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Abstract
The aim of our study was to investigate the role of bone marrow cells in the phenotypic

changes that occur in diabetic nephropathy. Bone marrow cells were obtained from either

streptozotocin-induced diabetic or untreated control C3H/He mice and transplanted into

control C3H/He mice. Eight weeks after bone marrow cell transplantation, renal morpho-

logic changes and clinical parameters of diabetic nephropathy, including the urine albumin/

creatinine ratio and glucose tolerance, were measured in vivo. Expression levels of the

genes encoding α1 type IV collagen and transforming growth factor-β1 in the kidney were

assayed. Our results demonstrated that glucose tolerance was normal in the recipients of

bone marrow transplants from both diabetic and control donors. However, compared with

recipients of the control bone marrow transplant, the urinary albumin/creatinine ratio, glo-

merular size, and the mesangial/glomerular area ratio increased 3.3-fold (p < 0.01), 1.23-

fold (p < 0.01), and 2.13-fold (p < 0.001), respectively, in the recipients of the diabetic bone

marrow transplant. Expression levels of the genes encoding glomerular α1 type IV collagen

and transforming growth factor-β1 were also significantly increased (p < 0.01) in the recipi-

ents of the diabetic bone marrow transplant. Our data suggest that bone marrow cells from

the STZ-induced diabetic mice can confer a diabetic phenotype to recipient control mice

without the presence of hyperglycemia.

Introduction
The prevalence of chronic kidney disease in China is 10.8%. Diabetes is one of the risk factors
independently associated with chronic kidney disease [1]. About 25% to 40% of patients with
diabetes will develop diabetic nephropathy (DN), characterized by histological changes or a
progressive decline in the glomerular filtration rate, within 20 to 25 years of the onset of type 1
or type 2 diabetes mellitus. ECM accumulation and mesangial cell proliferation are pathologic
hallmarks or phenotypic changes associated with DN [2].

Hyperglycemia has been implicated in the development of the phenotypic changes associ-
ated with DN [3]. Several mechanisms contribute to these phenotypic changes, including high
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mitochondrial oxidative stress, metabolic pathways, chronic inflammation, immune-related
podocyte injury and participation of cytokines [3–5]. However, the Diabetes Control and Com-
plications Trial observed that some patients are resistant to DN development despite years of
poor blood glucose control, whereas 26% of the patients still progressed to DN despite ade-
quate blood glucose control. These observations indicated that other factors, in addition to
hyperglycemia, contribute to the progression of DN [6].

Mesenchymal stem cells, also known as multipotent mesenchymal stromal cells, are self-
renewing cells that can be found in almost all postnatal organs and tissues. Mesenchymal stem
cells are most frequently isolated from bone marrow (BM) and are also known as BM stem
cells. It has been previously demonstrated that BM stem cells contribute to renal regeneration
in animal models of DN. Moreover, the function of BM stem cells may be affected by hypergly-
cemia associated with diabetes [7]. A previous study demonstrated that naive syngeneic B6
mice developed albuminuria and severe glomerular lesions in the absence of hyperglycemia
when transplanted with BM cells from db/db mice with established DN [8]. However, the db/
db mouse is a spontaneous diabetic model; thus, it is difficult to identify whether the DN phe-
notypic changes were induced by genetic factors or were acquired characteristics of BM cells.
To elucidate the role of BM cells in the phenotypic changes associated with diabetic nephropa-
thy, the genetic components of diabetes should be excluded from the animal model. To deter-
mine whether C3H/He mice were vulnerable to hyperglycemia, the effects of high ambient
glucose concentrations on mesangial cells isolated from C3H/He and C57BL/6 mice were com-
pared. In addition, we established a streptozotocin (STZ)-induced diabetic model using C3H/
He mice. Finally, the role of BM cells in diabetic phenotypic changes was investigated in BMT
recipient C3H/He mice.

Materials and Methods

Animals
C3H/He and C57BL/6 female mice (six to eight weeks of age) were purchased from the experi-
mental animal research unit of Beijing Union Medical College, China Academy of Medical
Sciences. Mice were maintained in a temperature-controlled (25°C) facility with a strict 12 h
light/dark cycle and were given ad libitum access to food and water. This project was approved
by the Animal Care and Use Committee of the Chinese People’s Liberation Army General Hos-
pital (2013-XC-12). This study was carried out in strict accordance with the recommendations
in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health.
Mice were euthanized with CO2 under isoflurane anesthesia and all efforts were made to allevi-
ate suffering.

