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 Background: Diabetic nephropathy (DN), which is one of the primary causes of end-stage renal disease (ESRD), is increasingly 
diagnosed in patients due to the continuous increase in the prevalence of diabetic mellitus (DM). Astragali Radix, 
a traditional Chinese herb, is widely administrated to ameliorate the symptoms of diabetes and diabetic ne-
phropathy, but its mechanism is still not yet fully defined. Calycosin (C16H12O5) is the major active component 
of Astragali Radix. In this study, we analyzed the role of calycosin in diabetic nephropathy and explored its un-
derlying mechanism.

 Material/Methods: Cell activation, inflammatory cytokines expression and secretion, and protein levels were analyzed in cultured 
mouse tubular epithelial cells (mTEC). db/db mice were intraperitoneally injected with 10 mg/(kg·d) calycosin or 
control saline for 4 weeks, followed by analysis of structure injury, inflammation, and NF-kB signaling activity.

 Results: Our results indicated that TNF-a and IL-1b were significantly induced by advanced glycation end-products 
(AGEs), but calycosin remarkably reduced the expression of TNF-a and IL-1b in the cultured mouse tubular ep-
ithelial cells (mTEC). Calycosin effectively alleviated kidney injury in diabetic kidneys of db/db mice during the 
progression of diabetic renal injury, indicated by the reduction of histological injury and immunohistochemical 
of inflammatory cytokines. Mechanistically, we identified calycosin inhibited diabetes-induced inflammation 
in kidneys by suppressing the phosphorylation of IKBa and NF-kB p65 in vitro and in vivo.

 Conclusions: Calycosin significantly ameliorated diabetes-induced renal inflammation in diabetic renal injury by inhibition 
of the NF-kB-dependent signaling pathway in vivo and in vitro.
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Background

Type 2 diabetes mellitus (T2DM) is a major metabolic disorder 
that causes a huge socioeconomic burden worldwide. Notably, 
T2DM is associated with a series of complications in multiple 
organ systems, and diabetic nephropathy (DN) is the most se-
vere complication [1]. Currently, DN causes approximately 40% 
of chronic kidney disease (CKD) patients to develop end-stage 
renal disease (ESRD) per year [2]. Unfortunately, an effective 
therapy targeting DN is still not available.

Traditional Chinese medicine has been widely used for the treat-
ment of diabetes and diabetic nephropathy. Several studies 
reported that Chinese herbal medicines were used to improve 
the conditions of patients with diabetic nephropathy, such as 
Tangshen formula (TSF). Further mechanistic studies revealed 
that TSF protects the kidneys by ABCA1-mediated renal choles-
terol efflux [3,4]. Many studies have highlighted the benefits of 
herbal formulas containing natural flavonoids in the manage-
ment of diabetes, as evidenced by the astragaloside IV-mediated 
inhibition of the cell apoptosis and inflammatory response in-
duced by high glucose levels [5]. In the present study, we de-
termined the therapeutic effects of calycosin, another Chinese 
herbal extract from the plant species Radix astragali (RA, also 
known as Huang Qi), on diabetic nephropathy. Radix astragali 
is widely administered to ameliorate the symptoms of diabe-
tes as well as diabetic nephropathy, but its mechanism of ac-
tion is not yet fully defined [6,7]. Calycosin (C16H12O5) is the 
major active component of Radix astragali. Previous stud-
ies reported that calycosin can rebalance advanced glycation 
end-products (AGEs)-induced glucose uptake dysfunction in 
vitro [8]. Our study found that calycosin suppressed renal in-
flammation by downregulating the phosphorylation of IKBa 
and NF-kB p65. We found that calycosin inhibited the phos-
phorylation of IKBa before inhibiting the phosphorylation of 
p65, which suggests that calycosin mainly inhibits the IKBa 
phosphorylation site. More importantly, a 4-week treatment 
with intraperitoneal injections of calycosin effectively amelio-
rated both renal inflammation and the kidney function of the 
db/db mice in vivo.

Material and Methods

Cell culture

Mouse tubular epithelial cells (mTEC) were grown in DMEM/
F12 containing 10% FBS and maintained in an incubator sup-
plied with 95% air and 5% CO2 at 37°C [9]. Cells were starved 
with 0.5% FBS for 12 h before stimulation. The herbal mono-
mer was a gift from Dr. Peng Liu, obtained from Institute of 
Clinical Medical Sciences (Beijing, China) [3]. Calycosin was dis-
solved in a mixture of the solvents dimethyl sulfoxide (DMSO) 

and Tween-80 (at a ratio of 1: 4), and AGEs (50 µg/ml) was 
added to mTEC following calycosin treatment for 2 h. The prep-
aration of the herbal drugs was authenticated and standard-
ized according to the established guidelines in the Chinese 
Pharmacopoeia 2010.

