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Abstract. Diabetic nephropathy (DN) is a major complication 
of diabetes and represents the leading cause of end-stage renal 
disease. Mesenchymal stem cell (MSC) treatment has been 
demonstrated to be effective in DN models by reducing albu-
minuria and attenuating glomerular injury; however, limited 
in-depth understanding of the underlying mechanism and 
a lack of clinical trials hinders its clinical use. Additionally, 
most of these experimental studies were conducted on the 
advanced stage of nephropathy, which is difficult to reverse 
and consequently showed limited therapeutic efficacy. We 
sought to evaluate whether early intervention by MSCs has 
the potential to prevent DN onset and progression as well as 
protect kidney function when intravenously administered to 
rats with diabetes. Diabetes was induced in adult male SD rats 
by streptozotocin (STZ) injection (55 mg/kg, i.p.). The diabetic 
rats were injected with or without bone marrow-derived 
MSCs (5x106 per rat), via tail vein at 2, 4, 5 and 7 weeks 
after diabetes onset. Fasting blood glucose (FBG), blood urea 
nitrogen (BUN) and serum creatinine (Scr) levels in serum 
samples and glycosuria (GLU), microalbumin (MAU), and 
albumin to creatinine ratio (ACR) in urine samples were deter-
mined. Renal pathology and immunohistochemistry (IHC) 
for CD68, MCP-1, fibronectin  (FN), transforming growth 
factor-β (TGF-β) and pro-inflammatory cytokines were also 
performed. Expression levels of the above factors as well as 
interleukin-10 (IL-10), and epidermal growth factor (EGF) 
were assessed by qPCR and multiplex bead-based suspen-

sion array system, respectively. Additionally, MSC tracing 
in vivo was performed. Ex vivo, peritoneal macrophages were 
co-cultured with MSCs, and expression of inflammatory 
cytokines was detected as well. MSC treatment profoundly 
suppressed renal macrophage infiltration and inflammatory 
cytokine secretion in diabetic rats, resulting in prominently 
improved kidney histology, systemic homeostasis, and animal 
survival, although no significant effect on hyperglycemia 
was observed. Engrafted MSCs were primarily localized in 
deteriorated areas of the kidney and immune organs 48 h after 
infusion. MSC treatment upregulated serum anti-inflammatory 
cytokines IL-10 and EGF. Ex vivo, MSCs inhibited lipopolysac-
charide (LPS)-stimulated rat peritoneal macrophage activation 
via the downregulation of inflammatory-related cytokines such 
as IL-6, MCP-1, tumor necrosis factor-α (TNF-α) and IL-1β. 
Our results demonstrated that early intervention with MSCs 
prevented renal injury via immune regulation in diabetic rats, 
which restored the homeostasis of the immune microenviron-
ment, contributing to the prevention of kidney dysfunction and 
glomerulosclerosis.

Introduction

Approximately 20-40% of diabetic patients develop diabetic 
nephropathy (DN), a clinical syndrome that comprises renal 
failure and increased risk of cardiovascular disease (1,2). DN 
is characterized by persistent albuminuria, development of 
hyperfiltration and histopathological lesions including extra-
cellular matrix deposition, glomerular basement membrane 
thickening, glomerular and mesangial expansion (3). As DN 
progresses to end-stage chronic kidney disease, patients would 
require hemodialysis and even kidney transplant in the end (4).

Multiple factors may contribute to the development and 
outcomes of DN. For instance, interactions between genetic 
and environmental factors are likely to determine the suscepti-
bility of DN. Hyperglycemia is the major driving force, and the 
progressive renal hemodynamic changes may be the leading 
cause for DN development. Essentially, inflammatory pathways 
are critical to its progression (5,6). During the last decade, the 
findings that macrophages infiltrate the kidney and produce a 
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pro-inflammatory microenvironment have drawn more atten-
tions in DN research. It is common knowledge that macrophages 
are central mediators of inflammatory responses (7,8). In most 
types of human kidney diseases, macrophage accumulation in 
both glomeruli and interstitial tissues correlates closely with 
the degree of renal structural injury and renal dysfunction, 
such as DN (9-11). Additionally, migrated macrophages release 
multiple cytokines under pathological stimuli, such as TNF-α, 
interleukin-1β (IL-1β), and IL-6, provoking inflammatory 
responses through autocrine and paracrine manners, resulting 
in inflammatory cascades and accelerated renal injury (12,13).

Current treatments, involving glycemic and blood pressure 
control, can delay the development of DN, but do not stop the 
progression to end-stage renal failure (14). Novel and effective 
therapeutic approaches are in serious demand to prevent against 
nephropathy in patients with early-stage diabetes mellitus (DM).

Cell therapy with mesenchymal stem cells (MSCs) has 
become an attractive therapeutic strategy with which to regu-
late the immune response invoked in pathologies, such as tissue 
injury, transplantation, and autoimmunity (15). The primary 
characteristics of MSCs are their immunomodulatory ability, 
capacity for self-renewal, and ability to differentiate into meso-
dermal tissues (16). Additionally, autologous MSCs are easily 
harvested and expanded in culture, and are free of immuno-
rejection, implying the promising application in clinical 
treatment (17). Several studies have shown that MSCs lead to 
amelioration of acute or chronic renal injury, caused by ischemia 
reperfusion injury, 5/6 nephrectomy, unilateral ureteral ligation 
or even DN (18-20). In these studies, the immune modulation 
and anti-apoptotic effects of MSCs through paracrine mecha-
nisms have been associated with the therapeutic effect (21-23). 
More importantly, it has been demonstrated that functional 
interactions occur between MSCs and macrophages (8). The 
immunomodulatory capacity to inhibit macrophage infiltration 
is likely to be a critical mechanism in MSC-mediated ameliora-
tion of inflammation-related diseases (24).