Isolation and Cloning of Glomerular Mesangial Cells
The kidneys of control C3H/He and C57BL/6 mice were perfused with phosphate-buffered
saline (PBS) solution. The renal cortex was removed and incubated in 0.1% collagenase/PBS
buffer for glomeruli isolation. Glomeruli were separated from tubules and arterioles under a
microscope. Microdissected glomeruli were placed into wells of fibronectin-coated tissue cul-
ture plates and cultured in dulbecco’s modified eagle’s medium and Ham’s F-12 nutrient mix-
ture medium (3:1; Gibco BRL, Invitrogen Corporation, USA) supplemented with 20% fetal
bovine serum (Gibco BRL), 1.0mM glutamine (Gibco BRL), 0.075% Na2HCO3 (Gibco BRL),
100 μg/ml penicillin-streptomycin (100 units/ml; Gibco BRL), and trace elements (Biosource,
USA). The culture media glucose concentration was 5.5 mM. Glomerular mesangial cells were
characterized as previously described [9]. Individual clusters of outgrowing cells were isolated
with cloning rings and trypsinized, followed by single cell cloning and propagation.
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Cell Experimental Design
To investigate the effects of high ambient glucose on mesangial cells from C3H/He and
C57BL/6 mice, cells were examined following treatment with 5.5 mM or 30 mM glucose in dul-
becco’s modified eagle’s medium and Ham’s F-12 nutrient mixture medium (3:1; 10% fecal calf
serum; Table 1). Cell culture medium was supplement with ascorbic acid (50μg/ml, Sigma,
USA) and beta-aminopropionitrile (80μg/ml, Sigma).

Collagen Types I and IV Assay
Mesangial cell numbers were determined, and the cell supernatants were collected on the 14th
day after treatment with different glucose concentrations. Collagen type I and IV ELISAs were
performed. Briefly, standards were plated in the linear range of the curve, ranging from 0.023
ng/μl to 1.5 ng/μl for collagen type I (Collaborative Biomedical Products, USA) and from 0.023
ng/μl to 3 ng/μl for collagen type IV (Collaborative Biomedical Products). To measure collagen
type I levels, the supernatants were added to 96-well-plates, which were incubated at 37°C for 2
h, followed by 30 min at room temperature (27°C) in blocking solution (0.05% Tween-20,
0.25% bovine serum albumin in PBS buffer) and an overnight incubation at 4°C with a rabbit
anti-mouse type I collagen polyclonal antibody (1:2,000; Biodesign Int, USA). Samples were
subsequently incubated with a biotinylated goat anti-rabbit IgG polyclonal antibody (1:2,000;
Biosource International, USA) for 2 h at room temperature. For collagen type IV, the samples
were similarly processed, but a rabbit anti-mouse collagen type IV polyclonal antibody
(1:3,000; Biodesign Int.) was used. Final values were expressed as nanograms per 10,000 cells
for collagen types I and IV. Mesangial cell mRNA was extracted with Tri-Reagent (Sigma,
USA). Reverse transcription (RT)-PCR was performed and Gapdh was used as a housekeeping
gene. The primer sequences for Col4a1, the gene encoding α1 type IV collagen (484 bp), were
as follows: forward: 5’-CACCATAGAGAGAAGCGAGATGTTC-3’; reverse, 5’-GGCTGAC
GTGTGTTCGC-3’.

Experimental and control groups
Four experimental groups were divided as follows: Control C3H/He mice, C3H/He mice with
diabetes, BM transplant (BMT) with BM from control C3H/He mice and BMT with BM from
diabetic C3H/He mice. There were 5 mice in each group. Animals are grouped by random
number table method.

Table 1. Collagen Type I and IV assay in mesangial cell culture supernatants.

Mesangial cells Collagen Type IV (μg/ml/10,000
cells)

Collagen Type I (μg/ml/10,000
cells)

C57 Mes. + 5.5 mM
Glucose

0.0114±0.0013 0.0237±0.0095

C57 Mes. + 30 mM
Glucose

0.0123±0.0018* 0.0243±0.0084

C3H Mes. + 5.5 mM
Glucose

0.0562±0.0011 0.0189±0.0116

C3H Mes. + 30 mM
Glucose

0.0953±0.0019**# 0.0321±0.0089

*p < 0.05, compared with C57 mesangial cells in 5.5 mM glucose

**p < 0.01, compared with C3H mesangial cells in 5.5 mM glucose; and

#p < 0.01, compared with C57 mesangial cells in 30 mM glucose.

doi:10.1371/journal.pone.0137245.t001
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Induction of Diabetes in Mice
Diabetes was induced in six-week-old female C3H/He mice by intraperitoneal (IP) injections
of STZ (Sigma). Briefly, STZ was dissolved in an ice-cold citrate buffer (pH 4.6) and injected IP
(100 mg/kg body weight/day) twice per week until hyperglycemia (> 16.7mM) was achieved
and maintained for at least one week. The control mice received an IP injection of the citrate
buffer without STZ.