MTT assay

A total of 2000 cells were seeded per well of a 96-well plate. 
The next day, the cells were treated with calycosin-containing 
medium for the indicated times. Then, MTT dye solutions 
(Affymetrix, USA) were applied for 4 h at 37°C, followed by 
the addition of 150 µl DMSO (Sigma-Aldrich, USA) to dissolve 
the purple formazan. The ODs of the lysates were measured at 
570 nm, with a reference absorbance at 630 nm [10].

RNA extraction and quantitative real-time PCR

Total RNA was extracted from mTEC. Real-time PCR was 
performed with a machine (Option 2, Bio-Rad, Hercules, 
CA, USA) by using the IQ SYBR Green Supermix reagent 
(Bio-Rad). The primers used in this study were as follows: 
mouse IL-1b, forward 5’-TGCCACCTTTTGACAGTGATG-3’ 
and reverse 5’-AAGGTCCACGGGAAAGACAC-3’; TNF-a, for-
ward 5’-CATCTTCTCAAAATTCGAGTGACAA-3’ and reverse 
5’-TGGGAGTAGACAAGGTACAACCC-3’ [11,12]. The housekeeping 
gene b-actin was used as an internal control. The ratio of the 
specific mRNA: b-actin mRNA was calculated using the 2–DCt 
method.

Enzyme-linked immunosorbent assay

Medium from stimulated mTEC cells was collected to detect 
cytokine production using an enzyme-linked immunosorbent 
assay kit. IL-1b and TNF-a were measured with a Quantikine 
ELISA Kit (R&D Systems) according to the product protocols [13].

Immunofluorescence staining

mTECs were plated on glass sections, and 4% paraformaldehyde 
was used to fix the cell. The primary antibodies used for immu-
nofluorescence staining included IL-1b (sc-7884, Santa Cruz) and 
TNF-a (sc-1351, Santa Cruz), followed by fluorescein isothiocy-
anate (FITC)-conjugated anti-rabbit and anti-goat secondary an-
tibodies (81-6111, Invitrogen). All slides were mounted with 
DAPI-containing mounting medium and then analyzed with a fluo-
rescence microscope (Leica Microsystems, Wetzlar, Germany) [14].

Animal models

The male db/db mice (16 weeks of age and 50–60 g body 
weight) were classified into 2 groups: the saline- and caly-
cosin-treatment groups, with 8 mice per group. The normal 
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littermates (db/m) were used as the control group. All mice 
were fed a standard diet and were housed under standard con-
ditions, a 12-h/12-h light/dark cycle. Mice were sacrificed by 
intraperitoneal injection of ketamine/xylene. db/db mice in the 
calycosin treatment group received i.p. calycosin (10 mg/kg/day) 
or saline beginning at the age of 17 weeks, and all mice were 
sacrificed at the age of 20 weeks. All animal experiments were 
performed according to the guidelines approved by the Animal 
Ethics Committee of Southwest Medical University [13].

Histology and Immunohistochemistry

Kidney sections were fixed in 4% paraformaldehyde and then 
dewaxed and rehydrated. Afterwards, histology staining of the 
samples was conducted with the periodic acid-Schiff (PAS), 
periodic acid-silver methenamine (PASM), and Masson’s tri-
chrome staining methods.

Immunohistochemistry was performed by using a micro-
wave-based antigen retrieval technique. The primary anti-
bodies used in this study included IL-1b (sc-7884, Santa Cruz), 
TNF-a (sc-1351, Santa Cruz), and phosphorylated NF-kB P65 
(sc-33039, Santa Cruz). The nuclei were counterstained with 
hematoxylin [15].

Western blot analysis

Protein from the renal cortex and mTEC was extracted using 
the radio-immunoprecipitation assay (RIPA) lysis buffer. The 
antibodies used were phospho-NK-kB p65 (Ser536) (#3033, 
CST), NF-kB p65 (#3034, CST), phospho-IKBa (Ser32) (#2859, 
CST), and IkBa (#9242, CST). IRDye800-conjugated secondary 
antibodies (Rockland Immunochemicals, Gilbertsville, PA) were 
used as secondary antibodies. Signals were detected using 
the LiCor/Odyssey infrared image system (LI-COR Biosciences, 
Lincoln, NE), and statistical analysis was performed using the 
Image J program.

Statistical analysis

All data are expressed as the mean ±SEM. The statistical anal-
yses performed were one-way analysis of variance (ANOVA), 
followed by Newman-Keuls multiple comparison test using 
GraphPad Prism 5.0 (GraphPad Software, San Diego, CA).

