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Abstract. In this study, we aimed to investigate the associations 
between Sirt6, macrophages and diabetic nephropathy (DN). 
Immunohistochemical, western blot and RT-qPCR analyses 
were performed to detect the expression levels of Sirt6, the 
markers of podocytes and monocytes and related inflammatory 
factors in the tissues of rats with streptozocin-induced DN. A 
series of cell experiments in isolated culture or the co-culture 
of macrophages and podocytes were conducted to examine 
the effects of the overexpression of Sirt6 on macrophage 
transformation, podocyte apoptosis and associated genes, and 
analyses were performed using RT-qPCR, flow cytometry 
and western blot analysis, where appropriate. In the rat model 
of DN, injured podocytes were represented by the decreased 
protein expression levels of Nephrin and Sirt6, and by an 
increased Desmin expression. Additionally, the M1 phenotype 
transformation of macrophages was evidenced by the increased 
expression levels of CD86, tumor necrosis factor (TNF)-α and 
inducible nitric oxide synthase (iNOS), and by the decreased 
expression levels of CD206, Sirt6, interleukin (IL)-4 and IL-10. 
In vitro assays of macrophages and podocytes demonstrated that 
glucose promoted macrophage M1 transformation and podocyte 
apoptosis in a dose-dependent manner and attenuated Sirt6 
expression. Macrophages transformed into the M2 phenotype 
following the overexpression of Sirt6 by the successful 
transfection of macrophages with a Sirt6 overexpression 
plasmid. Sirt6 was also overexpressed in podocytes. In a 

Transwell co-culture system, the overexpression of Sirt6 in 
macrophages (but not the overexpression of Sirt6 in podocytes) 
protected the podocytes from high-glucose-induced injury. 
However, the apoptosis of the podocytes overexpressing Sirt6 
(induced by transfection with a Sirt6 overexpression plasmid) 
still increased when these podocytes were co-cultured with 
macrophages in high-glucose medium. These protective effects 
were evidenced by the inhibition of apoptosis, the upregulation 
of the expression levels of Bcl-2 and CD206, as well as by the 
decreased expression levels of Bax and CD86. On the whole, 
the findings of this study suggest that Sirt6 protects podocytes 
against injury in a mimicked diabetic kidney microenvironment 
by activating M2 macrophages, indicating that Sirt6 can act as 
an immune response regulatory factor in DN-associated renal 
inflammatory injury.

Introduction

Diabetes mellitus (DM) is a global disease. According to 
the International Diabetes Federation, the incidence of 
diabetes is increasing worldwide, with an incidence of 5.4% 
in 2013 and 592 million cases occurring within 25 years (1). 
Approximately 80% of diabetes-related deaths occur in 
developing countries (1). Approximately 1/3 of the patients 
with diabetes develop diabetic nephropathy (DN). As a type of 
microvascular disease, DN is one of the causes of mortality and 
disability to patients, and is also the main cause of end-stage 
renal disease (2). Glomerulosclerosis and tubular fibrosis are the 
main pathological characteristics of DN, in which glomerular 
podocyte injury is an early event (3). As glomerular visceral 
epithelial cells, podocytes are highly differentiated renal 
parenchymal cells with various characteristics and functions, 
including endocytosis, the secretion of bioactive mediators 
and cytokines, and are involved in the local immune response 
of the kidneys (4-6).

The mononuclear macrophage system includes monocytes 
in the blood and macrophages in the tissues. Monocytes 
are produced by bone marrow and remain in the blood for 
2-3 days before entering the tissues to further differentiate 
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into mature macrophages, which have different types and 
names in various organs and tissues (7). Recent studies 
have found that activated macrophages play a significant 
role in the development of DN and are the major immune 
cells responsible for renal tissue stromal hyperplasia, 
glomerular sclerosis and irreversible pathological changes of 
glomeruli (8-10). Mononuclear macrophages have plasticity 
and pluripotency, can acquire different phenotypes, and exert 
distinct immune effects in different environments in the 
body (11). Specifically, they can be divided into two types in 
terms of their functions, namely, classical M1 macrophages 
activated by Th1 cytokines or lipopolysaccharides and Th2 
cytokine-derived alternative M2 macrophages (12). M1 
and M2 macrophages play opposing roles in the regulation 
of inf lammation. More specifically, M1 macrophages 
play important roles in antigen presentation and immune 
inflammatory effects, whereas M2 macrophages mainly 
release cytokines that inhibit inf lammation and exert 
anti‑inflammatory effects (7,13).

As a member of the Sirtuin family, Sirt6 is located on 
chromosome 19p13.3 (14) and consists of a N-terminal, 
C-terminal and conserved central domain. The N-terminus 
is associated with chromosome binding and catalytic activity, 
while the C-terminus is involved in nuclear localization (15-17). 
Sirt6 has the activities of NAD+-dependent deacetylase and 
ADP-ribonyltransferase; therefore, it not only regulates 
the expression of certain genes, DNA repair and gene 
stability and the homeostasis of hematopoietic cells, but also 
maintains glucose homeostasis in the body and plays a role 
in the occurrence of obesity (17-21). A previous study on the 
zinc-dependent histone deacetylase revealed that histone 
deacetylase 4 (HDAC4) can promote the injury of podocytes 
in DN (22). However, to the best of our knowledge, the roles of 
class III histone deacetylases, Sirtuins, in the kidneys have not 
yet been fully investigated. In the present study, we thus aimed 
to explore the associations among Sirt6, macrophages and DN, 
and to elucidate the role of Sirt6 in DN.