BMCell Transplantation
BM was obtained from diabetic and control C3H/He mice. Femurs and tibiae were collected
and the BM cells were harvested and resuspended in sterile PBS buffer. Control C3H/He mice
were used as BM transplant (BMT) recipients. After lethal irradiation (950 cGy), the mice were
anesthetized using a ketamine, xylaxine, and acepromazine mixture. The mice were then
divided into two groups and injected intravenously with 5 × 106 BM cells from diabetic or con-
trol mice. There were no changes in the general health status of the recipient mice before they
were sacrificed for the studies.

IP Glucose Tolerance Test
IP glucose tolerance tests were performed as previously described [10]. Briefly, the mice were
fasted overnight (12 h) and were then injected intraperitoneally with glucose (2.0 g/kg body
weight with 25% glucose in a sterile solution). Blood samples from the mice were collected for
glucose quantification at 0, 15, 30, 60, and 120 min after injection.

Urine Albumin/Creatinine Ratio
Urine from the mice was collected into siliconized tubes. For the albumin assay, the urine was
diluted 1:1,000 and measured in duplicate with the Mouse Albumin ELISA Quantitation Kit
(Bethyl Laboratories Inc., USA). Optical density values were obtained using the MRX micro-
plate reader (Dynex Technologies Inc., USA) at a wavelength of 450 nm. Albumin values (ng/
ml) were determined as the mean of duplicate values. The urine creatinine (mg/dl) was mea-
sured using the alkaline picrate (Jaffé) method. Creatinine LiquiColor Test was purchase from
StanBio Lab Inc. (USA). Urine creatinine assay was performed on spectrophotometer (Bio-
Rad, capable of absorbance readings at 510 nm) in accordance with the manual steps. The uri-
nary albumin/creatinine ratio (mg/g) was calculated for each animal.

Renal Tissue Preparation
The recipient mice were sacrificed eight weeks after BMT. After perfusion with PBS buffer, the
upper and lower poles of the left kidneys were removed. The glomeruli were isolated under a
microscope for subsequent real time RT-PCR analysis. The remaining kidney was cut into
small pieces and either prepared for frozen sectioning or fixed in 4% formalin, embedded in
methacrylate, and sectioned for pathological assessment.

Renal Pathologic Study
Sections of renal cortical tissue (4 μm) were stained using the Periodic Acid–Schiff method.
Digital images of 50 consecutive, randomly chosen glomeruli from each mouse were recorded
with an Olympus BH-2 microscope and a MicroImage A209 RGB color video camera. Total
glomerular area (μm2) and mesangial area (μm2) were obtained using the MetaMorph image
analysis computer program (Universal Imaging Corporation, USA).
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Collagen type IV expression was evaluated using immunofluorescence microscopy. Briefly,
renal frozen tissues were cut into 4-μm sections and mounted on silane-coated glass slides. The
slides were washed and incubated at room temperature in PBS containing 3% bovine serum
albumin, 10% normal goat serum, and purified rabbit anti-mouse type IV collagen IgG (1:160;
Biodesign, USA). After one hour, the slides were washed, incubated for one hour at room tem-
perature with FITC-labeled goat anti-rabbit IgG (Zymed, USA), and washed again, and cover
slips were applied. The negative control consisted of adjacent sections exposed only to the sec-
ondary antibody.

Analysis of the Expression Levels of the Genes Encoding TGF-β1 and
Collagen Type IV mRNA by Real Time RT-PCR Assay
Glomeruli were isolated from the BMT recipients. Equal amounts of RNA isolated from each
sample were reverse transcribed and amplified with primers specific to Col4a1 and Tgfb1, the
genes encoding α1 type IV collagen and TGF-β1, respectively, using the TaqMan one step real
time PCR master mix reagents kit and the ABI Prism 7700 sequence detection system (Perkin
Elmer Applied Biosystems, USA). A standard curve using the 18S rRNA amplicon was devel-
oped. 18S rRNA levels and Col4a1 and Tgfb1mRNA levels were expressed as the number of
copies per microgram of total RNA. The primers were as follows: for Col4a1, forward: 5'-CA
CCATAGAGAGAAGCGAGATGTTC, reverse: 5'-GGCTGACGTGTGTTCGC; and for Tgfb1,
forward: 5'-ACTGGAGTTGTACGGCAGTGG, reverse: 5'-GCAGTGAGCGCTGAATCGA.
4,7,2’-trichloro-7’-phenyl-6-carboxyfluorescein-labeled 5'-AAGCCCACGCCATCCACC
TTGA was used as the probe for Col4a1 amplification. 6-carboxyfluorescein-labeled 5'-TGAA
CCAAGGAGACGGAATACAGGGCT was used as the probe for Tgfb1 amplification. The
TaqMan Ribosomal RNA Control Reagents kit was used to measure the expression of 18S
rRNA. The Col4a1 and Tgfb1mRNA expression levels were normalized to 18S rRNA levels in
recipient mouse samples.

