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Abstract: This study aimed to investigate the protective effects of Schisandrin C during diabetic nephropathy (DN) 
treatment. After DN induction, mice were treated with Schisandrin C, and diabetic metabolic parameters and re-
nal function-associated factors were measured. Renal structural damage was evaluated by hematoxylin and eosin 
(HE) and Masson’s trichrome staining. Macrophage polarization and macrophage-mediated inflammatory factors 
were detected in the kidneys by immunohistochemistry (IHC) and enzyme-linked immunosorbent assay (ELISA), 
respectively. The Swiprosin-1/interferon (IFN)-γ-Rβ pathway was evaluated by western blot (WB) analysis. The pre-
liminary effects of Schisandrin C in high-glucose-stimulated macrophages from DN mice were verified by flow cy-
tometry, ELISA, and WB analyses. These results indicated that Schisandrin C significantly regulated physiological 
parameters in DN. Renal structural damage was mitigated by Schisandrin C. In Schisandrin-C-treated groups, the 
expression levels of CD86, tumor necrosis factor (TNF)-α, interleukin (IL)-6, and IL-1β decreased, whereas CD206, 
IL-10, and transforming growth factor (TGF)-β expression levels increased. In vitro experiments indicated that among 
CD86+ cells, TNF-α, IL-6, and IL-1β expression levels significantly decreased, whereas among CD206+ cells, IL-10 
and TGF-β expression increased following Schisandrin-C-treatment. Finally, Schisandrin C inhibited the expression 
of Swiprosin-1, IFN-γ-Rβ, phospho-Janus kinase 2 (p-JAK2), phospho-signal transducer and activator of transcription 
1 (p-STAT1), and p-STAT3, in both DN model mice and high-glucose-stimulated RAW264.7 cells. The present study 
indicated a novel use for Schisandrin C to suppress DN progression, by promoting M1 to M2 macrophage polariza-
tion. Schisandrin C exerted protective effects against DN by regulating the polarization-dependent Swiprosin-1/
IFN-γ-Rβ signaling pathway in macrophages.
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Introduction

According to the International Diabetes 
Federation, 463 million people have diabetes 
mellitus (DM) worldwide, and DM is expected  
to affect 578 million people by 2030 [1]. 
Diabetic nephropathy (DN) is a primary compli-
cation of DM, and current treatment options 
are unsatisfactory. DN is a critical factor in the 
induction of end-stage renal disease, which 
imposes a high societal burden [2]. Clinical 
characteristics of end-stage renal disease 
include persistent albuminuria and a progres-
sively declining glomerular filtration rate [3]. 
Increasing evidence has shown that multiple 

mechanisms may contribute to the develop-
ment and outcomes of DN, including inflamma-
tion, hyperglycemia, protein kinase C levels, 
advanced glycation end products, poly (ADP-
ribose) polymerase activation, and oxidative 
stress [4]. During the last decade, macrophages 
have become a focal point for studies of DN 
pathogenesis. Macrophages are central media-
tors of the inflammatory response, directly 
interacting with kidney cells to induce cell prolif-
eration and extracellular matrix production [5, 
6]. In a variety of human kidney diseases, mac-
rophages have been shown to accumulate in 
both glomeruli and interstitial tissues, and mac-
rophage accumulation correlates closely with 
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the degree of progressive injury and fibrosis in 
DN [7, 8]. Thus, macrophage inhibition could 
represent a novel therapeutic approach, which 
may be able to prevent DN progression. 

Currently available therapies, such as glycemic 
and blood pressure control, can slow but not 
prevent DN development [9]. Thus, the identifi-
cation of novel and effective therapeutic 
approaches that are capable of preventing DN 
development in DM patients is crucial. 
Traditional Chinese medicine has demonstrat-
ed good clinical results for kidney disease  
management, including medicines derived 
from Schisandra fruits (Wuweizi, in Chinese), 
including the dried, ripe fruits of Schisan- 
dra chinensis (Turcz.) Bail (Bei Wuweizi, in 
Chinese) or Schisandra sphenanthera, Rehd.  
et Wils. (Nan Wuweizi, in Chinese). Schisandra 
fruits have been widely used in Asian coun- 
tries for the treatment of liver and kidney dis-
eases [10] because they exert a wide array of 
positive effects, including detoxifying, anti-
inflammatory, antioxidative, and anticancer 
activities [11]. Schisandra fruit extracts also 
exert positive effects on DN [12]. Schisandrin  
C (SC) (Figure 1), an active constituent found  
in Schisandra fruits, has been associated with 
the significant pharmacological activities 
observed for the Schisandra fruit extracts. 
Intensive studies of SC bioactivity have indicat-
ed that SC exhibits anti-oxidative and anti-
inflammation characteristics, which exert pro-
tective effects in various tissues [13-15]. 