Materials and methods

Animal model, tissues samples and monocyte separation. A 
total of 36 male Sprague-Dawley (SD) rats were purchased 
from the Animal Experimental Center of Guangdong Medical 
(Guangdong, China). The rats (weighing 220-250 g) were kept 
in cages at room temperature (22±3˚C) with a stable humidity 
(50±10%) with free access to food/water in a light/dark 
(12-h/12-h) cycle. The animal experiments were performed 
according to the Guide for the Care and Use of Laboratory 
Animals and approved by the First People's Hospital of Yuhang 
District, Hangzhou Animal Ethics Committee (Hangzhou, 
China). A diabetic model was established using 18 rats, which 
were intraperitoneally injected with 60 mg/kg streptozotocin 
over a period of 5 consecutive days and streptozotocin was 
dissolved in citrate buffer, as previously described (23). A total 
of 18 control rats were intraperitoneal injected with citrate 
buffer (pH 4.5). At 1, 3 and 5 weeks, blood glucose levels in 
the rats (n=6 at each time point) with or without streptozotocin 
injections were measured by obtaining tail venous blood. 
Rats with post-fasting blood glucose levels >250 mg/dl were 
defined as diabetic.

The rats (n=6) with or without streptozotocin injections 
were sacrificed at 1, 3 and 5 weeks and their kidneys were 
removed and cut into slices. The kidney tissues were divided 
into two parts; one part was stored in 4% formaldehyde 
solution for a routine pathological diagnosis, and the other 
was stored in ‑80˚C to help perform the following reverse 
transcription-quantitative PCR (RT-qPCR) and western blot 
analyses.

Fresh renal tissues that were cut into small sections were 
transferred to DMEM with collagenase at 37˚C for 45 min and 
filtered through a nylon cell strainer. The digested cells were 
added to DMEM (Gibco/Thermo Fisher Scientific, Waltham, 
MA, USA) medium and were centrifuged at 1,200 x g for 
10 min at 4˚C (23).

Hematoxylin and eosin (H&E) and immunohistochemical 
(IHC) staining. Renal tissues specimens were obtained from 
4% paraformaldehyde fixative, and then dehydrated and 
embedded in paraffin. The embedded tissues were sliced into 
4-µm-thick sections, which were stained with hematoxylin 
(Sigma-Aldrich, St. Louis, MO, USA) for 5 min at room 
temperature, then stained with eosin (Sigma-Aldrich) for 3 min 
at room temperature, and observed under a DMi8 optical 
microscope (Leica, Hamburg, Germany) at x200 magnification.

Sirt6 expression in the renal tissues from the rats with or 
without DN were examined by IHC staining. The sections 
were dewaxed using two types of xylene solution, hydrated by 
ethanol at various gradients and antigen retrieval was achieved 
by quenching with endogenous peroxidase. The sections were 
then washed with PBS for 3 times and incubated with primary 
Sirt6 antibodies (1:100; ab135566, Abcam, Cambridge, 
MA, USA) at 4˚C overnight and then washed with PBS. 
The sections were then incubated with secondary antibody 
biotin-conjugated goat anti-rabbit IgG (Proteintech Group, 
Inc./Thermo Fisher Scientific; SA00004‑2; 1:200) at 25˚C for 
30 min. Subsequently, diaminobenzidine (DAB) was used as a 
chromogen and hematoxylin was used to re-dye the sections, 
at 25˚C for 3 min. The stained sections were examined using a 
DMi8 optical microscope (Leica) in randomly selected sections 
at x200 magnification.

THP‑1 cell culture and macrophage transformation. Human 
monocyte THP-1 cells were purchased from the Shanghai Cell 
Bank of Chinese Academy of Sciences (Shanghai, China). 
The cells were cultured at 37˚C with 5% CO2 in RPMI-1640 
medium (GENOM, Hangzhou, China) with 10% fetal bovine 
serum (Thermo Fisher Scientific), 1% penicillin/streptomycin 
(Gibco/Thermo Fisher Scientific). To form macrophages, 
100 ng/ml phorbol 12-myristate 13-acetate (PMA; 
Sigma-Aldrich), which is also named tetradecanoylphorbol 
13-acetate (TPA), was added to the THP-1 cells and cultured 
at 37˚C for 48 h. The cells were then washed with PBS twice 
and continuously cultured in RPMI-1640 medium.

M1 type macrophages were transformed by glucose and 
incubated at 37˚C for 24 h. The cells were washed with PBS 3 
times and cultured in normal RPMI-1640 meduma for a further 
24 h. The supernatants were then collected and centrifuged at 
2,000 x g at 4˚C for 20 min. There were 4 different groups of 
cells as follows: The controls (exposed to 5.5 mmol/l glucose), 
the HG1 group (exposed to 15 mmol/l glucose), the HG2 group 
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(exposed to 30 mmol/l glucose) and the HG3 group (exposed 
to 50 mmol/l glucose).

Podocyte culture. Immortalized mouse podocyte MPC-5 
cells were purchased from the Research Facilities of Peking 
Union Medical College (PUMC) Cell Bank (Beijing, China). 
Undifferentiated MPC-5 cells were cultured in a DMEM 
(Gibco/Thermo Fisher Scientific) with 10 U/ml mouse recom-
binant interferon-γ (IFN-γ; Peprotech Inc., Rocky Hill, NJ, 
USA) at 33˚C in an incubator with 5% CO2. Podocytes were 
cultured at 37˚C for 10‑14 days in DMEM without IFN‑γ to 
induce cell differentiation and maturation.

Cell transfection. Sirt6 overexpression and empty control 
plasmids were purchased from Invitrogen/Thermo Fisher 
Scientific. Macrophages and MPC‑5 cells were respectively 
seeded in 6-well plates (1.0x105) for 24 h prior to transfection. 
Transient transfection was carried out using Lipofectamine 3000 
(Invitrogen/Thermo Fisher Scientific) according to the 
standard protocol. A total of 20 µM overexpressing-RNA, 
control, negative control (NC) and Lipofectamine 3000 were 
added to serum‑free medium and incubated at 25˚C for 10 min, 
respectively. Subsequently, Lipofectamine 3000 was mixed into 
each group that was cultured in serum-free DMEM. Following 
6 h of culture, the fluid was replaced by DMEM containing 
10% fetal bovine serum (FBS).