Based on the previous findings, we transplanted bone 
marrow-derived MSCs in rats with streptozotocin  (STZ)-
induced diabetes to explore the therapeutic potential of MSCs 
on renal dysfunction in the early stage of diabetes and disclose 
its immunoregulatory role on macrophage activity and the 
inflammatory environment.

Materials and methods

Rat model of STZ-induced diabetes. Male SD rats (n=30; age, 
10 weeks old; weight, 280-300 g) were purchased from Chengdu 
Dashuo Laboratory Animal Technology Co. (Chengdu, China) 
and housed in an animal facility under controlled tempera-
ture (23±1˚C), humidity (45-65%), and a 12-h light/dark cycle 
with free access to water and chow. Diabetes was induced by 
a single intraperitoneal injection of 55 mg/kg STZ (Sigma 
Chemical, St. Louis, MO, USA) dissolved in sodium citrate 
buffer (pH 4.5) after overnight fasting. Three days later, the 
rats with a fasting glucose level >16.7 mM for 3 consecutive 
days were identified as diabetic rats (14). None of the rats 
received insulin treatment during the entire course of the 
experiment. Afterwards, the development of renal injury was 
evaluated via biochemical and histopathological assessment. 
All experimental protocols and studies were approved by the 

Animal Ethics Committee of the Sichuan University, which 
are consistent with the National Institutes of Health Guide for 
the Care and Use of Laboratory Animals.

Isolation, culture and characterization of MSCs and macro-
phages. Bone marrow-derived MSCs were isolated from femurs 
and tibias of 25 3-week-old male SD rats (100-120 g; purchased 
from Chengdu Dashuo Laboratory Animal Technology Co.); 
the rats were sacrificed prior to the isolation of the MSCs. 
Cells were then cultured in low-glucose Dulbecco's Modified 
Eagle's Medium (DMEM) containing 10%  fetal bovine 
serum (FBS) (Gibco), 100 U/ml penicillin, and 100 mg/ml 
streptomycin  (25,26). The surface markers of MSCs were 
identified by flow cytometric analysis using fluorophore 
conjugated antibodies: anti-rat CD29-FITC, CD44-FITC, 
CD34-PE and CD45-PE (BD Biosciences, Franklin Lakes, 
NJ, USA). For multiple differentiation, MSCs were induced to 
differentiate into adipocytes and osteocytes for 14 and 21 days 
in adipogenic and osteogenic media (Cyagen Biosciences Inc., 
Santa Clara, CA, USA), respectively. Oil Red stain for lipid 
droplets and Alizarin Red for calcium deposition were then 
used. Furthermore, 5-ethynyl‑2'‑deoxy-uridine (EdU) staining 
was performed to confirm the proliferation capacity of MSCs 
before transplantation. The method of collecting rat peritoneal 
macrophages via intraperitoneal injection of phosphate-buffered 
saline (PBS) was carried out according to a previous study (27). 
Briefly, 10 healthy 12-week-old rats (400-450 g; purchased from 
Chengdu Dashuo Laboratory Animal Technology Co.) were 
administered a lethal dose of sodium pentobarbital (Nembutal, 
100 mg/kg) to induce deep anesthesia; subsequently, 20 ml of 
the cold harvest medium was injected into the peritoneal wall 
via syringe needle (21-G). Under sterile condition, a small inci-
sion was made on the abdomen and abdominal lavage fluid was 
collected. The peritoneal exudate cells (PECs) were then centri-
fuged at 400 x g for 10 min and washed twice with sterile PBS. 
To determine the purification of isolated macrophages, cells 
were stained with PE-conjugated anti-mouse CD68 antibody, 
F4/80 and flow cytometry was performed via a Coulter® Epics® 
XL™ cytometer (FC500; Beckman Coulter, Brea, CA, USA).

In vivo experiments
Experimental design and MSC transplantation. A total of 
30  rats were randomly assigned into 3 groups as follows: 
i) normal control group (NC, n=5), healthy rats without treat-
ment; ii) DN group (n=14), diabetic rats receiving injection 
of 0.5 ml 0.9% saline instead of MSCs; iii) DN-MSC group 
(n=11), diabetic rats with MSC transplantation. Subsequently, 
2, 4, 5 and 7 weeks after successful establishment of the 
diabetes model, MSCs were transplanted via the tail vein at a 
concentration of 5x106 cells in 0.5 ml 0.9% saline.