Results

The chemical structure and safe dose of calycosin in vitro

Calycosin (C16H12O5) was obtained from the Institute of Clinical 
Medical Sciences (Beijing, China). Calycosin (3’7-dihydroxy-4’-
methoxyflavone) is an O-methylated isoflavone with a molec-
ular formula of C16H12O5 and an average mass of 284.263 Da 
(Figure 1A) [16]. To avoid a toxic dose, an MTT assay was used 
to assess the cytotoxicity of calycosin in mouse tubular epi-
thelial cells (mTEC). A significant decrease in cell viability was 
observed when the cells were treated with calycosin at doses 
above 10 µM (Figure 1B).

Calycosin inhibits the AGEs-induced inflammatory 
response in mTEC

Increasing evidence demonstrates that the accumulation of 
AGEs contributes to the progression of DN through various 
pathways, including by promoting inflammation, oxidative 
stress damage, and cell apoptosis [17]. In this study, we chose 
AGEs as the stimulatory treatment for the mTEC. The results 
showed that inflammatory factors (i.e., IL-1b and TNF-a) were 
largely upregulated following AGEs (50 μg/ml) stimulation, as 
detected by real-time PCR (Figure 2A, 2B) and immunofluo-
rescence (Figure 2E). Furthermore, we detected the secretion 
of these factors in the supernatant and found that AGEs sig-
nificantly increased the section of IL-1b and TNF-a in mTEC 
(Figure 2C, 2D).
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Figure 1.  The chemical formula and safe dosage of calycosin. (A) The chemical structure of calycosin. (B) Effects of calycosin on the 
proliferation of mouse tubular epithelial cells (mTEC) using an MTT assay. Each bar represents the mean ±SEM of at least 
3 independent experiments. * p<0.05.
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Figure 2.  Calycosin treatment inhibits AGEs-induced inflammatory responses in mTEC. (A, B) Real-time PCR quantified IL-1b and 
TNF-a expression after AGEs induction in mTEC. (C, D) Enzyme-linked immunosorbent assay (ELISA) detected IL-1b 
and TNF-a protein expression in the cell culture medium. (E) Protein levels of IL-1b and TNF-a in mTEC detected by 
immunofluorescence. Magnifications, ×400. Each bar represents the mean ±SEM of at least 3 independent experiments. 
* p<0.05, ** p<0.01.
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Calycosin protects against diabetic renal injury in db/db 
mice

db/db mice are a well-known T2DM animal model characterized 
by an autosomal-recessive Leprdb mutation on chromosome 4. 
The therapeutic efficacy of calycosin was further determined in 

male db/db mice. Calycosin at 10 mg/(kg·d) was given to the drug 
group (n=8) through intraperitoneal injection from the age of 17 
weeks to 20 weeks. The drug was dissolved in a solvent mixture 
of DMSO and Tween-80 (at a ratio of 1: 4), which was further di-
luted 20 times with saline as a working solution. Another 8 male 
db/db mice received an equal volume of saline. After 4 weeks of 
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Figure 3.  Calycosin treatment improves renal histology and inflammatory response in db/db mice. (A) PAS staining, PASM staining and 
Masson’s trichrome staining show changes in renal histology after calycosin treatment in the db/db kidney. Magnifications, 
×400. (B) Immunohistochemistry and quantitative analysis of IL-1b and TNF-a expression. Magnifications, ×400. (C) Real-time 
PCR analysis of IL-1b and TNF-a mRNA expression in mouse kidneys at the age of 20 weeks. Each bar represents the mean 
±SEM of 8 mice. ** p<0.01, *** p<0.001, # p<0.05.
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Figure 4.  Calycosin treatment markedly inhibits NF-kB signalling in vivo and in vitro. (A) Western blot and quantitative 
analyses show the phosphorylation levels of IKBa and NF-kB in response to AGEs after calycosin treatment in mTEC. 
(B, C) Immunohistochemistry and Western blot analysis shows the phosphorylation level of NF-kB in db/db kidneys at 
20 weeks of age. Each bar represents the mean ±SEM of at least 3 independent experiments or 8 mice. * p<0.05, # p<0.05.
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therapy, we found that calycosin significantly suppressed renal 
histological injury, including glomerular basement thickening, ma-
trix deposition, and glomerular sclerosis, as determined by PAS, 
PASM, and Masson’s trichrome staining (Figure 3A). More impor-
tantly, immunohistochemistry and real-time PCR revealed a sig-
nificant reduction in inflammatory markers (TNF-a and IL-1b) in 
the kidneys of 20-week-old db/db mice with calycosin treatment 
compared with the saline-treated db/db controls (Figure 3B, 3C).