Co‑culture of macrophages with podocytes. We used a 
Transwell to establish a co-culture system. Macrophages 
were transfected with control/NC/Sirt6 overexpression 
plasmid and seeded on a 0.4 µm Transwell insert (Millipore, 
Billerica, MA, USA) with RPMI-1640 medium and then 
co-cultured with podocytes transfected with control/NC/Sirt6 
overexpression plasmids for 48 h in the presence of 50 mmol/l 
high-glucose treatment. In this experiment, the cells were 
divided into 8 groups as follows: i) The NM + HG + Con group 
(control; 50 mmol/l of high-glucose medium in the upper 
chamber, and podocytes with high-glucose medium in the 
lower chamber); ii) the HG + Con group (macrophages with 
high-glucose medium in the upper chamber, and podocyte 
with high-glucose medium in the lower chamber); iii) the 
HG + NC + Con group (macrophages transfected with NC 
plasmid with high-glucose medium in the upper chamber, and 
podocytes with high-glucose medium in the lower chamber); 
iv) the HG + Sirt6 + Con group (macrophages transfected with 
Sirt6 overexpression plasmid with high-glucose medium in 
the upper chamber, and podocytes with high-glucose medium 
in the lower chamber); v) the M-Sirt6 group (high-glucose 
medium in the upper chamber, and podocytes transfected with 
Sirt6 overexpression plasmid with high-glucose medium in the 
lower chamber); vi) the HG + M-Sirt6 group (macrophages 
with high-glucose medium in the upper chamber, and 
podocytes transfected with Sirt6 overexpression plasmid 
with high-glucose medium in the lower chamber); vii) the 
HG + NC + M-Sirt6 group (macrophages transfected with 
NC plasmid with high-glucose medium in the upper chamber, 
and podocytes transfected with Sirt6 overexpression plasmid 
with high-glucose medium in the lower chamber); and viii) the 
HG + Sirt6 + M-Sirt6 (macrophages transfected with Sirt6 
overexpression plasmid with high-glucose medium in the upper 

chamber, and podocytes transfected with Sirt6 overexpression 
plasmid with high-glucose medium in the lower chamber). The 
control group and M-Sirt6 (macrophages with high-glucose 
medium in the upper chamber, and podocytes transfected with 
Sirt6 overexpression plasmid with high-glucose medium in the 
lower chamber) group were not cultured with macrophages.

Flow cytometry. Cell apoptosis was determined by flow 
cytometry with the Annexin V-FITC/PI staining kit (BD 
Biosciences, San Jose, CA, USA). The cells were washed twice 
using washing buffer, and the suspension was cultured with 
Annexin V and propidium iodide (PI; Yeasen Biotechnology 
Co., Ltd., Shanghai, China) in the dark at 25˚C for 15 min. 
Binding buffer was then added into each well. The samples were 
analyzed by BD FACSCalibur flow cytometer (BD Biosciences, 
San Diego, CA, USA) within 1 h.

RT‑qPCR. Sirt6, tumor necrosis factor (TNF)-α, inducible 
nitric oxide synthase (iNOS), interleukin (IL)-4, IL-10, 
CD86, CD206, Bcl-2 and Bax expression levels were 
detected by RT-qPCR in the different groups. Total RNA 
was obtained from the tissues or cultured cells using TRIzol 
reagent (Invitrogen/Thermo Fisher Scientific) according to 
the manufacturer's instructions. Reverse transcription was 
performed using the PrimeScript™ RT reagent kit (Takara, 
Shiga, Japan) at 37˚C for 15 min and 85˚C for 5 min. cDNA 
amplified using SYBR Fast qPCR Mix (Invitrogen/Thermo 
Fisher Scientific) and the Sirt6 cycle was set at 95˚C for 5 min, 
followed by 30 cycles at 95˚C for 30 sec, at 58˚C for 30 sec and 
at 72˚C for 30 sec. The TNF‑α cycle was set at 94 ˚C for 5 min, 
followed by 40 cycles at 94˚C for 30 sec, at 60˚C for 30 sec and 
at 72˚C for 60 sec. The iNOS cycle was set at 94˚C for 5 min, 
followed by 35 cycles at 94˚C for 30 sec, at 62˚C for 30 sec and 
at 72˚C for 30 sec. The IL‑4 cycle was set at 94˚C for 4 min, 
followed by 35 cycles at 94˚C for 30 sec, at 54˚C for 30 sec and 
at 72˚C for 40 sec. The IL‑10 cycle was set at 95˚C for 3 min, 
followed by 45 cycles at 95˚C for 15 sec, at 53˚C for 30 sec and 
at 60˚C for 30 sec. The Bax, Bcl‑2 and GAPDH cycles were 
set at 95˚C for 10 sec, followed by 40 cycles at 95˚C for 30 sec, 
at 58˚C for 15 sec and at 72˚C for 15 sec. GAPDH served as 
an internal control. All primers were used in the synthesis 
(Sangon Biotech, Shanghai, China) and sequences are listed 
in Table I. Amplified products were electrophoresed through 
2% agarose gels. The amount of RNA was quantified using the 
2-∆∆Ct method (24).

