenic than E13.5 meta-
nephros. There are two reasons which may 
explain this phenomenon: (1) unlike a devel-
oped kidney, the E13.5 metanephros is a non-
vascularized organ. After transplantation, the 
vascular system from the receptors grows into 
the metanephros; (2) the earlier we get meta-
nephros from the embryos, the less immune 

response occurs; the early kidney precursors 
possibly lack mature antigen-presenting cells 
(APC) [22, 35].

In this study, we performed two methods for 
kidney regeneration. The metanephros trans-
planted to the omentum could form the neph-
ron and the PAX2 genes could be expressed. 
And the kidney produced from this method was 
less immunogenic. But there are two main 
shortcomings for this method (1) the kidney 
obtained is not transplantable, because the 
vascular system was complex; (2) the ureter is 
not very clear and it should be connected with 
the receptor’s ureter or bladder. While the CST 
preserved the 3D structure of the normal kid-
ney, which makes it easy for transplantation. 
But the kidney function is limited because the 
recellularization techniques is being improved. 
In the future, we should make more efforts in 
combining the advantages of these two meth-
ods to produce a functional and transplantable 
kidney. 

Conclusion

In this study, we tried two methods for kidney 
regeneration. Both methods could develop a 
kidney and had different advantages. In the 
future, we should make more efforts in combin-

Figure 3. The metanephros and immunochemistry after 
transplantation. A: The embryo of E13.5 rat. B: The meta-
nephros we get from E13.5 embryo. C and D: H&E stain-
ing for transplanted metanephros after six weeks. E-G: 
Immunochemistry for stem cell markers. OCT4, NANOG, 
SOX2 was negative. H: Immunochemistry of PAX2, which 
was positive. I: Immunochemistry for CD31, which was 
also positive.
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ing the advantages of these two methods to 
produce a functional and transplantable kid- 
ney.
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