Biodistribution of transplanted MSCs. A total of 8 10-week-
old male SD rats (280-300 g) were purchased from Chengdu 
Dashuo Laboratory Animal Technology Co., and T1D models 
were obtained by a single intraperitoneal administration of 
55 mg/kg of STZ. To track the MSCs after transplantation, 
MSCs were labeled with CM-DiI (Invitrogen Life Technologies, 
Carlsbad, CA, USA) according to the manufacturer's instructions. 
Briefly, the third passage of MSCs were incubated with CM-DiI 
in a working solution (1 µg/ml) for 5 min at 37˚C, followed by 
a further 15 min incubation at 4˚C. After washing twice with 
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0.9%  saline, the CM-DiI-labeled MSCs were harvested in 
0.9% saline. Approximately 5x106 MSCs (1x107/ml, 0.5 ml)/rat 
were injected via the tail vein of 4 normal and 4 diabetic rats 
respecitvely, at 8 weeks after STZ injection. At 24 and 48 h after 
infusion of MSCs, rats were sacrificed and their kidney, thymus, 
spleen, lung, heart, liver and lymph node tissues were collected 
and processed to frozen sections. The labeled cells were observed 
under confocal microscopy (Nikon A1S1; Nikon, Tokyo, Japan).

Physical and biochemical analyses. The urine and serum 
samples were collected and renal function was monitored 
before treatment and at 3, 4, 6 and 8 weeks after initial MSC 
treatment. A total of 30 rats in three groups [(i) normal control 
group (NC; n=5) ; (ii) DN group (n=14) ; (iii) DN-MSC group 
(n=11)] were kept in metabolic cages to collect 24 h urine and 
serum samples that were obtained from the tail vein with a 
26-G venous in-dwelling needle. Serum and urine samples 
were then centrifuged at 800 x g for 10 min, and the super-
natant was subjected to biochemical measurements including 
serum creatinine (Scr), blood urea nitrogen (BUN), glycosuria 
(GLU), microalbumin (MAU) and albumin to creatinine ratio 
(ACR). In addition, fasting blood glucose (FBG) of the rats 
was monitored each week. During the experiment, some of the 
rats, particularly those in the DN group were euthanized as 
certain humane endpoints were reached, such as inability to 
partake of food and water due to inability to move, or loss 
of appetite or severe diarrhea for >3 days, little or no reac-
tion to the stimulation, etc.) At the end of the experiment, the 
surviving rats (14 rats in the DN group remained alive at the 
end of the experiment and 9 of the 11 rats in the MSCs group 
survived; rats in the normal control group all survived) were 
sacrificed and kidneys were harvested, weighed, and processed 
for histopathological analysis (Fig. 1).

Renal histology and immunohistochemistry. Kidney 
sections were stained with hematoxylin and eosin (H&E), 
periodic acid-Schiff (PAS), and masson trichrome (MT; 
Richard-Allan Scientific, Kalamazoo, MI, USA) to assess the 
renal pathology. For immunohistochemical staining, rabbit 
anti-rat MCP-1 (ab25124; Abcam, Cambridge, MA, USA), 
IL-1β (ab82558; Abcam), IL-6 (ab6672; Abcam), mouse anti-rat 
TNF-α (ab1793; Abcam), ICAM-1 (ab2213; Abcam) and CD68 
(ab74704; Abcam), transforming growth factor-β (TGF-β; 
BS1361; Bioworld Technology, Inc., St. Louis Park, MN, USA), 
and fibronectin (FN; ab23751; Abcam) were used as the primary 
antibodies and biotinylated goat anti-rabbit or mouse IgG as 
the secondary antibody (Dako, Glostrup, Denmark). Standard 
immunohistochemical procedures were then used (28). The 
expression levels of the above factors were quantified by Image 

Table I. Primer sequences used for quantitative PCR.

Target	 Primer sequences (5'→3')

Rat FN	 F:	GACACTATGCGGGTCACTTG
	 R:	CCCAGGCAGGAGATTTGTTA
Rat IFN-γ	 F:	TCATCGAATCGCACCTGAT
	 R:	GGATCTGTGGGTTGTTCACC
Rat IL-1β	 F:	GCCAACAAGTGGTATTCTCCA
	 R:	TGCCGTCTTTCATCACACAG
Rat IL-6	 F:	GTCAACTCCATCTGCCCTTC
	 R:	TGTGGGTGGTATCCTCTGTG
Rat TNF-α	 F:	GCTCCCTCTCATCAGTTCCA
	 R:	GCTTGGTGGTTTGCTACGAC
Rat MCP-1	 F:	TGTTCACAGTTGCTGCCTGT
	 R:	AGTTCTCCAGCCGACTCATT
Rat TGF-β	 F:	CCAACTACTGCTTCAGCTCCA
	 R:	GTGTCCAGGCTCCAAATGT
Rat IL-8	 F:	CTTTCAGAGACAGCAGAG
	 R:	CTAAGTTCTTTAGCACTCC
Rat β-actin	 F:	CACCCGCGAGTACAACCTTC
	 R:	CCCATACCCACCATCACACC

FN, fibronectin; IFN-γ, interferon-γ; TNF-α, tumor necrosis factor-α; 
IL-1β, interleukin-1β; F, forward; R, reverse.

Figure 1. Experimental design.

https://www.spandidos-publications.com/10.3892/ijmm.2018.3501
https://www.spandidos-publications.com/10.3892/ijmm.2018.3501


LI et al:  EARLY INTERVENTION WITH MSCs PREVENTS NEPHROPATHY IN DIABETIC RATS2632

Pro-Plus v.6.0 software via analyzing the integral optical density 
in 10 non-overlapping cortical fields (magnification, x400).