However, no reports have examined the reno-
protective effects of SC in DN patients. We 
hypothesized that SC may serve as the active 
ingredient in Schisandra fruits, which may 
mediate the treatment effects observed for 
Schisandra fruits in DN. Thus, in this study, we 
investigated whether SC can be used to sup-
press DN in streptozotocin (STZ)-induced DN 
model mice and explored the potential mo- 
lecular mechanisms associated with this 
suppression.

Materials and methods

Animal procedures

All experiments were performed in C57/BL6 
mice (20 ± 2 g, female), which were kindly pro-
vided by Beijing Vital River Laboratory Animal 
Technologies Co. Ltd (Beijing, China). All ani-
mals were housed under specific pathogen-
free conditions, and allowed to acclimate for 1 
week. DN model mice were established, as  
previously described [16]. Briefly, C57/BL6 
mice were fed with a high-fat diet for 1 week, 
followed by daily intraperitoneal injections of 
STZ (40 mg/kg) for five days. After 2 weeks, 
fasting blood glucose (FBG) levels were de- 
tected. Mice with FBS values ≥ 11.1 mM  
were considered to represent successfully 
induced diabetic model mice. Subsequently, 
the diabetic model mice were divided into 4 
groups (n = 6 for each group), including the  
control Model group, low-dose (100 mg/kg/d) 
and high-dose SC (200 mg/kg/d) treatment 
groups, and a metformin treatment group  
(195 mg/kg/d). Mice in the Control group were 
sham-injected with sodium citrate buffer and 
provided with a normal, standard, balanced 
diet. The mice in the treatment groups were 
administered SC or metformin, intragastrically, 
whereas the mice in the control Model group 
were treated with an equal volume of saline. 
After 8 weeks, mice body weights and FBG  
levels were measured. Subsequently, all mice 
were housed in individual, metabolic cages for 
24 h, to detect 24-h food consumption, 24-h 
water intake, and 24-h urinary excretion 
amounts. Urine proteinuria was determined  
by a Bradford assay [17]. Mice were euthaniz- 
ed by thiopental overdose (200 mg/kg, i.p.), 
and blood was collected to measure serum cre-
atinine (Scr), blood urea nitrogen (BUN), and 
serum insulin levels, using colorimetric kits 

Figure 1. The chemical structure of Schisandrin 
C. Molecular formula: C22H24O6. Molecular weight: 
384.42 g/mol.
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(Jiancheng, Nanjing, China). Subsequently, the 
kidneys were rapidly dissected and weighed. 
The left kidneys were snap-frozen for enzyme-
linked immunosorbent assay (ELISA) and west-
ern blot (WB) analyses, whereas the right kid-
neys were fixed in 10% paraformaldehyde for 
further pathological analysis. All animal-relat- 
ed protocols were approved by the Animal 
Ethics Committee on the Care and Use of 
Laboratory Animals of Tianjin Medical University 
(Tianjin, China).