Western blot analysis. Sirt6, Nephrin, Desmin, CD86, CD206 
proteins were extracted from the tissues or cells using RIPA 
lysis buffer (Beyotime, Shanghai, China). The concentrations 
of proteins were detected using the BCA protein kit (Beyotime, 
Shanghai, China). Aliquot protein was separated by 
12% SDS-PAGE and resolved proteins were transferred onto 
polyvinylidene fluoride (PVDF) membranes (Millipore), which 
were blocked in 5% skim milk PBS with 0.1% Triton X-100 and 
incubated with primary antibodies as follows: anti-Nephrin 
antibody (1:1,000; ab216341), anti-Desmin antibody (1:1,000; 
ab15200), anti-Sirt6 antibody (1:2,000; ab191385), anti-CD86 
antibody (1:5,000; ab53004 and ab112490), anti-CD206 
antibody (1:1,000; ab64693), anti-Bcl-2 antibody (1:2,000; 
ab182858) and anti-Bax antibody (1:1,000; ab32503) (all 
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from Abcam) overnight at 4˚C. The membranes were then 
incubated with the appropriate HRP-conjugated secondary 
antibody (Proteintech Group, Inc./Thermo Fisher Scientific, 
SA00001-2, 1:5,000). Protein bands were detected with ECL 
(Thermo Fisher Scientific) and visualized using Quantity One 
software (Bio-Rad, Hercules, CA, USA).

Statistical analysis. Statistical analysis was carried out Prism 
GraphPad version 6.0 software. All data were presented as the 
means ± standard deviation (SD). Differences were analyzed 
using one-way analysis of variance (ANOVA) followed by 
Tukey's multiple comparisons test. A value of P<0.05 was 
considered to indicate a statistically significant difference.

Results

Podocyte injury and low expression of Sirt6 in DN rat model. 
The fasting blood glucose levels of all the rats administered 
streptozotocin were >250 mg/dl, indicating that the rat model 
of diabetes was successfully established. Moreover, the 
glucose levels of the rats administered streptozotocin were 
noticeably higher than those of the rats not administered 
streptozotocin (P<0.01; Fig. 1A). H&E staining revealed that 
in the DN group, the glomerular local basement membranes 
had become thickened, and the phenomena of mesangial 
matrix hyperplasia and renal interstitial fibrosis were 
observed as well, compared to the controls (Fig. 1B). The 
expression of Sirt6 in the renal tissues was examined by IHC 

staining. As shown in Fig. 1C, Sirt6 protein expression was 
positive in the control group; however, the expression of Sirt6 
was downregulated in the rats with DN (Fig. 1C). Western 
blot analysis was also used to detect the protein expression 
levels of Nephrin, the podocyte injury marker, Desmin, and 
Sirt6. The results revealed that the protein levels of Desmin 
markedly increased, and the protein expression levels 
of both Nephrin and Sirt6 significantly decreased in the 
tissues of the rats with DN (P<0.01; Fig. 1D), indicating that 
streptozotocin-induced DN can lead to podocyte injury and a 
low expression of Sirt6.

Immune f unct ion of  macrophages in rats with 
streptozotocin‑induced DN. Monocytes were separated from the 
rat kidneys. Different types of monocytes and Sirt6 expression 
were then examined by western blot analysis. Compared to 
the controls, the expression of the marker of the M1 type of 
monocytes, CD86, was significantly upregulated, whereas 
that of the marker of the M2 type of monocytes, CD206, was 
significantly downregulated in the rats with DN (P<0.01; 
Fig. 1E). In addition, the protein expression of Sirt6 was notably 
decreased in the DN group (P<0.01; Fig. 1E). Moreover, the 
levels of inflammatory factors were determined to assess the 
immune function of macrophages. The results revealed that the 
mRNA expression levels of the pro‑inflammatory cytokines, 
TNF-α and iNOS, were significantly increased in the rats with 
DN compared with the controls (P<0.01; Fig. 1F). However, the 
mRNA expression levels of IL‑4 and IL‑10 were significantly 

Table I. Primers used in RT-qPCR.

Gene Species Primer Sequence

TNF-α Rat Forward 5'-CCAACAAGGAGGAGAAGTTCC-3'
  Reverse 5'-TCTGCTTGGTGGTTTGCTAC-3'
iNOS Rat Forward 5'-GGTGTTCTTTGCTTCTGTGCTA-3'
  Reverse 5'-CTTCCGACTTTCCTGTCTCAGT-3'
iNOS Human Forward 5'-CCAGCTAGCCAAAGTCACCAT-3'
  Reverse 5'-GTCTCGGAGCCATACAGGATT-3'
IL-4 Rat Forward 5'-TTACCCGTCTCATTTGC-3'
  Reverse 5'-TTCCCACTTTGCTGTTCC-3'
IL-10 Rat Forward 5'-CAGAAATCAAGGAGCATTTG-3'
  Reverse 5'-CTGCTCCACTGCCTTGCTTT-3'
IL-10 Human Forward 5'-GCCAAGCCTTGTCTGAGATGATCC-3'
  Reverse 5'-AATCGATGACAGCGCCGTAGC-3'
Sirt6 Human Forward 5'- AATTACGCGGCGGGGCT-3'
  Reverse 5'-CGCGCGCTCTCAAAGGT-3'
Sirt6 Mouse Forward 5'-GGCTACGTGGATGAGGTGAT-3'
  Reverse 5'-GGCTCAGCCTTGAGTGCTAC-3'
Bax Mouse Forward 5'-AGCCACAAAGATGGTCACT-3'
  Reverse 5'-GGAGATGAACTGGATAGCAA-3'
Bcl-2 Mouse Forward 5'-ATCTCCCTGTTGACGCTCT-3'
  Reverse 5'-CATCTTCTCCTTCCAGCCT-3'
GAPDH Human Forward 5'-ACCACAGTCCATGCCATCAC-3'
  Reverse 5'-TCCACCACCCTGTTGCTGTA-3'
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decreased in the rats with DN in comparison with the controls 
(P<0.01; Fig. 1F).