Quantitative reverse transcription-PCR. Total  RNA was 
extracted from renal cortical tissue or macrophage cells 
with TRIzol reagent (Invitrogen) according to the manufac-
turer's instructions, and then reverse transcribed into cDNA 
using Transcriptor First Strand cDNA synthesis kit (Roche, 
Indianapolis, IN, USA) and subjected to quantitative PCR using 
the iQ SYBR-Green Supermix with the iCycleriQ real‑time 
PCR detection system (both from Bio-Rad Laboratories, 
Hercules, CA, USA). All the primers were designed and gener-
ated by Shenggong Biotechnology (Shanghai, China). Detailed 
primer information is presented in Table I. Each sample was 
tested in triplicates. The relative mRNA expression was deter-
mined as 2-ΔΔCT and normalized to the controls.

Serum cytokine expression. A 9-Plex rat cytokine/chemokine 
magnetic bead panel assay (Millipore Corp., St.  Charles, 
MO, USA) was used to determine the cytokines in serum 
samples, including IL-1α, IL-1β, IL-2, IL-6, epidermal growth 
factor (EGF), IL-10, TNF-α, interferon-γ (IFN-γ), GRO and 
VEGF. The samples were 1:2 diluted in the serum matrix. 
Beads were read on the Luminex  200 system (Luminex 
Corp., Austin, TX, USA) following the protocol and data were 
analyzed using Exponent 3.1 software.

Co-culture of MSCs and lipopolysaccharide (LPS)-stimulated 
macrophages. The isolated rat peritoneal macrophages were 
seeded into a 24-well plate with or without 14-mm-diameter plastic 
coverslips at 1.5x105 cells/well. Two hours later, the medium was 
removed and the attached macrophages were co-cultured with 
3x104 MSCs for 6 h with or without the stimulation of 100 ng/ml 
LPS. Afterward, cells were collected and the mRNA expression 
of inflammatory cytokines: MCP-1, IL-1β, TNF-α and IL-6 were 
detected by qPCR. For immunofluorescence staining, coverslips 
with cells were fixed with 4% formaldehyde at room tempera-

ture for 15 min and then permeabilized with 1% Triton X-100 
in Tris buffer (Gibco) for another 15 min. Rabbit anti-rat MCP-1 
(ab25124) and IL-6 (ab6672) (both from Abcam) were used 
as the primary antibodies and goat anti-rabbit IgG conjugated 
with FITC as the secondary antibody. To visualize nuclei, the 
cells were counter-stained with 4',6-diamidino-2-phenylindole 
(DAPI; Sigma Chemical) for 15 min at room temperature. The 
slides were examined under inverted fluorescence microscopy 
(Leica DM4000B; Leica, Wetzlar, Germany).

Statistical analysis. All values are presented as the means ± SD. 
Statistical analysis was performed using SPSS 17.0 statistical 
software (SPSS Inc., Chicago, IL, USA). The statistical signifi-
cance was analyzed by one-way ANOVA method with Turkey 
multiple comparison test. For survival experiments, a log-rank 
test was conducted. A level of p<0.05 was considered statisti-
cally significant.

Results

Assessment of renal injury in a DN rat model. Rats with fasting 
glucose level >16.7 mM were considered diabetic. Urine analyses 
revealed the onset of microalbuminuria 2 weeks after STZ induc-
tion. Diabetic rats then showed a significant increase in serum 
levels of FBG, Scr and BUN, as well as MAU and ACR in 
urine (Fig. 2A and B) compared to those in age-matched control 
rats at 4 weeks after STZ injection. H&E and PAS staining showed 
renal morphologic abnormalities in DN rats, including renal 
glomerular hypertrophy, increased collagen fibers, expansion of 
the mesangium, tubular dilatation and protein cylinders (Fig. 2C) 
at 8 weeks after STZ injection, confirming diabetic renal injury.

Characterization of rat MSCs. Bone marrow-derived 
MSCs from SD rats exhibited a typical fibroblast-like 
morphology  (Fig.  3A) and were capable of differentiating 
into adipocytes after 14 days of culture and osteocytes after 
21 days of culture (Fig. 3B), using histochemical staining for 

Figure 2. Assessment of renal injury in diabetic rats. Diabetic rats showed a significant increase in fasting blood glucose (FBG), serum creatinine (Scr), blood 
urea nitrogen (BUN) (A) as well as glycosuria (GLU), microalbumin (MAU), albumin to creatinine ratio (ACR) and urine volume (UV) (B) at 4 weeks after 
streptozotocin (STZ) injection. Hematoxylin and eosin (H&E) and periodicacid-Schiff (PAS)-stained sections of renal cortices at 8 weeks (C) after diabetes 
onset showed obvious morphologic lesions in kidney of diabetic rats, including glomerular hypertrophy, increased fractional mesangial area and tubular 
dilatation [(C) magnification, x400] [*p<0.05 vs. normal group (NC)].
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lineage-specific markers. Flow cytometry showed that MSCs 
at passage 3 were positive for CD29 (99.3%) and CD44 (99%), 
and negative for CD34 (0.1%) and CD45 (0.7%) (Fig. 3C). MSCs 
labeled by CM-DiI showed red fluorescence, and the labeling 
efficiency was almost 100%  (Fig.  3D). In addition, MSCs 
cultured with EdU ex vivo for 2 h showed more than 60% posi-
tive staining, indicating a high proliferative activity (Fig. 3E). 