Renal histological and immunohistochemistry 
analysis

The right kidneys were dehydrated, embedded 
in paraffin, and sectioned into 5-µm-thick sec-
tions. Sections were stained with hematoxylin 
and eosin (HE) and Masson’s trichrome stain-
ing kits, according to the manufacturer’s 
instructions. Each stained section was 
observed under a microscope (400×; Nikon, 
Tokyo, Japan), in a blinded fashion, to evaluate 
histopathological damage. Immunohistoche- 
mistry (IHC) analysis was used to determine  
the CD86 and CD206 expression levels in  
paraffin-embedded kidney tissue sections. 
Briefly, sections were pretreated by microwave 
for 20 min, in 10 mmol/L sodium citrate buf- 
fer (pH 6.0), to perform antigen retrieval, and 
were then incubated with a blocking agent. 
Subsequently, kidney sections were stained 
with primary antibodies, overnight at 4°C. 
Sections were then incubated with secondary 
antibody. Finally, the sections were incubated 
with VECTASTAIN@ABC reagent (Vector La- 
boratories, Burlingame, CA, USA), and color 
development was achieved using 3, 3’-dia- 
minobenzidine (DAB, Vector Laboratories, 
Burlingame, CA, USA). Positive staining (dark 
brown) was quantified using computerized  
morphometry (Image Pro-Plus 6.0 software, 
Bethesda, MD). The immunohistochemical 
assessments were performed by 2 investiga-
tors, in a double-blinded manner, at 400× 
magnification.

Cell culture and treatment

RAW264.7 cells were kindly provided by 
Shanghai Institutes for Biological Sciences 
(Shanghai, China). Subsequently, the cells  
were cultured (37°C, 5% CO2), in RPMI 1640 
media [10% fetal bovine serum (FBS), 1%  
penicillin/streptomycin (P/S)]. After RAW264.7 

cells were incubated in the presence of 100 
ng/ml phorbol-12-myristate-13-acetate (PMA), 
the cells differentiated into macrophages. The 
differentiated cells were pre-treated with 30 
mM D-glucose, for 12 h, as previously describ- 
ed [18], followed by SC treatment (20, 40, or  
80 µM) for 48 h. Finally, ELISA was used to 
measure the levels of tumor necrosis factor 
(TNF)-α, interleukin (IL)-6, IL-1β, IL-10, and 
transforming growth factor (TGF)-β in the cell 
supernatant. Macrophages were washed twice 
with phosphate-buffered saline (PBS), followed 
by measurement using flow cytometry. In addi-
tion, the expression levels of proteins in macro-
phages were analyzed by WB analysis.

Flow cytometry analysis

Macrophages were stained for 20 min on ice, 
using a specific antibody against F4/80-APC 
(BD Biosciences, San Jose, CA), as a general 
marker. A fluorescein isothiocyanate (FITC)-
conjugated antibody against CD86 and an 
R-phyco-ethrin (PE)- and Cy5-conjugated anti-
body against CD206 were used to stain M1  
and M2 macrophages, respectively. All anti- 
bodies were prepared in fluorescence-asso- 
ciated cell sorting (FACS) buffer. For immuno-
phenotypic analyses, cell suspensions (2×106 
cells/ml) were incubated with 10% goat serum, 
in the dark (4°C, 15 min) and then incubated 
with antibodies for 30 min. Flow cytometry was 
performed on a BD LSR II (BD Biosciences, San 
Jose, CA) and analyzed using FlowJo software 
(Tree Star, San Carlos, CA). Each experiment 
was performed in triplicate.

Enzyme-linked immunosorbent assays

After treatment with different concentrations  
of SC, TNF-α, IL-6, IL-1β, IL-10, and TGF-β con-
tents in kidney tissues were measured using 
commercial assay kits (mlbio, Shanghai, China), 
according to the manufacturer’s protocols.