Macrophages undergo M1 transformation under high‑glucose 
conditions in a dose‑dependent manner. In order to examine 
the effects of glucose treatment on macrophage phenotypes, 
the typical markers of M1 and M2 macrophages, and related 
inflammatory factors were analyzed. The results revealed that 
the macrophages exhibited increased mRNA expression levels 
of CD86 (HG1, P<0.05; HG2 and HG3, P<0.01; Fig. 2A) and 

iNOS (P<0.01; Fig. 2C) as the glucose concentrations increased. 
However, the mRNA level of CD206 did not differ significantly 
between the controls and the 3 HG groups (macrophages were 
exposed to 3 different concentrations of glucose) (P>0.05; 
Fig. 2B). The mRNA levels of IL-10 (HG1, P<0.05; HG2 and 
HG3, P<0.01; Fig. 2D) and Sirt6 (HG2 and HG3, P<0.01; 
Fig. 2E) significantly decreased by exposing the cells to glucose 
in a dose-dependent manner. These results illustrate that high 
glucose induces the transformation of macrophages into the M1 
phenotype and decreases the expression of Sirt6 in macrophages.

Figure 1. Streptozotocin-induced diabetic nephropathy (DN) in rats leads to podocyte injury, a low expression of Sirt6 and the immune function of macro-
phages. (A) Fasting plasma glucose levels in rats with or without streptozotocin treatment were measured by a glucometer at 1, 3 and 5 weeks. Post-fasting 
blood glucose levels >250 mg/dl were defined as diabetic. (B) Hematoxylin and eosin (H&E) staining was performed to observe the renal tissues of normal rats 
and rats with DN rats at 1, 3 and 5 weeks by an optical microscope at x200 magnification. (C) Immunohistochemical (IHC) staining was performed to obverse 
the protein expression of Sirt6 by an optical microscope at x200 magnification. (D) Western blot analysis was performed to assess the protein expression 
levels of Nephrin, Desmin and Sirt6 in the control rats and rats with DN. (E) Western blot analysis was performed to assess the protein expression levels of 
CD86, CD206 and Sirt6 in the control rats and rats with DN. GAPDH was used as an internal control. (F) RT-qPCR was used to detect the mRNA expression 
levels of TNF-α, iNOS, IL-4 and IL-10 in the control rats and rats with DN. Data are presented as the means ± SD from 3 independent experiments (**P<0.01, 
compared with the controls).
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Figure 2. Macrophages undergo M1 transformation under high-glucose conditions. RT-qPCR was performed to examine the effects of various concentra-
tions of glucose on the mRNA expression levels of (A) CD86, (B) CD206, (C) iNOS, (D) IL-10, and (E) Sirt6. The cell groups were as follows: The control, 
5.5 mmol/l glucose; HG1, 15 mmol/l glucose; HG2, 30 mmol/l glucose; HG3, 50 mmol/l glucose. Data are presented as the means ± SD from 3 independent 
experiments (*P<0.05 and **P<0.01, compared with the controls).

Figure 3. Glucose promotes podocyte apoptosis in a dose-dependent manner. (A) Morphological observation of MPC-5 podocytes under an inverted micro-
scope (x200 magnification) under the undifferentiated and differentiated conditions. (B) Flow cytometry was performed to examine the effects of various 
concentrations of glucose on the apoptosis of differentiated podocytes. (C) The apoptotic rate is presented as bar diagrams. RT-qPCR was performed to 
examine the effects of various concentrations of glucose on the mRNA expression levels of (D) Bcl-2, (E) Bax and (F) Sirt6. The cell groups were as follows: 
The control, 5.5 mmol/l glucose; HG1, 15 mmol/l glucose; HG2, 30 mmol/l glucose; HG3, 50 mmol/l glucose. Data are presented as the means ± SD from 
3 independent experiments (**P<0.01, compared with the controls).
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High glucose promotes podocyte apoptosis in a dose‑dependent 
manner. As shown in Fig. 3A, the undifferentiated podocytes 
exhibited a fusiform or triangular shape. Following subculture, 
the cells ceased to proliferate, grew larger in size, and gradually 
differentiated and matured (Fig. 3A). Flow cytometry was used 
to examine the effects of various concentrations of glucose 
on the apoptosis of differentiated podocytes (Fig. 3B and C). 
As the glucose concentrations increased, podocyte apoptosis 
gradually increased in a dose-dependent manner (HG2 and 
HG3, P<0.01; Fig. 3C). We also examined the expression of 
apoptosis-related genes and Sirt6, and the results revealed that 
the mRNA expression of pro-apoptotic Bax (P<0.01; Fig. 3E) 
significantly increased, whereas that of Bcl-2 (HG2 and 
HG3, P<0.01; Fig. 3D) and Sirt6 (P<0.01, Fig. 3F) markedly 
decreased by exposure to high-glucose concentrations.

Overexpression of Sirt6 induces macrophage M2 transforma‑
tion. The overexpression of Sirt6 was successfully induced in 
the macrophages and podocytes by transfection with a Sirt6 
overexpression plasmid. In the macrophages, both the mRNA 
(Fig. 4A) and protein (Fig. 4B and C) levels of Sirt6 exhibited 
a noticeable upregulation in comparison with the controls 
or the NC group (P<0.01). In addition, in the podocytes, the 
expression of Sirt6 was consistent with that observed in the 
macrophages (P<0.01; Fig. 4D-F). Considering the effects 
of the overexpression of Sirt6 on macrophage phenotypes, 

RT-qPCR was performed to detect the mRNA levels of markers 
in macrophages. The results revealed that the overexpression of 
Sirt6 significantly decreased the mRNA level of CD86 (P<0.01; 
Fig. 4G) and increased that of CD206 (P<0.01; Fig. 4H) 
compared to the controls, indicating that the overexpression of 
Sirt6 induced macrophage M2 transformation.