Intravenously injected MSCs localize in the kidney and 
immune organs of DN rats. MSCs were labeled with CM-DiI 
to track their homing after being transplanted to peripheral 
circulation of rats. Engrafted MSCs with red fluorescence 
were detected in the glomeruli as well as tubulointerstitium of 
diabetic kidneys by confocal microscopy at 24 and 48 h after 
cell infusion (Fig. 4). Cell engraftment was also observed in the 

Figure 3. Characterization of bone marrow-derived mesenchymal stem cells (MSCs) isolated from SD rats. Plastic adherent cells were ex vivo expanded 
[(A) magnification, x200] and differentiated into adipocytes after 14 days of culture or osteocytes after 21 days of culture [(B) magnification, x400]. Flow 
cytometry showed that MSCs at passage 3 were positive for CD29 (99.9%), CD44 (99%), and negative for CD34 (0.1%) and CD45 (0.7%) (C). MSCs were 
ex vivo labeled with CM-Dil [(D) magnification, x200] and showed high labeling efficiency of almost 100%. MSCs cultured with EdU ex vivo for 2 h showed 
>60% positive staining indicating a high proliferative activity [(E) magnification, x200].

Figure 4. In vivo tracking of engrafted mesenchymal stem cells (MSCs) at 24 and 48 h. Representative images of kidney (Kid.), spleen (Spl.) and thymus 
(Thy.) sections from diabetic rats injected with 5x106 of CM-DiI labeled MSCs at 24 and 48 h after cell infusion. MSCs labeled with CM-DiI showed red 
fluorescence (arrow), and nuclei were stained by DAPI with blue fluorescence. Magnification, x400.
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immune organs such as spleen and thymus until 24 h (Fig. 4). 
Interestingly, more CM-DiI-labeled cells were found in the 
thymuses. However, the number of MSCs positive for CM-DiI 
declined over time. When MSCs were intravenously injected 
in normal control rats, no CM-DiI-labeled cells were found in 
the kidney or immune organs (data not shown).

MSCs extend the survival of DN rats and ameliorate renal 
function. At 10 weeks after diabetes onset, the survival of the 
DN group was markedly decreased to 35.7% (5/14) in compar-
ison with 100% survival of the NC group. MSC transplantation 
significantly extended the survival of DN rats, exhibiting 81.8% 
survival  (9/11) in the DN-MSC group (Fig. 5A). Although 
diabetic rats showed marked elevations in MAU, ACR and 
BUN, treatment with MSCs resulted in the suppression of 
STZ-induced detrimental impact on the above parameters at 
4, 5, 8 and 10 weeks after diabetes onset (Fig. 5B-D). However, 
only a slight decrease in serum glucose level was observed in 
the DN-MSC rats in comparison with that in the DN animals. 

MSCs preserve renal structure and inhibit fibrosis. Ten weeks 
after diabetes onset, H&E staining of renal tissues from the 
DN rats showed typical chronic kidney injury, including 
glomerular hypertrophy, epithelial flattening and dilated 
tubules. Notable, histology of the DN-MSC rats was similar to 
that of the control group with normal glomerular and tubular 
morphology. In addition, kidneys of the DN group rats exhib-
ited profound extracellular matrix deposition and frequent 
fibrin cap formation inside the glomeruli as revealed by PAS 
staining, whereas, distinct decrease in mesangial matrix depo-
sition and glomerulosclerosis was observed in the MSC-treated 
group. Masson's trichrome staining also demonstrated a 

significant reduction in fibrosis in the DN-MSC rats (Fig. 6A). 
Meanwhile, the expression levels of TGF-β and FN in kidney, 
which are typical biomarkers of epithelial-mesenchymal tran-
sition (EMT) and fibrosis, were substantially downregulated 
in the MSC-treated rats compared with DN rats as detected by 
immunohistochemistry (Fig. 6B and C).

Regulatory effect of MSCs on the immune microenvironment
MSCs reduced renal CD68-positive macrophage infiltration 
and inflammatory cytokine expression. MCP-1, and ICAM-1 
have been known as essential signals for macrophage activa-
tion and recruitment. In the present study, the immunostaining 
for MCP-1 and ICAM-1 was significantly increased in the 
DN group in glomeruli and interstitium compared with the 
non-diabetic rats, but markedly reduced by MSC treatment. 
CD68-positive cells infiltrated in the glomeruli of the diabetic 
rats at 10 weeks after STZ injection. But MSC treatment 
markedly suppressed the macrophage infiltration into the 
glomeruli (Fig. 7A and B). Consistently, the markedly induced 
expression of pro-inflammatory cytokines TNF-α, IL-6 and 
IL-1β in the kidneys of DN rats was abrogated by MSC treat-
ment in the DN-MSC group (Fig. 7C and D).

MSCs decrease renal inflammatory gene expression. 
Diabetic rats exhibited increased gene expression of pro-
inflammatory cytokines TNF-α, IL-6, IL-8, IL-1β and IFN-γ, 
chemokine MCP-1, and fibrosis markers TGF-β and FN 
compared with the non-diabetic animals. However, treatment 
with MSCs resulted in the notable suppression in gene expres-
sion of the above factors 10 weeks after diabetes onset (Fig. 8).