Protein analysis

Kidney tissues and harvested cells were lysed, 
on ice, with RIPA buffer (Beyotime Institute of 
Biotechnology, Shanghai, China). The lysates 
were collected and centrifuged (12,000×g,  
15 min, 4°C), and protein concentrations were 
detected using a bicinchoninic acid (BCA) as- 
say kit (Beyotime Institute of Biotechnology, 
Shanghai, China). Protein samples were sepa-
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rated using 10% sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE)  
and transferred to polyvinylidene difluoride 
(PVDF) membranes (Millipore, Bedford, MA, 
USA). Non-specific binding was blocked in Tris-
buffered saline containing 0.1% Tween-20 
(TBS-T), with 5% bovine serum albumin (BSA), 
for 1 h at room temperature, and incubated 
overnight at 4°C with the following primary  
antibodies (1:2,000): Swiprosin-1 [goat poly-
clonal antibody (pAb), ab24368], Janus kinase 
2 [JAK2, rabbit monoclonal antibody (mAb), 
ab108596], phospho-JAK2 (rabbit mAb, ab- 
32101), signal transducer and activator of  
transcription 1 (STAT1, mouse mAb, ab3987), 
phospho-STAT1 (mouse mAb, ab29045), ST- 
AT3 (mouse mAb, ab119352), phospho-STAT3 
(rabbit mAb, ab76315), and IFN-γ (rabbit pAb, 
ab77246). All antibodies were obtained from 
Abcam (Cambridge, MA, USA). Anti-β-actin anti-
body was purchased from Wuhan Sanying 
Biotechnology (Wuhan, China). The blots were 
then incubated with horseradish peroxidase 
(HRP)-conjugated secondary antibodies (Bos- 
ter Biotechnology, Wuhan, China), for 1 h at 
room temperature. The band density was visu-
alized with an enhanced chemiluminescence 
(ECL) kit (Thermo Fisher, Waltham, Massa- 
chusetts, USA) and quantified using ImageJ 
software (NIH, Bethesda, USA).

Statistical analysis

All experiments were performed at least 3 
times, and the values are presented as the 
mean ± standard deviation (SD). All data were 
assessed using SPSS 17.0 statistical soft- 
ware (SPSS Inc., Chicago, IL, USA). Unpaired 
Student’s t-tests were used for comparisons 
between two groups, and one-way analysis of 
variance (ANOVA), with post hoc, was used for 
multiple comparisons. Differences between 
groups with P < 0.05 were considered sig- 
nificant.

Results

Schisandrin C ameliorates kidney complica-
tions associated with diabetes in DN model 
mice

Hyperglycemia, polyphagia, polyuria, and poly-
dipsia, accompanied by the loss of body weig- 
ht, were initially observed in the DN model 
group, and reduced insulin secretion was also 

observed compared with the control group. 
However, SC was able to improve diabetic  
metabolic symptoms, in a dose-dependent 
manner (Figure 2A). Furthermore, high levels  
of Scr, BUN, and proteinuria were detected in 
the DN model group. SC notably ameliorated 
the pathological hallmarks of kidney damage 
(Figure 2B). To objectively observe and quan- 
tify kidney damage in DN model mice, the glo-
merular and fibrosis areas were evaluated in 
the HE- and Masson-stained sections. SC  
treatment significantly decreased the glomeru-
lar and fibrosis areas in DN model mice. HE 
staining also revealed glomerulosclerosis and 
glomerulus expansion, the diminution of the 
capillary lumen, diffuse mesangial matrix 
expansion, and peripheral capillaries with  
thick, stiff walls, in DN model mice. However, 
SC treatment significantly ameliorated these 
DM-induced histopathological alterations (Fi- 
gure 2C). These in vivo data suggested the 
therapeutic effects of SC in diabetic model 
mice and the amelioration of kidney complica-
tions, which suggested that SC may serve as a 
potential agent for the development of novel 
DN therapies.

Schisandrin C regulates macrophage polariza-
tion and macrophage-mediated inflammatory 
factors, in vivo

To further explore macrophage polarization, 
IHC staining for CD86 and CD206, as indica- 
tors for M1 and M2 macrophages, respectively, 
was performed, revealing the predominant 
expression of these proteins in the renal tis-
sues of DN mice. As shown in Figure 3A,  
CD86 expression levels increased in the DN 
model group compared with the control group. 
In contrast, SC (100 and 200 mg/kg) treat- 
ment resulted in the prominent downregula- 
tion of CD86 levels. CD206 expression levels 
were significantly decreased in DN model  
mice compared with control mice. However, SC 
treatment at different concentrations resulted 
in the prominent upregulation of CD206 levels 
(Figure 3A). Inflammation-associated cytokin- 
es were measured in the left kidneys by ELISA. 
TNF-α, IL-6, and IL-1β levels were much higher 
in the DN model group than in the control  
group. Immediately after treatment with SC,  
the TNF-α, IL-6, and IL-1β levels were notably 
decreased compared with the DN model group 
(Figure 3B). Consistently, both IL-10 and TGF-β 
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levels were markedly reduced in the DN model 
group relative to those in the control group and 

were significantly elevated by SC treatment, in 
a dose-dependent manner (Figure 3C). These 