Statistical Analysis
Data are expressed as mean ± standard deviation. An unpaired Student’s t test was used to
compare the means of two groups. Statistical significance was defined as p< 0.05.

Results

Collagen Type I and IV Assay in Mesangial Cell Culture Supernatants
The levels of collagens type I and IV secreted by glomerular mesangial cells from the different
mouse models under different glucose conditions were measured. Treatment with 30 mM glu-
cose resulted in a 1.2-fold and 1.7-fold increase in collagen type IV secretion from mesangial
cells isolated from C57BL/6J and C3H/He mice, respectively, compared with that of the respec-
tive 5.5 mM glucose treatment groups (Table 1). Under these conditions, the secretion of colla-
gen type IV from mesangial cells isolated from C3H/He mice was higher than that from the
C57BL/6J mesangial cells (p< 0.01). However, there were no differences in collagen type I
secretion between groups.

An Analysis of Expression Levels of the Gene Encoding Collagen Type
IV in Mesangial Cells
There was no difference in expression levels of the gene encoding collagen type IV, Col4a1,
between C3H/He and C57BL/6 mesangial cells at 5.5 mM glucose. However, Col4a1 expression
increased in both strains when the glucose concentration in the culture medium increased
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from 5.5 mM to 30 mM and was markedly higher in C3H/He mesangial cells (3.2-fold higher
in C3H/He mesangial cells versus 2.6-fold higher in C57BL/6 mesangial cells; p< 0.01; Fig 1).

Analysis of Glycemia and Albuminuria Levels
Mice that received a BMT from either diabetic donors (diabetic recipients) or control donors
(control recipients) displayed normal glucose tolerance. Glycemic levels returned to baseline in
both groups of mice two hours after the glucose challenge (2.0 g/kg). However, the urinary
albumin/creatinine ratio in the diabetic recipients was 3.3-fold higher than that of the control
recipients (p< 0.01; Fig 2). While, the urinary albumin/creatinine ratio in the diabetic recipi-
ents were still lower than diabetic C3H/He mice (p< 0.05; Fig 2).

Renal Pathology and Immunopathology
The diabetic recipients developed marked glomerular hypertrophy (1.23-fold increase in size;
p< 0.01; Fig 3). The ratio of mesangial to glomerular area also increased 2.13-fold in the dia-
betic recipients (p< 0.001; Fig 3). Additionally, there was substantial accumulation of collagen
type IV in the enlargement of the mesangial spaces, which was detected by immunofluores-
cence microscopy (Fig 4).

Col4a1 and Tgfb1mRNA Levels in Glomeruli
Col4a1 and Tgfb1 expression levels in the glomeruli were measured by real-time RT-PCR.
Compared with those of control recipients, there was a significant increase in Col4a1mRNA
levels in the diabetic recipients (p< 0.01; n = 5). While, compared with diabetic C3H/He mice,
the Col4a1mRNA levels were lower in the diabetic recipients. (p< 0.05; n = 5; Fig 5). Similarly,
glomerular Tgfb1 expression was also up-regulated in the diabetic recipients (p< 0.01; n = 5).
While, compared with diabetic C3H/He mice, the Tgfb1mRNA levels were lower in the diabetic
recipients. (p< 0.05; n = 5; Fig 5).

Discussion
ECM accumulation and mesangial cell proliferation are hallmarks in the formation of
glomerular and interstitial lesions in DN [2–4]. Hyperglycemia and hemodynamic factors are

Fig 1. Changes inCol4a1mRNA expression in mesangial cells. (A) mRNA expression of Col4a1. Hyperglycemia inducesCol4a1 expression in
mesangial cells from both C3H/He and C57BL/6 mice. (B) Col4a1mRNA expression (expressed as a ratio of Col4a1 toGAPDH expression) was increased
following treatment with 30 mM glucose (closed bars), compared with that in 5.5 mM glucose (open bars), in both strains (*p < 0.05, n = 3). Col4a1
expression at 30 mM glucose was significantly higher in C3H/He mesangial cells compared with that in C57BL/6 mesangial cells (#p < 0.01, n = 3).