MSCs suppress serum inflammatory cytokines and 
enhance anti-inflammatory cytokines. In regards to the 
immunosuppressive properties of MSCs, we measured the 

Figure 5. Effect of mesenchymal stem cells (MSCs) on survival rate, body weight and renal function. (A) Ten-week survival rates of the 3 groups: NC 
group, 100%; diabetic nephropathy (DN) group, 35.7%; DN-MSC group, 81.8% (*p=0.01). Data were analyzed by log-rank test. Renal function: (B) microal-
bumin (MAU) (mg/l), (C) albumin to creatinine ratio (ACR) (µg/μmol) and (D) blood urea nitrogen (BUN) (mM) were measured in serum and urine in the 
3 groups at 4, 5, 8 and 10 weeks after diabetes onset. Renal function was significantly improved in the MSC-treated group compared with that noted in the DN 
group. Data are expressed as means ± SD of evaluations from each group. [*p<0.05 vs. normal group (NC); #p<0.05 vs. DN group].
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serum levels of cytokines to further explore the impact of 
MSCs on the immune environment of DN 10 weeks after 
diabetes onset. Diabetic rats exhibited increased serum levels 
of IL-1α, IL-1β, IL-6, IFN-γ and GRO (CXCL1) in compar-
ison with the non-diabetic control rats. Treatment with MSCs 
significantly attenuated the expression of IL-1α, IL-1β, IL-6 
and IFN-γ (Fig. 9). Notably, the level of EGF was obviously 
higher in the MSC-treated rats than in both the control and 
diabetic rats. However, no obvious change was observed in 
serum levels of IL-10, VEGF and TNF-α after MSC treat-
ment.

MSCs suppress pro-inflammatory cytokine profile in 
activated macrophages ex vivo. To further assess the effect 
of MSCs on macrophage activation, we examined the altera-
tion of mRNA profiles of pro-inflammatory cytokines in 
LPS-stimulated rat peritoneal macrophages before and after 
MSC treatment. Macrophages were identified as having posi-
tive expression of CD68 (63.9%) and F4/80 (51.2%) by flow 
cytometry  (Fig. 10A and B), markers of activated macro-
phages. Pro-inflammatory cytokines, such as IL-6, IL-1β, 
TNF-α and MCP-1 were highly expressed in LPS-stimulated 
macrophages. However, their mRNA expression levels were 

Figure 6. Effect of mesenchymal stem cells (MSCs) on renal histopathological changes and expression of fibronectin (FN) and transforming growth 
factor-β (TGF-β) at 10 weeks after diabetes onset. (A) Representative images of hematoxylin and eosin (H&E), periodic acid-Schiff (PAS) and trichrome-
stained sections of renal cortices from three groups of rats. Severe histologic changes were visible in the diabetic nephropathy (DN) group, including glomerular 
hypertrophy, increased fractional mesangial area and interstitial fibrosis. Recovery from most of the glomerular and tubular changes were observed in the 
MSC-treated group rats. (B) Immunohistochemical analyses of FN and TGF-β protein expression in kidney tissues of the three groups of rats. (C) Quantitative 
analyses of FN and TGF-β expression as measured by immunohistochemistry (IHC) (100% of normal control). Data are expressed as means ± SD of evalua-
tions from each group [*p<0.05 vs. normal group (NC); #p<0.05 vs. DN group]. Magnification, x400.

Figure 7. Effect of mesenchymal stem cells (MSCs) on renal macrophage infiltration and pro-inflammatory cytokine expression 10 weeks after diabetes onset. 
(A) Immunohistochemistry (IHC) analyses of ICAM-1, MCP-1 and CD68 protein expression in kidney tissues of the three groups of rats. (B) Quantitative 
analyses of ICAM-1, MCP-1 and CD68 expression as measured by IHC. The number of CD68+ macrophages was significantly suppressed after treatment with 
MSCs. (C) IHC analysis of TNF-α, interleukin-6 (IL-6) and IL-1β protein expression in kidney tissues of three groups of rats. (D) Quantitative analyses of 
TNF-α, IL-6 and IL-1β protein expressions as measured by IHC (100% of normal control). Data are expressed as means ± SD of evaluations from each group 
[*p<0.05 vs. normal group (NC); #p<0.05 vs. diabetic nephropathy (DN) group]. Magnification, x400.
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significantly downregulated following co-culture with 
MSCs (Fig. 10C). In addition, immunofluorescence showed 
consistent results. LPS-induced MCP-1 and IL-6 expression 
was decreased by MSC intervention (Fig. 10D). These results 
demonstrated that co-culturing with MSCs led to inhibition 
of macrophage activation, which was relevant to the immuno-
modulatory characteristics of MSCs.

Discussion

To date, diabetic nephropathy (DN) is still incurable and is a big 
challenge for clinical practice. Previous experimental studies 
of DN suggest that inflammation contributes to its pathogen-
esis (9). Increasing evidence has revealed that interactions of 
MSCs with macrophages are likely to play a significant role in 
their anti-inflammatory/immune modulatory effects (29), which 
may be a critical mechanism in MSC-mediated amelioration 
of inflammation-related diseases (24). In the present study, we 
found that the early intervention of diabetes by MSCs preserved 
renal function and ameliorated histopathological alterations 
in a rat model of diabetes mellitus. The possible underlying 
mechanisms are suggested to be the inhibition of macrophage 
activation and the trigger for a pro-regenerative microenviron-
ment, including the production of protective trophic factors and 
the attenuation of the pro-inflammatory response in the kidney, 
resulting in improved renal dysfunction.