Figure 2. Schisandrin C ameliorates diabetic metabolic parameters and improves renal functional and structural 
damage in DN model mice. DN model mice were treated with saline and/or Schisandrin C (100 or 200 mg/kg/d) 
and/or Metformin (195 mg/kg/d), for 8 weeks. A. 24-h food consumption, 24-h urine volume, 24-h water intake, 
body weight, fasting blood glucose levels, and serum insulin levels were examined after 8 weeks. B. Serum urea 
nitrogen, serum creatinine, and urine protein contents were measured, using commercial assay kits. C. Representa-
tive examples of right kidneys from each experimental condition, after treatment. Histological analysis confirmed 
the pathological changes in diabetic renal tissues (400×). HE staining was used for the analysis of histological 
abnormalities. Masson’s trichrome staining was used for the detection of type IV collagen in kidney sections. Data 
are expressed as the mean ± S.D. ##P < 0.01 vs. control; **P < 0.01, *P < 0.05 vs. model.
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results indicated that SC treatment was able to 
reverse DN progression, possibly by regulating 
macrophage polarization in the kidneys of DN 
model mice.

Schisandrin C inhibits the activation of the 
Swiprosin-1/IFN-γ-Rβ axis, in vivo

As described above, SC treatment exhibited 
anti-inflammatory effects in the kidneys of DN 
model mice. Thus, certain molecules and sig-

naling pathways associated with the regulation 
of macrophage polarization were examined. We 
initially measured the expression levels of 
Swiprosin-1/IFN-γ-Rβ-related proteins in the 
kidneys. WB analysis confirmed the upregula-
tion of detectable Swiprosin-1 and IFN-γ-Rβ 
protein expression levels in DN model mice. 
Compared with the DN model group, the ex- 
pression levels of these proteins were distin- 
ctly attenuated by SC treatment (Figure  
4A). Furthermore, SC treatment significantly 

Figure 3. Schisandrin C promoted the polarization of M1 macrophages toward an M2 phenotype, suppressed pro-in-
flammatory cytokine secretion, and induced anti-inflammatory cytokine expression in the right kidneys of DN model 
mice. DN model mice were treated with saline, Schisandrin C (100 or 200 mg/kg/d), or Metformin (195 mg/kg/d), 
for 8 weeks. A. Immunohistochemistry was used to detect the polarized populations of M1 and M2 macrophages, 
by quantifying the positive staining (dark brown) against CD86 and CD206, respectively. B. TNF-α, IL-6, and IL-1β 
contents were measured, using commercial assay kits. C. IL-10 and TGF-β contents were measured, using com-
mercial assay kits. Data are expressed as the mean ± S.D. ##P < 0.01 vs. control; **P < 0.01, *P < 0.05 vs. model.
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reduced the p-JAK2, p-STAT1, and p-STAT3  
levels in renal tissues compared with those in 
the DN model group, in a dose-dependent  
manner (Figure 4B). Based on these results, we 
speculated that SC treatment might attenuate 
DN by promoting the polarization of M1 macro-
phages toward an M2 phenotype, via the 
Swiprosin-1/IFN-γ-Rβ signaling pathway. To vali-
date this hypothesis, we examined pathological 
changes, in vitro. 

Schisandrin C regulates macrophage polariza-
tion and macrophage-mediated inflammatory 
factors, in vitro

Having preliminarily demonstrated that SC 
affects macrophage polarization in the kidneys 
of DN model mice, we next verified the effects 
of SC on macrophage polarization, as deter-
mined by flow cytometry. M1 macrophages and 
M2 macrophages were identified as viable 