Overexpression of Sirt6 in macrophages inhibits podocyte 
apoptosis under high‑glucose conditions. In order to examine 
the effects of the overexpression of Sirt6 on podocyte apoptosis, 
we mimicked a diabetic internal environment using a Transwell 
co-culture system under high-glucose conditions to co-culture 
the macrophages and podocytes. Moreover, flow cytometry was 
performed to detect the apoptotic level (Fig. 5A). Compared to 
the NM + HG + Con group [high-glucose medium (50 mmol/l) 
in the upper chamber and podocytes with high-glucose medium 
in lower chamber], apoptosis was significantly increased in the 
HG + Con group (macrophages with high-glucose medium 
in upper chamber, podocytes with high-glucose medium in 
lower chamber), indicating that the macrophages significantly 
enhanced podocyte apoptosis in a high-glucose environment 
(P<0.01; Fig. 5B). When the overexpression of Sirt6 was induced 
in the macrophages by transfection with a Sirt6 overexpression 
plasmid, podocyte apoptosis markedly decreased, compared 
to that observed in the group with macrophages transfected 
with the NC plasmid (P<0.01). However, once Sirt6 was 

Figure 4. Overexpression of Sirt6 induces macrophage M2 transformation. In macrophages, (A) RT-qPCR and (B and C) western blot analysis were carried 
out to detect the transfection efficiency following the overexpression of Sirt6. In podocytes, (D) RT‑qPCR and (E and F) western blot analysis were used to 
determine the transfection efficiency of the overexpression of Sirt6. GAPDH was used as an internal control. RT‑qPCR was performed to examine the effects 
of the overexpression of Sirt6 on the mRNA expression levels of (G) CD86 and (H) CD206 in macrophages. Data are presented as the means ± SD from 
3 independent experiments (**P<0.01, compared with the controls).
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overexpressed in the podocytes, no significant differences were 
observed in podocyte apoptosis between the M-Sirt6 group and 
the NM + HG + Con group (P>0.05). Of note, the apoptosis 
of the podocytes overexpressing Sirt6 (induced by transfection 
with a Sirt6 overexpression plasmid) still increased when these 
podocytes were co-cultured with macrophages in high-glucose 
medium (HG + M-Sirt6 group) (P<0.01). However, cell apoptosis 
was significantly decreased when the podocytes overexpressing 
Sirt6 were co-cultured with macrophages also overexpressing 
Sirt6 by transfection with a Sirt6 overexpression plasmid 
(HG+Sirt6+M-Sirt6 group) (P<0.01). The above-mentioned 
results suggested that the overexpression of Sirt6 indirectly 
affected podocyte apoptosis.

Furthermore, we detected the expression levels of 
apoptosis-related genes and Sirt6 in podocytes. Under 
high-glucose conditions, once the macrophages were 
transfected with a Sirt6 overexpression plasmid, the mRNA 
expression of Bcl-2 increased (P<0.01; Fig. 6A) and that of Bax 
expression decreased (P<0.01; Fig. 6B). As regards the mRNA 
expression of Sirt6, the results revealed that the Sirt6 mRNA 
level was upregulated when Sirt6 was overexpressed in the 
podocytes (Fig. 6C). The protein levels of Bcl-2, Bax and Sirt6 
were similar to the mRNA levels (Fig. 6D and E).

Moreover, the macrophage phenotypes and the expression 
of Sirt6 in the macrophages were subsequently detected in the 
mimicked diabetic internal environment in order to examine 

Figure 5. Overexpression of Sirt6 in macrophages inhibits podocyte apoptosis under high-glucose conditions. The diabetic internal environment was mimicked 
by a Transwell co-culture system under high-glucose conditions to co-culture the macrophages and podocytes. The cells in this experiment were divided 
into 8 groups as follows: i) The NM + HG + Con group (control; 50 mmol/l of high-glucose medium in the upper chamber, and podocytes with high-glucose 
medium in the lower chamber); ii) the HG + Con group (macrophages with high-glucose medium in the upper chamber, and podocyte with high-glucose 
medium in the lower chamber); iii) the HG + NC + Con group (macrophages transfected with NC plasmid with high-glucose medium in the upper chamber, 
and podocytes with high-glucose medium in the lower chamber); iv) the HG + Sirt6 + Con group (macrophages transfected with Sirt6 overexpression plasmid 
with high-glucose medium in the upper chamber, and podocytes with high-glucose medium in the lower chamber); v) the M-Sirt6 group (high-glucose medium 
in the upper chamber, and podocytes transfected with Sirt6 overexpression plasmid with high-glucose medium in the lower chamber); vi) the HG + M-Sirt6 
group (macrophages with high-glucose medium in the upper chamber, and podocytes transfected with Sirt6 overexpression plasmid with high-glucose medium 
in the lower chamber); vii) the HG + NC + M-Sirt6 group (macrophages transfected with NC plasmid with high-glucose medium in the upper chamber, and 
podocytes transfected with Sirt6 overexpression plasmid with high-glucose medium in the lower chamber); and viii) the HG + Sirt6 + M-Sirt6 (macrophages 
transfected with Sirt6 overexpression plasmid with high-glucose medium in the upper chamber, and podocytes transfected with Sirt6 overexpression plasmid 
with high-glucose medium in the lower chamber). (A) Flow cytometry was performed to examine the effect of the overexpression of Sirt6 on podocyte 
apoptosis in the Transwell co-culture system. (B) Apoptotic rates are presented as bar diagrams. Data are presented as the means ± SD from 3 independent 
experiments (**P<0.01, compared with the NM + HG + Con group; ^^P<0.01, compared with the HG + NC + Con group; ##P<0.01, compared with the M-Sirt6 
group; &&P<0.01, compared with the HG + M-Sirt6 group).
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the possible mechanisms responsible for the protective 
effects of Sirt6 overexpression against podocyte injury. 
We found that the overexpression of Sirt6 in macrophages 
inhibited the expression of the M1 marker, CD86 (P<0.01; 
Fig. 7A, D and E), and promoted that of CD206 (P<0.01; 
Fig. 7B, D and E), which is a marker of the M2 phenotype 
expression, in the high-glucose environment at both the 
mRNA and protein level. When Sirt6 overexpression 
was induced in macrophages by transfection with Sirt6 
overexpression plasmid, the results revealed an increased 
mRNA and protein expression of Sirt6 in the mimicked 
diabetic internal environment (P<0.01; Fig. 7C-E). On 
the basis of the above-mentioned results, we hypothesized 

that the overexpression of Sirt6 in macrophages promoted 
macrophage M2 transformation, thus inhibiting podocyte 
apoptosis under high-glucose conditions.