STZ-induced rat type 1 diabetes was used in this study 
to mimic clinical DN, as it is a well documented type  1 
diabetic model to quickly and stably develop hyperglycemia 
and renal injury (30). We observed that 8 weeks after STZ 
injection, diabetic rats were severely hyperglycemic and 
developed typical alterations of DN. Serum MAU, Scr and 
urine ACR were increased, as well as significant patho-
logical lesions were observed, including glomerular, tubular 
epithelial hypertrophy, profound extracellular matrix deposi-
tion and fibrosis, suggesting successful establishment of the 
DN rat model (31) (Fig. 2). In terms of the timing of MSC 
intervention, previous studies mostly conducted MSC infu-

sion after the animals already established DN (32,33). In this 
study, given that it is difficult to reverse the advanced stage 
of nephropathy, we chose 2 weeks after diabetes onset as the 
timing for MSC therapy, due to the fact that rats in the very 
early stage of DM are more sensitive to MSC intervention. As 
expected, our results showed a better preventive effect on renal 
injury than studies conducting MSC transplantation in severe 
DN  (32,33). Most importantly, in this study, MSC-treated 
diabetic rats did not develop serious renal histopathologic 
alterations, suggesting that MSC administration hindered 
further renal impairment. However, previous studies only 
observed mild microalbuminuria reversion as well as amelio-
ration of glomeruli structural damage. On the other hand, the 
diabetic rats received 4 consecutive MSC infusions in the 
present study, which was similar with the strategy reported 
by Semedo et al. They conducted a 6-week MSC treatment 
of 3 consecutive infusions every other week, showing obvious 
amelioration of kidney function, which was better than single 
dose treatment (22). Parameters used for evaluation of renal 
function are variable in the literature. Although in many 
studies, functional parameters were only measured at the end 
of the experiment (14,32), we monitored the dynamic changes 
of serum and urine biochemistry with the purpose of assessing 
diabetic status and progression of renal injury. We found that 
the administration of multiple doses of MSCs was capable of 
preventing albuminuria development regardless of the persis-
tence of hyperglycemia at all time points. MSCs effectively 
restored renal function from 4 weeks after diabetes onset 
(2 weeks after MSC transplantation), strikingly improving 
MAU and ACR (Fig. 5). Notably, the above renal indices were 
increased in the DN group rats from 2 weeks after diabetes 
onset and peaked at 5 weeks. Afterwards, BUN and MAU in 
the DN group displayed a gradual decline. This may be due to 
the auto-repair potential of kidneys after high glucose damage.

Previous studies have also shown that the development of 
diabetes leads to increased innate immune responses, which 
are predominantly characterized by the accumulation of kidney 
macrophages  (34). Activated macrophages secrete a series 

Figure. 8 Effect of mesenchymal stem cells (MSCs) on pro-inflammatory, 
fibrotic cytokine and chemokine gene expression in kidney tissues. The 
mRNA expression of cytokines and fibronectin (FN) were significantly sup-
pressed in the MSC group compared with the diabetic nephropathy (DN) 
group at 10 weeks after diabetes onset. All the data were normalized by 
control value (control was shown as 1), and are presented as means ± SD 
[*p<0.05 vs. normal group (NC); #p<0.05 vs. DN group].

Figure 9. Effect of mesenchymal stem cells (MSCs) on the serum inflammatory 
cytokines and growth factor expression. The levels of cytokines in the serum 
samples were determined by a Milliplex rat cytokine kit in the three groups 
of rats at 10 weeks after diabetes onset. Interleukin-1α (IL-1α), IL-1β, IL-6, 
interferon-γ (IFN-γ) expression lelvels were significantly suppressed in the MSC 
group, whereas epidermal growth factor (EGF) was increased compared with the 
diabetic nephropathy (DN) group. Data are expressed as means ± SD of evalua-
tions from each group [*p<0.05 vs. normal group (NC); #p<0.05 vs. DN group].
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of pro-inflammatory, pro-fibrogenic and anti-angiogenesis 
cytokines, which are responsible for a pro-inflammatory 
microenvironment  (35) and their infiltrations are strongly 
associated with proteinuria and declined renal function (10,13). 
In addition, this finding was supported by in vitro studies indi-
cating that activated macrophages can promote renal cell death 
and stimulation of bone marrow-derived macrophages by LPS 
resulting in the secretion of substances known to induce apop-
tosis in cultured mesangial and tubular epithelial cells (36). In 
addition, kidney cells produce ICAM-1 and MCP-1 in response 
to a variety of pro-inflammatory stimuli (9). In patients with 
DN, soluble forms of ICAM are elevated during the progression 
of the disease and experimental studies suggest that ICAM-1 
facilitates kidney macrophage recruitment during type  1 
diabetes (37). Furthermore, MCP-1 is a specific chemokine 
to recruit and activate monocytes from the circulation to the 
inflammatory site (38), especially contributing to infiltration 
of macrophages into both mesangial and tubulointerstitial 
lesions in DN (39). In the present study, treatment with MSCs 
markedly attenuated MCP-1 and ICAM-1 expression, and 
diminished the accumulation of macrophages in glomeruli 
(Figs. 7 and 8), which is consistent with previous studies (40,41). 
Additionally, expression levels of classical markers of activated 
macrophages, such as IL-1β, TNF-α and IL-6 as well as fibrosis 
factors TGF-β and FN in the MSC group were significantly 
declined at the mRNA and/or protein levels (Figs. 7 and 8), 
which implied that the inflammatory environment of DN was 
substantially improved by MSCs. Furthermore, our ex vivo 
study also provided more direct evidence that MSCs were able 
to diminish the LPS driven activation of macrophages (Fig. 10). 