doi:10.1371/journal.pone.0137245.g001
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considered to be major risk factors for the above DN phenotypic changes. In this study, the
effects of high ambient glucose concentrations on mesangial cells from C3H/He and C57BL/6
mice were investigated. The results demonstrated that collagen type IV secretion and Col4a1
mRNA expression increased under hyperglycemic conditions in both strains; however, more
dramatic changes were observed in C3H/He mesangial cells. The results indicated that C3H/
He mice were more vulnerable to hyperglycemia-induced DN phenotypic changes. After trans-
fer of the BM cells from the STZ-induced diabetic C3H/He mice to the control C3H/He mice,
we observed marked glomerular hypertrophy development in the recipient mice accompanied
by normal glucose tolerance and the absence of hyperglycemia. Moreover, diabetic recipients
displayed albuminuria, increased mesangial ECM, and the accumulation of collagen type IV.
These results suggested that BM cells from the STZ-induced diabetic mice could transfer the
DN phenotypic changes (such as ECM accumulation in glomeruli) to the control recipients.
These results are consistent with a previous study that demonstrated that when BM stem cells
from db/db diabetic mice were transplanted into control mice, the recipient mice displayed
DN lesions without concomitant changes in blood glucose levels [8]. In addition, Cornacchia
et al. observed that a glomerulosclerosis phenotype could be transmitted through BMT from
Os/+ mouse donors (a model of glomerulosclerosis without diabetes) into congenic ROP
+/+ mice (normal glomeruli) [11]. However, as both studies utilized genetic models, we could
not distinguish whether the observed changes were due to hereditary factors or to acquired
characteristics of BM cells.

Fig 2. Analysis of albuminuria levels. The urinary albumin/creatinine ratio in the diabetic recipients was 3.3-fold higher than that of the control recipients
(##p < 0.01, n = 5), while they were lower than diabetic C3H/He mice (@p < 0.05, n = 5). BMT, bone marrow transplant; BM, bone marrow.

doi:10.1371/journal.pone.0137245.g002
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How BM cells from STZ-induced diabetic donors transfer DN phenotypic changes to con-
trol mice can be clarified based on the following aspects: First, diabetes may affect the functions
and biological characteristics of BM cells. Stolzing and colleagues isolated BM stem cells from
rats with type 1 diabetes mellitus and studied their proliferative capacity ex vivo. They reported
that BM stem cell colony size and number were significantly reduced in diabetic rats [12]. In
addition, another study found that if BM stem cells were cultured under hyperglycemic

Fig 3. Renal pathology. (A) The glomerular area of the diabetic recipients was markedly increased (1.23-fold increase in size; p < 0.01; n = 5). (B) The ratio
of mesangial to glomerular area also increased in the diabetic recipients (2.13-fold increase, p < 0.001, n = 5). (C) The glomeruli of the control C3H/He mice
appear normal in morphology and size. (D) The glomeruli of C3H/He mice with STZ-induced diabetes are large and have a marked increase in mesangial
matrix. (E) The glomeruli of the control recipients appear normal in morphology and size. (F) The glomeruli of the diabetic recipients are large and have a
marked increase in mesangial matrix (Periodic Acid–Schiff stain; original magnification: 400×). BMT, bone marrow transplant; BM, bone marrow.

doi:10.1371/journal.pone.0137245.g003

Fig 4. Renal immunopathology. There was a large accumulation of collagen type IV in the glomerular
mesangial space of the diabetic recipients. (A) Control recipients. (B) Diabetic recipients (original
magnification 400×).

doi:10.1371/journal.pone.0137245.g004
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conditions, negative effects on colony formation and differentiation were observed [13]. When
treated with glyceraldehydes and glycolaldehydes, BM stem cells displayed reduced cell prolif-
eration, increased cell apoptosis, and impaired differentiation into adipogenic, chondrogenic,
and osteogenic clones [14]. Additionally, high glucose concentrations reduced the osteogenic
and chondrogenic potential of BM stem cells [15]. Similarly, our group previously observed
that proliferation capacity, anti-hypoxic properties and the restoration of kidney-derived stem
cells were inhibited under hyperglycemic conditions [16]. The mechanisms involved in the
toxic effects of hyperglycemia on BM stem cells appear to be related to an imbalance between
nitric oxide levels, reactive oxygen species [17], and advanced glycation end-products [12,14].

Moreover, BM cells can affect many aspects of diabetic kidney disease [18–20]. When
researchers transplanted BM cells into diabetic mice, 11% of the BM cells engrafted into the
damaged kidneys, where they differentiated into endothelial cells and possibly mesangial cells.
Other pathological changes included decreases in mesangial thickening, ECM deposition, and
macrophage infiltration [20]. BM cells may exert therapeutic effects by mobilizing and migrat-
ing to the target organs and subsequently differentiating into the target cell type or through
paracrine signaling [7,21]. Moreover, BM cells can interact with the immune system (dendritic
cells, T cells, and NK cells) to produce soluble factors and modulate cytokine levels [22]. BM
cells can also inhibit the proliferation of B cells and decrease the secretion of IgG via the pro-
duction of soluble factors [23]. Research from Ben Nasr M et al. further confirms the important
role of stem cells in the modulation of inflammatory/immune response. In this research, MSCs
could delay allograft rejection in vivo when co-transplanted with islets through multiple
immuno-regulatory properties [24].