Discussion

In this study, we used streptozocin to induce diabetes in rats 
as previously described (25‑28). The inflammatory process 
and potocyte injury in the rats with DN were subsequently 
analyzed. Podocytes play an important role in maintaining 
glomerular structural integrity and filtration function. 
Podocytes are characterized by being able to express 
specific functional protein molecules, such as Nephrin, 

Figure 6. Overexpression of Sirt6 in macrophages regulates the expression of apoptosis-related genes and Sirt6 in podocytes under high-glucose condi-
tions. The diabetic internal environment was mimicked by a Transwell co-culture system under high-glucose conditions to co-culture the macrophages and 
podocytes. The cells in this experiment were divided into 8 groups as follows: i) The NM + HG + Con group (control; 50 mmol/l of high-glucose medium 
in the upper chamber, and podocytes with high-glucose medium in the lower chamber); ii) the HG + Con group (macrophages with high-glucose medium 
in the upper chamber, and podocyte with high-glucose medium in the lower chamber); iii) the HG + NC + Con group (macrophages transfected with NC 
plasmid with high-glucose medium in the upper chamber, and podocytes with high-glucose medium in the lower chamber); iv) the HG + Sirt6 + Con group 
(macrophages transfected with Sirt6 overexpression plasmid with high-glucose medium in the upper chamber, and podocytes with high-glucose medium in 
the lower chamber); v) the M-Sirt6 group (high-glucose medium in the upper chamber, and podocytes transfected with Sirt6 overexpression plasmid with 
high-glucose medium in the lower chamber); vi) the HG + M-Sirt6 group (macrophages with high-glucose medium in the upper chamber, and podocytes 
transfected with Sirt6 overexpression plasmid with high-glucose medium in the lower chamber); vii) the HG + NC + M-Sirt6 group (macrophages transfected 
with NC plasmid with high-glucose medium in the upper chamber, and podocytes transfected with Sirt6 overexpression plasmid with high-glucose medium in 
the lower chamber); and viii) the HG + Sirt6 + M-Sirt6 (macrophages transfected with Sirt6 overexpression plasmid with high-glucose medium in the upper 
chamber, and podocytes transfected with Sirt6 overexpression plasmid with high-glucose medium in the lower chamber). RT-qPCR was performed to examine 
the effects of the overexpression of Sirt6 on the mRNA expression levels of (A) Bcl-2, (B) Bax and (C) Sirt6 in the Transwell co-culture system. (D) Western 
blot analysis was performed to examine the effects of the overexpression of Sirt6 on the protein expression levels of Bcl-2, Bax and Sirt6 in the Transwell 
co-culture system. (E) Relative protein levels are presented as bar diagrams. GAPDH was used as an internal control. Data are presented as the means ± SD 
from 3 independent experiments (*P<0.05 and **P<0.01, compared with the NM + HG + Con group; ^^P<0.01, compared with the HG+NC+Con group; ##P<0.01, 
compared with the M-Sirt6 group; &&P<0.01, compared with the HG + M-Sirt6 group).
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Podocin, Podocalyxin and Desmin (29-33). Podocyte injury 
is considered to be the leading cause of proteinuria and 
glomerular disease (34,35). In this study, in the tissues of rats 
with DN, we found that Nephrin protein expression decreased 
and Desmin protein expression increased. These are typical 
podocyte injury markers that allow Nephrin gene mutation 
to lead to proteinuria production and congenital nephrotic 
syndrome. In addition, a high expression of Desmin and its 
phenotypic transformation causes the re-arrangement of 
the podocyte cytoskeleton (36,37). Previously, Bohle et al 
reported that a large number of inflammatory cells, which 
either were macrophages, or were lymphocytes, were found 

in renal tissues of 488 patients with DN by immunostaining; 
it was thus hypothesized that the pathogenesis of DN was 
related to tubulointerstitial immune inflammation (38). An 
increasing number of studies have confirmed that macrophage 
aggregation is a predictor of renal dysfunction in patients 
with DN (9,23,39-41). In this study, we detected the degree 
of macrophage infiltration and associated inflammatory 
factor expression in rats with DN. Some studies have found 
that symbolic molecules of M1 macrophages include TNF-α, 
IL-6, monocyte chemoattractant protein-1 (MCP-1) and iNOS, 
while representative M2 macrophages molecules include 
IL-10, CD206, CD163 and chemokine (C-C motif) ligand 18 