Summarily, these results suggested that the anti-inflammatory 
action of MSCs in the DN rat model was related to the modula-
tion of macrophages. Recently, it has been shown that MSC 
administration reduces macrophage infiltration into the target 
tissues  (29) and switches macrophages from an M1 to M2 
phenotype, benefiting tissue homeostasis in different animal 
models (42). The in-depth study of the mechanism involved 
in the MSC-mediated modulation of macrophages in DN is 
warranted for better understanding of its therapeutic effects.

It is undoubted that MSCs have the capability to modulate 
the local inflammatory environment, and perturb local interac-
tions with inflammatory cells in diabetic kidney. We aimed to 
ascertain whether MSCs alter systemic inflammation in this 
scenario. The evaluation of specific cytokines in the serum 
demonstrated that MSC administration led to a reduction in 
serum pro-inflammatory cytokines, including IL-6, IL-1α, 
IL-1β and IFN-γ. Notably, we also observed a systemic increase 
in EGF and IL-10 (Fig. 8). This immunosuppressive property 
of MSCs has been described in a great number of literature 
studies, including inhibition of the proliferation of CD8+ and 
CD4+ T lymphocytes and natural killer (NK) cells, inhibition 
of maturation of dendritic cells (DCs), and stimulation of the 
proliferation of regulatory T cells (16). This immune modulation 
is thought to be due to the paracrine action of soluble factors. 
The secretion of prostaglandin E2  (PGE2), inducible nitric 
oxide synthase (iNOS), indoleamine-2,3-dioxygenase (IDO), 
TGF-β, leukemia-inhibitory factor (LIF), and IL-10 contributes 
to this effect (15). Moreover, trophic factors, such as VEGF, 
HGF, IGF-1 and EGF have been shown to reduce tubular injury 
or mediate epithelial cell proliferation (43).

Figure 10. Effect of mesenchymal stem cells (MSCs) on macrophage activation stimulated by lipopolysacharide (LPS). Primarily isolated rat peritoneal mac-
rophages Mφ (bright field) (A) were identified as being positive for (B) CD68 (63.9%) and F4/80 (51.2%) by flow cytometry. qPCR analyses of (C) interleukin-6 
(IL-6), MCP-1, IL-1β, TNF-α and cellular immunofluorescence staining of IL-6 and MCP-1 [(D) magnification, x200] showed that expression of inflammatory 
mediators secreted by LPS-stimulated macrophages were inhibited by co-culturing with MSCs at 6 h. Data are expressed as means ± SD of evaluations from 
each group (*p<0.05 vs. Mφ; #p<0.05 vs. Mφ+LPS; &p<0.05 vs. Mφ+MSC; $p<0.05 vs. Mφ+LPS+MSC).
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To fully understand the mechanism underlying the effect of 
MSCs, how MSCs are localized in deteriorated kidneys must 
be determined (Fig. 4). Although the exact mechanism involved 
in stem cell homing still remains elusive, inflammation, 
hypoxia, and hyperglycemia, which are ongoing in the diabetic 
kidney, may be the driving factors of MSC migration (44-46). 
In addition, MSCs may be able to both sense and respond to 
their immediate environment, which makes them ideal cells to 
tune the response to injury and inflammation (15). Notably, cell 
engraftments were found in the immune organs such as thymus 
and spleen (Fig. 4). Previous studies have shown that activated 
immunocytes secrete IFN-γ, promoting neighboring MSCs to 
secrete PGE2, which could regulate the functions of a variety 
of immune cells (47). Meanwhile, it has been shown that inhi-
bition of allogeneic T cell responses by MSCs is mediated by 
indoleamine-2,3-dioxygenase (IDO) (48). IDO is responsible for 
catabolizing tryptophan through the kyneurinine pathway, thus 
limiting the availability of L-tryptophan to T cells resulting in 
nutrition deficiency-induced cell death (49). Taken together, this 
implies that the obvious tendency of MSCs to engraft in immune 
organs is also a determining factor for the MSC-mediated 
immunosuppressive effects and alleviation of inflammation in 
the damaged kidney via systemic immunoregulation.

In conclusion, we presented evidence that the early inter-
vention by MSCs effectively suppressed renal macrophage 
infiltration and inflammatory cytokine expression in diabetic 
rats via immunoregulation and paracrine actions, which 
restored the homeostasis of the immune microenvironment 
and led to the amelioration of kidney function and glomerulo-
sclerosis. In addition, MSCs infused via the tail vein were able 
to home to deteriorated kidney and immune organs. Ex vivo, 
MSCs inhibited activation of rat peritoneal macrophages after 
LPS stimulation. We suggest that the prevention of DN with 
MSCs may provide substantial promise for the development of 
novel MSC-based interventions.
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