CD86+ and CD206+ cells, respectively, by flow 
cytometry. As shown in Figure 5A, M1 macro-
phages predominated among the total macro-
phage population after exposure to high-glu-
cose alone. The proportion of M1 macrophages 
significantly decreased with increasing doses 
of SC during high-glucose exposure. Conver- 
sely, high-glucose exposure markedly de- 
creased the proportion of M2 macrophages, 
whereas the proportion of M2 macrophages 
significantly increased, in a dose-dependent 
manner, with SC addition (Figure 5A). M1 mac-
rophage-mediated inflammatory factors, such 
as TNF-α, IL-6, and IL-1β, were significantly 
increased after macrophage exposure to high-
glucose conditions and were significantly 
decreased after SC treatment (Figure 5B). In 
contrast, M2 macrophage-mediated inflamma-
tory factors, including IL-10 and TGF-β, were  
significantly decreased after macrophage  

Figure 4. Schisandrin C downregulated the Swiprosin-1/IFN-γ-Rβ signaling pathway in the right kidneys of DN model 
mice. DN model mice were treated with saline, Schisandrin C (100 or 200 mg/kg/d), or Metformin (195 mg/kg/d), 
for 8 weeks. A. Swiprosin-1 and IFN-γRβ expression levels were analyzed by western blot analysis, using β-actin as 
a loading control. B. p-JAK2, p-STAT1, and p-STAT3 expression levels were analyzed by western blot analysis, using 
β-actin as a loading control. Representative blots are shown, with densitometry analysis. Original full-size blots are 
presented in Figure S1. Data are expressed as the mean ± S.D. ##P < 0.01 vs. control; **P < 0.01, *P < 0.05 vs. 
model.
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exposure to high-glucose conditions, and SC 
treatment significantly increased IL-10 and 

TGF-β secretion during high-glucose exposure 
(Figure 5C). Taken together, these results sug-

Figure 5. Schisandrin C promoted the polarization of M1 macrophages toward an M2 phenotype, suppressed pro-
inflammatory cytokine secretion, and induced anti-inflammatory cytokine expressions in high-glucose-stimulated 
RAW264.7 cells. RAW264.7 cells were differentiated and pretreated with D-glucose (30 mM), for 12 h, and then 
treated with Schisandrin C (20-80 µM), for 48 h. A. Flow-cytometric analysis was applied to detect the polarized 
populations of M1 and M2 macrophages by quantifying CD86+ and CD206+ cells, respectively. B. TNF-α, IL-6, and IL-
1β contents were measured, using commercial assay kits. C. IL-10 and TGF-β contents were measured, using com-
mercial assay kits. Data are expressed as the mean ± S.D. ##P < 0.01 vs. control; **P < 0.01, *P < 0.05 vs. model.
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gest that SC treatment promoted the M1 to M2 
macrophage polarization process.

Schisandrin C suppresses the activation of 
Swiprosin-1/IFN-γ-Rβ axis, in vitro

To further explore the protective mechanisms 
associated with SC treatment, WB analysis was 
performed, to detect Swiprosin-1/IFN-γ-Rβ 
pathway-related molecules in macrophages. 
High-glucose exposure markedly increased the 
Swiprosin-1 and IFN-γ-Rβ expression levels, 
whereas SC treatment distinctly alleviated 
these changes (Figure 6A). The results shown 
in Figure 6B also indicated that glutamate 
exposure increased the p-JAK2, p-STAT1, and 
p-STAT3 expression levels, which could be 
reduced by SC treatments, in a dose-depen-
dent manner. These in vitro data further con-
firmed the protective effects of SC during the 

treatment of DN, which suggested that SC  
may have therapeutic effects on high-glucose-
induced macrophage polarization and macro-
phage-mediated inflammatory factors, regulat-
ed by the Swiprosin-1/IFN-γ-Rβ signaling 
pathway.

Discussion

DM has been the most common, global, and 
widespread metabolic disease during recent 
decades. Chronic hyperglycemia has been 
strongly associated with the dysfunction of  
various tissues, including the eyes, kidneys, 
heart, blood vessels, and nerves [19]. DN is a 
long-term DM complication that develops in 
approximately 30% of Type 1 DM and 10% of 
Type 2 DM patients, characterized by protein-
uria and glomerulosclerosis [20, 21]. Moreover, 
DN is functionally characterized by increased 