Figure 7. Overexpression of Sirt6 in macrophages regulates the expression of markers of macrophages and Sirt6 under high-glucose conditions. The diabetic 
internal environment was mimicked by a Transwell co-culture system under high-glucose conditions to co-culture the macrophages and podocytes. The cells 
in this experiment were divided into 8 groups as follows: i) The NM + HG + Con group (control; 50 mmol/l of high-glucose medium in the upper chamber, 
and podocytes with high-glucose medium in the lower chamber); ii) the HG + Con group (macrophages with high-glucose medium in the upper chamber, 
and podocyte with high-glucose medium in the lower chamber); iii) the HG + NC + Con group (macrophages transfected with NC plasmid with high-glucose 
medium in the upper chamber, and podocytes with high-glucose medium in the lower chamber); iv) the HG + Sirt6 + Con group (macrophages transfected with 
Sirt6 overexpression plasmid with high-glucose medium in the upper chamber, and podocytes with high-glucose medium in the lower chamber); v) the M-Sirt6 
group (high-glucose medium in the upper chamber, and podocytes transfected with Sirt6 overexpression plasmid with high-glucose medium in the lower 
chamber); vi) the HG + M-Sirt6 group (macrophages with high-glucose medium in the upper chamber, and podocytes transfected with Sirt6 overexpression 
plasmid with high-glucose medium in the lower chamber); vii) the HG + NC + M-Sirt6 group (macrophages transfected with NC plasmid with high-glucose 
medium in the upper chamber, and podocytes transfected with Sirt6 overexpression plasmid with high-glucose medium in the lower chamber); and viii) the 
HG + Sirt6 + M-Sirt6 (macrophages transfected with Sirt6 overexpression plasmid with high-glucose medium in the upper chamber, and podocytes transfected 
with Sirt6 overexpression plasmid with high-glucose medium in the lower chamber). RT-qPCR was performed to examine the effects of the overexpression of 
Sirt6 on the mRNA expression levels of (A) CD86, (B) CD206, and (C) Sirt6 in the Transwell co-culture system. (D) Western blot analysis was performed to 
examine the effects of the overexpression of Sirt6 on the protein expression levels of CD86, CD206 and Sirt6 in the Transwell co-culture system. (E) Relative 
protein levels are presented as bar diagrams. GAPDH was used as an internal control. Data are presented as the means ± SD from 3 independent experiments 
(̂ ^P<0.01, compared with the HG + Con group; &&P<0.01, compared with the HG + M-Sirt6 group).
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(CCL18; also known as AMAC1) (42, 43). The findings of this 
study demonstrated that CD86 expression was significantly 
upregulated under high-glucose conditions and that of CD206 
exhibited an opposite trend. Additionally, TNF-α and iNOS 
mRNA expression levels increased and the mRNA expression 
levels of IL-4 and IL-10 decreased under high-glucose 
conditions. Recently, Assadi-Porter et al reported the effects 
of 3-iodothyronamine (T1AM) on obesity and their results 
also demonstrated that these effects were co-regulated by Sirt6 
and Sirt4; in detail, Sirt6 regulated glycolysis, triglyceride 
synthesis and fat metabolism, while Sirt4 had an opposite 
effect, negatively regulating fatty acid oxidation (44). The 
results of their study were similar to those of this study in 
that the expression of Sirt6 was significantly decreased in 
the tissues of rats with DN. Furthermore, in future studies, 
we aim to examine the co-regulation of Sirt 6 and Sirt4 in 
diabetes-induced renal injury.

In this study, macrophages and podocytes were respectively 
used to conduct in vitro experiments with a series of detections. 
The results revealed that glucose promoted macrophage M1 
transformation and podocyte apoptosis in a dose-dependent 
manner, and high glucose decreased Sirt6 expression in rats 
with DN.

Increasing evidence indicates that Sirtuins, particularly 
Sirt1, Sirt3 and Sirt6, are related to kidney disease (45-47). 
Several studies have demonstrated that the expression of Sirt1 
in DN decreases, and that the increased Sirt1 expression can 
attenuate renal injury in DN (48-51). Caton et al reported that 
the decreased expression of Sirt3 resulted in an impaired 
function of β-cells in type 2 diabetes mellitus (52). Sirt3, as a 
protective agent of acute tissue injury, has also been shown to 
play an important role in acute renal injury model (53). Sirt6 
is considered to be related to the occurrence and development 
of chronic diseases, including diabetes, and such an effect 
is realized by its role in DNA damage (54-56). Therefore, 
in this study, the overexpression of Sirt6 was successfully 
indcued in macrophages and podocytes, respectively, and we 
found that the overexpression of Sirt6 promoted macrophage 
M2 transformation. It is unusual that a lack of Sirt6 would 
increase the inflammatory response in tissues. For example, 
a lack of Sirt6 in adipose tissue has been shown to increased 
macrophage infiltration and adipose tissue inflammation 
and to promote HFD-induced insulin resistance (57,58). 
In addition, its deficiency causes liver inflammation and 
fibrosis in mouse immune cells (59). However, the effects 
of Sirt4 on related inflammation, insulin resistance and 
oxidative metabolism are not consistent with those of Sirt6. 
For example, Sirt4 modulates oxidative metabolism and 
directly leads to endothelial dysfunction, and is related to 
coronary artery disease (60). Huynh et al reported that the 
loss of Sirt4 elevated glucose- and leucine-stimulated insulin 
levels in vivo, which were dependent upon a C57BL/6NJ 
genetic background, and enhanced age-induced insulin 
resistance (61). This is a very interesting research prospect, 
which is worthy of further study.

Furthermore, in this study, we mimicked the diabetic 
internal environment by a Transwell co-culture system 
under high-glucose conditions to co-culture macrophages 
and podocytes. We found that the overexpression of Sirt6 in 
macrophages protected podocytes from high-glucose-induced 

injury, whereas the overexpression of Sirt6 in podocytes 
exerted no protective effect itself against injury induced by 
high glucose. In addition, we found that the possible mechanism 
responsible for the protective effects of Sirt6 overexpression in 
macrophages against podocyte injury involved the promotion 
of the macrophage M2 transformation. Such a result is in line 
with the findings from the study by Sun et al, who reported 
that by inducing M2 macrophage differentiation, pentraxin-3 
alleviated kidney damage in DN (23). Zhang et al also 
suggested that the inhibition of M1 macrophage activation and 
the promotion of M2 macrophage transformation prevented 
podocyte injury (62).

Taken together, the findings of this study suggested 
that Sirt6 protected against podocytes from injury in a 
mimicked diabetic kidney microenvironment by activating 
M2 macrophages. Our findings also indicated that Sirt6 
functioned as an immune response regulatory factor in renal 
inflammatory injury induced by streptozotocin administration 
in rats. It would be more convincing to provide more kidney 
function indicators [blood urea nitrogen (BUN) and serum 
creatinine (SCr)] and a more general method for modeling DN 
in animals. These are the limitations of our study and we aim 
to perform a more detailed and in-depth analysis in the future.
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