Thus, we postulated that the function of BM cells from diabetic donor mice was affected by
the diabetic environment. Therefore, when we transplanted these dysfunctional BM cells into
healthy control mice, the DN phenotype was transferred through direct differentiation, para-
crine signaling, or immunomodulatory mechanisms. From our research, the results also indi-
rectly manifested that hyperglycemia is not the only impact factor of diabetic nephrology, even

Fig 5. Col4a1 and Tgfb1mRNA levels in the glomeruli. Col4a1 and Tgfb1 expression levels were up-regulated in the glomeruli of the diabetic recipients
compared with those of the control recipients (##p < 0.01; n = 5). While, compared with diabetic C3H/Hemice, theCol4a1 and Tgfb1mRNA levels were all
lower in the diabetic recipients.(@p < 0.05; n = 5). BMT, bone marrow transplant; BM, bone marrow.

doi:10.1371/journal.pone.0137245.g005
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if the blood glucose control in the normal range, also could not completely prevent the occur-
rence and development of diabetic nephrology. For example, results from ADVANCE research
showed that, achieve a glycated hemoglobin value of 6.5% or less, could only get a reduction in
the incidence of nephropathy into 4.1% [25]. Another research also show that there were only
a little difference in the incidence of microalbuminuria between patients with poor glycemic
control and good glycemic control (55% and 54% respectively) [26]. Renal lesions from diabe-
tes could be attributed partly to the direct effects of glycemia, maybe renal lesions in the trans-
planted mice would be even more aggravated in the presence of hyperglycemia, but this is just
our speculation. The exact mechanism requires further investigation.

Conclusions
Transplantation of BM cells from STZ-induced diabetic mice led to albuminuria, marked glo-
merular hypertrophy, increased mesangial ECM, and accumulation of collagen type IV without
concomitant hyperglycemia in healthy control recipients. These results suggest that BM cells
play a key role in the phenotypic changes of DN in diabetic recipients. However, the exact
mechanism underlying the transfer of the diabetic phenotype still warrants further research.

Supporting Information
S1 Table. The ARRIVE Guidelines Checklist.
(PDF)

S2 Table. Raw data of measurements shown in “Fig 1B. Changes in Col4a1mRNA expres-
sion in mesangial cells”.
(PDF)

S3 Table. Raw data of measurements shown in “Fig 2. Analysis of albuminuria levels”.
(PDF)

S4 Table. Raw data of measurements(glomerular and mesangial area) shown in “Fig 3.
Renal pathology”.
(PDF)

S5 Table. Raw data of measurements shown in “Fig 5. Col4a1 and Tgfb1mRNA levels in the
glomeruli”.
(PDF)

Acknowledgments
The authors would like to acknowledge Dr. Meihua Li, Xiaodan Wang, and Miss Nancy B.
Martin for their help in preparing this manuscript.

Author Contributions
Conceived and designed the experiments: QC GY. Performed the experiments: QC GY SL JZ.
Analyzed the data: QC. Contributed reagents/materials/analysis tools: QC GY SL JZ. Wrote the
paper: QC GY.

References
1. Zhang L, Wang F, Wang L, WangW, Liu B, Liu J, et al. Prevalence of chronic kidney disease in China:

a cross-sectional survey. Lancet. 2012; 379(9818): 815–822. doi: 10.1016/S0140-6736(12)60033-6
PMID: 22386035

Bone Marrow Cells in Phenotypic Changes of Diabetic Nephropathy

PLOS ONE | DOI:10.1371/journal.pone.0137245 September 4, 2015 10 / 12

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0137245.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0137245.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0137245.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0137245.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0137245.s005
http://dx.doi.org/10.1016/S0140-6736(12)60033-6
http://www.ncbi.nlm.nih.gov/pubmed/22386035


2. Loeffler I, Liebisch M, Wolf G. Collagen VIII influences epithelial phenotypic changes in experimental
diabetic nephropathy. Am J Physiol Renal Physiol. 2012; 303(5): F733–F745. doi: 10.1152/ajprenal.
00212.2012 PMID: 22759394

3. Schena FP, Gesualdo L. Pathogenetic mechanisms of diabetic nephropathy. J Am Soc Nephrol. 2005;
16 Suppl 1: S30–S33. PMID: 15938030

4. Fiorina P, Vergani A, Bassi R, Niewczas MA, Altintas MM, Pezzolesi MG, et al. Role of podocyte B7–1
in diabetic nephropathy. J Am Soc Nephrol. 2014; 25(7):1415–29. doi: 10.1681/ASN.2013050518
PMID: 24676639

5. Doria A, Niewczas MA, Fiorina P. Can existing drugs approved for other indications retard renal func-
tion decline in patients with type 1 diabetes and nephropathy? Semin Nephrol. 2012; 32(5):437–44. doi:
10.1016/j.semnephrol.2012.07.006 PMID: 23062984