Figure 6. Schisandrin C downregulated the Swiprosin-1/IFN-γ-Rβ signaling pathway, in high-glucose-stimulated 
RAW264.7 cells. RAW264.7 cells were differentiated and pretreated with D-glucose (30 mM), for 12 h, and then 
treated with Schisandrin C (20-80 µM), for 48 h. A. Swiprosin-1 and IFN-γ-Rβ expression levels were analyzed by 
western blot analysis, using β-actin as a loading control. B. p-JAK2, p-STAT1, and p-STAT3 expression levels were 
analyzed by western blot analysis, using β-actin as a loading control. Representative blots are shown, with densitom-
etry analysis. Original, full-size blots are presented in Figure S2. Data are expressed as the mean ± S.D. ##P < 0.01 
vs. control; **P < 0.01, *P < 0.05 vs. model.
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Scr and BUN levels [22, 23]. Previous studies 
have demonstrated that mice injected with  
STZ exhibited the destruction of pancreatic β 
cells and reduced insulin secretory capacity 
[24]. Feeding mice a high-fat diet, followed by 
the injection of STZ, resulted in the establish-
ment of an experimental DN model [25],  
which was the model used in our study. 
Consequently, our study showed that these  
DN model mice developed typical DM charac-
teristics, including hyperglycemia, polyphagia, 
polydipsia, polyuria, and proteinuria, accompa-
nied by the loss of body weight and reduced 
insulin synthesis. At the end of the experi- 
ment, BUN, Scr, and urine protein levels in DN 
model mice also significantly increased during 
a 24-h period, compared with those in control 
mice. Pathological section observations also 
indicated glomerular hypertrophy, mesangial 
matrix expansion, and accelerated glomerular 
tuft to Bowman’s capsule adhesion in diabetic 
renal samples. Thus, in the present study,  
renal protection associated with SC treatment 
was evaluated, to determine whether SC may 
serve as a novel therapeutic agent for DN.  
Our results revealed that SC treatment ulti-
mately resulted in the amelioration of typical 
DM characteristics. Interestingly, SC treat-
ments also markedly attenuated proteinuria, 
reduced serum BUN and Scr levels, and ame- 
liorated glomerular histopathology, suggesting 
that SC could effectively prevent DN progres-
sion. Based on these findings, the current 
experiments further explored whether the pro-
tective effects of SC treatments against DN 
progression were associated with the regula-
tion of macrophage polarization.

More recently, immune-inflammatory mecha-
nisms have been reported to regulate the 
development and progression of DN. Accu- 
mulated evidence has implied that macro-
phages may play crucial roles during renal dis-
eases, both in humans and in experimental 
models, and macrophages may directly stimu-
late renal cells [26]. Recent studies have also 
indicated that macrophage infiltration and  
pro-inflammatory cytokines could induce DN 
development and progression [27-29]. How- 
ever, the inhibition of macrophage infiltration 
into the glomerular region significantly sup-
pressed proteinuria [30]. In response to envi-
ronmental changes, macrophages are well-
known to exhibit the plastic ability to switch 

between 2 functional phenotypes. Classically 
activated M1 macrophages are primarily 
involved in inflammation and tissue damage, 
whereas the alternatively activated M2 macro-
phages mediate tissue repair and renal pro- 
tection [31]. Previous studies have revealed 
that M1 macrophages release pro-inflammato-
ry cytokines (IL-1β, IL-6, and TNF-α), which 
aggravate renal injury. In contrast, M2 macro-
phages secrete anti-inflammatory cytokines  
(IL-10 and TGF-β) and other factors associated 
with cell proliferation, tissue remodeling, and 
immune regulation [32, 33]. In the current 
study, we investigated the effects of SC treat-
ments on macrophage polarization, both in 
vitro and in vivo. The IHC results showed that 
M1 macrophages were significantly increased 
and M2 macrophages were significantly 
decreased in diabetic renal samples compar- 
ed with normal control samples. However, SC 
treatment could significantly reduce the 
M1-polarized population and simultaneously 
increase the number of M2 macrophages. 
Consistent with these data, our flow cytometry 
results revealed that SC induced similar eff- 
ects in high-glucose-stimulated RAW264.7 
cells. Our further investigation showed that  
the expression of pro-inflammatory cytokines 
(TNF-α, IL-6, and IL-1β) increased, whereas the 
expression of the anti-inflammatory cytokines 
(IL-10 and TGF-β) decreased dramatically, in 
both DN model mouse kidneys and high-glu-
cose-stimulated RAW264.7 cells. We noted 
that SC treatment appeared to reduce pro-
inflammatory cytokine secretion levels and pro-
mote the levels of anti-inflammatory cytokines. 
Our investigations demonstrated the potential 
anti-inflammatory effects of SC treatment in 
DN and suggested that the underlying mecha-
nisms may be associated with the promotion of 
M1 macrophages toward an M2 phenotype in 
the renal tissues of DN model mice.

The JAK/STAT signaling pathway regulates 
many physiological activities. DN is perhaps 
the best-described renal disorder in which  
JAK/STAT activation is important [34]. Previous 
studies have demonstrated that the JAK/STAT 
pathway, especially the JAK2/STAT1/STAT3  
signaling pathway, contributes to high-glucose-
induced renal cell responses, such as leuko-
cyte infiltration, cell growth, and fibrosis [35, 
36]. Furthermore, various strategies have 
revealed the specific effects of JAK2 inhibition, 
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STAT1 antisense oligonucleotides, and STAT3 
gene knockdown, which have been demon-
strated to suppress the pathogenic influences 
of the JAK/STAT pathway on the progression of 
DN [37, 38]. Recently, the activation of the  
JAK/STAT pathway was shown to be indispens-
able for the polarization of M1 macrophages 
[39]. Thus, the current study further explored 
whether the renal protective effects associat- 
ed with SC treatment in DN were associated 
with the regulation of the JAK/STAT signaling 
pathway in macrophages. Our results indicat- 
ed that SC treatment significantly decreased 
the p-JAK2, p-STAT1, and p-STAT3 levels in 
renal tissues of DN model mice, indicating  
that the protective effects of SC treatment 
against DN may involve the suppression of  
the JAK/STAT signaling pathway. In addition, 
the JAK/STAT signaling pathway is primarily 
regulated by the IFN-γ-R pathway. The IFN-γ-R 
complex is located within the intact lipid raft 
microdomain and controls signal transduction. 
Accumulating evidence has indicated that 
Swiprosin-1 affects the activation of the  
JAK2/STAT1/STAT3 pathway by regulating the 
expression of IFN-γ-Rβ in macrophages [40]. 
Notably, SC treatment effectively inhibited the 
expression levels of Swiprosin-1 and IFN-γ-Rβ 
in DN model mice. Finally, the effects of SC 
treatment on the regulation of the Swiprosin-1/
IFN-γ-Rβ signaling pathway were also verified, 
in vivo. Therefore, we propose that SC treat-
ment attenuates DN through the regulation of 
macrophage polarization, mediated by the inhi-
bition of the Swiprosin-1/IFN-γ-Rβ signaling 
pathway. 

In conclusion, to the best of our knowledge, the 
present study is the first study to demonstrate 
the potential role played by SC in the treat- 
ment of DN. Treatment with SC suppressed  
the structural and functional deterioration in 
the kidneys of DN model mice, and the underly-
ing mechanism may be associated with the 
reduction of M1-polarized macrophages and 
pro-inflammatory cytokines levels, via the 
Swiprosin-1/IFN-γ-Rβ signaling pathway. The- 
se results are valuable for understanding the 
pharmacodynamic actions of SC during DN 
treatment. However, this mechanism requires 
additional elucidation and confirmation, in 
future studies.
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Figure S1. Schisandrin C downregulated the Swiprosin-1/IFN-γ-Rβ signaling pathway in the right kidneys of DN 
model mice. Histiocyte lysates were subjected to western blotting test and probed for the expression levels of 
Swiprosin-1, IFN-γRβ, p-JAK2, JAK2, p-STAT1, STAT1, p-STAT3, STAT3 and β-actin.

Figure S2. Schisandrin C downregulated the Swiprosin-1/IFN-γ-Rβ signaling pathway, in high-glucose-stimulated 
RAW264.7 cells. Cell lysates were subjected to western blotting test and probed for the expression levels of Swipro-
sin-1, IFN-γRβ, p-JAK2, JAK2, p-STAT1, STAT1, p-STAT3, STAT3 and β-actin.