6. The Diabetes Control and Complications Trial Research Group. The effect of intensive treatment of dia-
betes on the development and progression of long-term complications in insulin-dependent diabetes
mellitus. N Engl J Med. 1993; 329(14): 977–986. PMID: 8366922

7. Bernardi S, Severini GM, Zauli G, Secchiero P. Cell-based therapies for diabetic complications. Exp
Diabetes Res. 2012; 2012: 872504. doi: 10.1155/2012/872504 PMID: 21822425

8. Zheng F, Cornacchia F, Schulman I, Banerjee A, Cheng QL, Potier M, et al. Development of albumin-
uria and glomerular lesions in normoglycemic B6 recipients of db/db mice bone marrow: the role of
mesangial cell progenitors. Diabetes. 2004; 53(9): 2420–2427. PMID: 15331554

9. Mackay K, Striker LJ, Elliot S, Pinkert CA, Brinster RL, Striker GE. Glomerular epithelial, mesangial,
and endothelial cell lines from transgenic mice. Kidney Int. 1988; 33: 677–684. PMID: 2835539

10. Kaku K, Fiedorek FT Jr, Province M, Permutt MA. Genetic analysis of glucose tolerance in inbred
mouse strains. Evidence for polygenic control. Diabetes. 1988; 37(6): 707–713. PMID: 3289991

11. Cornacchia F, Fornoni A, Plati AR, Thomas A, Wang Y, Inverardi L, et al. Glomerulosclerosis is trans-
mitted by bone marrow-derived mesangial cell progenitors. J Clin Invest. 2001; 108(11): 1649–1656.
PMID: 11733560

12. Stolzing A, Sellers D, Llewelyn O, Scutt A. Diabetes induced changes in rat mesenchymal stem cells.
Cells Tissues Organs. 2010; 191(6): 453–465. doi: 10.1159/000281826 PMID: 20130391

13. Stolzing A, Bauer E, Scutt A. Suspension cultures of bone-marrow-derived mesenchymal stem cells:
effects of donor age and glucose level. Stem Cells Dev. 2012; 21(14): 2718–2723. doi: 10.1089/scd.
2011.0406 PMID: 22462498

14. Kume S, Kato S, Yamagishi S, Inagaki Y, Ueda S, Arima N, et al. Advanced glycation end-products
attenuate humanmesenchymal stem cells and prevent cognate differentiation into adipose tissue, carti-
lage, and bone. J Bone Miner Res. 2005; 20(9): 1647–1658. PMID: 16059636

15. Cramer C, Freisinger E, Jones RK, Slakey DP, Dupin CL, Newsome ER, et al. Persistent high glucose
concentrations alter the regenerative potential of mesenchymal stem cells. Stem Cells Dev. 2010; 19
(12): 1875–1884. doi: 10.1089/scd.2010.0009 PMID: 20380516

16. Guang Y, Qingli C, Chunlin L, Yali J, JingxueW, YueW, et al. [The effects of high glucose on the basic
features of kidney stem cells]. Zhonghua Linchuang Yishi Zazhi. 2015; 15(2): 246–251.

17. Thum T, Fraccarollo D, Schultheiss M, Froese S, Galuppo P, Widder JD, et al. Endothelial nitric oxide
synthase uncoupling impairs endothelial progenitor cell mobilization and function in diabetes. Diabetes.
2007; 56(3): 666–674. PMID: 17327434

18. Ezquer FE, Ezquer ME, Parrau DB, Carpio D, Yanez AJ, Conget PA. Systemic administration of multi-
potent mesenchymal stromal cells reverts hyperglycemia and prevents nephropathy in type 1 diabetic
mice. Biol Blood Marrow Transplant. 2008; 14(6): 631–640. doi: 10.1016/j.bbmt.2008.01.006 PMID:
18489988

19. Ezquer F, Ezquer M, Simon V, Pardo F, Yanez A, Carpio D, et al. Endovenous administration of bone-
marrow-derived multipotent mesenchymal stromal cells prevents renal failure in diabetic mice. Biol
Blood Marrow Transplant. 2009; 15(11): 1354–1365. doi: 10.1016/j.bbmt.2009.07.022 PMID:
19822294

20. Lee RH, Seo MJ, Reger RL, Spees JL, Pulin AA, Olson SD, et al. Multipotent stromal cells from human
marrow home to and promote repair of pancreatic islets and renal glomeruli in diabetic NOD/scid mice.
Proc Natl Acad Sci U S A. 2006; 103(46): 17438–17443. PMID: 17088535

21. Volarevic V, Arsenijevic N, Lukic ML, Stojkovic M. Concise review: Mesenchymal stem cell treatment of
the complications of diabetes mellitus. Stem Cells. 2011; 29(1): 5–10. doi: 10.1002/stem.556 PMID:
21280154

22. Abdi R, Fiorina P, Adra CN, Atkinson M, Sayegh MH. Immunomodulation by mesenchymal stem cells:
a potential therapeutic strategy for type 1 diabetes. Diabetes. 2008; 57(7): 1759–1767. doi: 10.2337/
db08-0180 PMID: 18586907

Bone Marrow Cells in Phenotypic Changes of Diabetic Nephropathy

PLOS ONE | DOI:10.1371/journal.pone.0137245 September 4, 2015 11 / 12

http://dx.doi.org/10.1152/ajprenal.00212.2012
http://dx.doi.org/10.1152/ajprenal.00212.2012
http://www.ncbi.nlm.nih.gov/pubmed/22759394
http://www.ncbi.nlm.nih.gov/pubmed/15938030
http://dx.doi.org/10.1681/ASN.2013050518
http://www.ncbi.nlm.nih.gov/pubmed/24676639
http://dx.doi.org/10.1016/j.semnephrol.2012.07.006
http://www.ncbi.nlm.nih.gov/pubmed/23062984
http://www.ncbi.nlm.nih.gov/pubmed/8366922
http://dx.doi.org/10.1155/2012/872504
http://www.ncbi.nlm.nih.gov/pubmed/21822425
http://www.ncbi.nlm.nih.gov/pubmed/15331554
http://www.ncbi.nlm.nih.gov/pubmed/2835539
http://www.ncbi.nlm.nih.gov/pubmed/3289991
http://www.ncbi.nlm.nih.gov/pubmed/11733560
http://dx.doi.org/10.1159/000281826
http://www.ncbi.nlm.nih.gov/pubmed/20130391
http://dx.doi.org/10.1089/scd.2011.0406
http://dx.doi.org/10.1089/scd.2011.0406
http://www.ncbi.nlm.nih.gov/pubmed/22462498
http://www.ncbi.nlm.nih.gov/pubmed/16059636
http://dx.doi.org/10.1089/scd.2010.0009
http://www.ncbi.nlm.nih.gov/pubmed/20380516
http://www.ncbi.nlm.nih.gov/pubmed/17327434
http://dx.doi.org/10.1016/j.bbmt.2008.01.006
http://www.ncbi.nlm.nih.gov/pubmed/18489988
http://dx.doi.org/10.1016/j.bbmt.2009.07.022
http://www.ncbi.nlm.nih.gov/pubmed/19822294
http://www.ncbi.nlm.nih.gov/pubmed/17088535
http://dx.doi.org/10.1002/stem.556
http://www.ncbi.nlm.nih.gov/pubmed/21280154
http://dx.doi.org/10.2337/db08-0180
http://dx.doi.org/10.2337/db08-0180
http://www.ncbi.nlm.nih.gov/pubmed/18586907


23. Volarevic V, Al-Qahtani A, Arsenijevic N, Pajovic S, Lukic ML. Interleukin-1 receptor antagonist (IL-
1Ra) and IL-1Ra producing mesenchymal stem cells as modulators of diabetogenesis. Autoimmunity.
2010; 43(4): 255–263. doi: 10.3109/08916930903305641 PMID: 19845478

24. Ben Nasr M, Vergani A, Avruch J, Liu L, Kefaloyianni E, D'Addio F, et al. Co-transplantation of autolo-
gous MSCs delays islet allograft rejection and generates a local immunoprivileged site. Acta Diabetol.
2015. Epub 2015/03/27. PMID: 25808641

25. Patel A, MacMahon S, Chalmers J, Neal B, Billot L, Woodward M, et al. Intensive blood glucose control
and vascular outcomes in patients with type 2 diabetes. N Engl J Med. 2008; 358(24):2560–72. doi: 10.
1056/NEJMoa0802987 PMID: 18539916

26. Hasan MJ, Muqueet A, Sharmeen A, HoqueMR. Prevalence of microalbuminuria in relation to glycemic
control in type-2 diabetic patients in Mymensingh. Mymensingh Med J. 2015; 24(1):18–24. PMID:
25725663

Bone Marrow Cells in Phenotypic Changes of Diabetic Nephropathy

PLOS ONE | DOI:10.1371/journal.pone.0137245 September 4, 2015 12 / 12

http://dx.doi.org/10.3109/08916930903305641
http://www.ncbi.nlm.nih.gov/pubmed/19845478
http://www.ncbi.nlm.nih.gov/pubmed/25808641
http://dx.doi.org/10.1056/NEJMoa0802987
http://dx.doi.org/10.1056/NEJMoa0802987
http://www.ncbi.nlm.nih.gov/pubmed/18539916
http://www.ncbi.nlm.nih.gov/pubmed/25725663