Calycosin treatment effectively inhibits AGEs-driven 
inflammation via the NF-kB pathway in vivo and in vitro

It is well known that DM is a low-grade inflammatory disease. 
Among the DM signalling pathways, the NF-kB pathway has 
been extensively reported to be involved in the inflammatory 
response [18–20]. Thus, we examined whether the protective 
effect of calycosin in db/db mice is associated with the NF-kB 
pathway. In the inflammatory response evaluation, Western 
blot analysis showed that calycosin (10 μM) inhibited the phos-
phorylation of IKBa and NF-kB p65 induced by AGEs in mTEC 
(Figure 4A). Additionally, we observed that calycosin inhibited 
the phosphorylation of IKBa (15 min after AGEs stimulation) 
more rapidly than it phosphorylated P65 (30 min after AGEs 
stimulation), which suggests that calycosin mainly inhibits the 
IKBa phosphorylation site. Using in vivo experiments, we con-
firmed these findings. Calycosin treatment downregulated the 
expression of phosphorylated NF-kB p65 by using immunohis-
tochemical and Western blot analyses (Figure 4B, 4C).

Discussion

Diabetic nephropathy (DN), due to lack of efficient therapy, has 
become a major cause of ESRD worldwide. The main approaches 
to treating DN are ACEI/ARB [21,22]; however, these drugs are of 
limited use when patients progress to ESRD. Recently, new anti-
diabetic agents have been sought to diminish diabetic complica-
tions, such as glucagon-like peptide-1 (GLP-1) receptor agonists, 
dipeptidyl peptidase-4 (DPP4) inhibitors, and sodium-glucose co-
transporter 2 inhibitors. Further studies and clinical trials are cur-
rently underway to uncover the potential mechanism. Chinese 
traditional medicine, deriving substances from plants, might be-
come a useful choice combined with established conventional 
drugs (e.g., ACEI/ARB), as described above. Astragaloside IV, cur-
cumin, and tanshinone have been reported to protect kidney in-
jury under diabetic conditions [5,23–26]. In this study, we de-
tected a monomer, named calycosin, in a Chinese medicine and 
found that this monomer ameliorated renal injury in db/db mice. 
Mechanistically, we determined that calycosin exerts its biologi-
cal function via the inhibition of inflammation.

First, we identified the effect of calycosin under AGEs-rich 
conditions, and found that TNF-a and IL-1b were significantly 

induced by these metabolic by-products (AGEs) on cultured 
mTEC, and calycosin inhibited inflammatory cytokine secre-
tion. These results suggest that calycosin blunts the inflam-
matory response that occurs during the progression of DN. The 
pathogenesis of DN is complex and involves hemodynamics, 
glycation metabolism, polyol pathway/hexosamine signalling, 
oxidative stress, and low-grade inflammation [27]. Increasing 
evidence suggests that inflammation is a critical process in the 
development of diabetes complications, as evidenced by the 
commonly elevated levels of serum interleukin-1 beta (IL-1b), 
interleukin-6 (IL-6), and C-reactive protein (CRP) in patients with 
T2DM [20]. Additionally, we found that calycosin specifically af-
fects the diabetic kidney and may become a novel therapy for 
T2DN. Intraperitoneal injection of calycosin for 4 weeks largely 
blunted renal inflammation (e.g., TNF-a and IL-1b), thereby re-
sulting in improved renal function in the db/db mice.

More importantly, we further uncovered the potential mecha-
nisms. NF-kB activation is a critical mechanism of the inflam-
matory cascade in the development of diabetic kidney dis-
ease [28]. The phosphorylation of the NF-kB inhibitor releases 
the NF-kBp50/p65 subunits, resulting in the nuclear accumu-
lation and transcriptional regulation of the target genes [29]. 
IKBa, which is upstream of NK-kB, degrades and prevents the 
activation of NF-kB signalling. Unexpectedly, we found that caly-
cosin inhibits the inflammatory response not only by inhibiting 
IKBa, but also by inhibiting the NF-kB pathway, as evidenced 
by calycosin treatment, which inhibits the phosphorylation of 
IKBa and NF-kB in vivo and in vitro. We found that calycosin 
inhibited the phosphorylation of IKBa earlier than it phosphor-
ylated P65, suggesting that calycosin mainly inhibits the IKBa 
phosphorylation site. Calycosin reduced the degradation of IKBa, 
decreasing the exposed P65 phosphorylation site, which ulti-
mately blunted the downstream inflammation induced by AGEs.

The present study shows that inflammation is crucial in the 
pathogenesis of DN. Calycosin can recover diabetic renal in-
jury via an NF-kB-dependent inflammatory mechanism. Our 
findings suggest that calycosin might be an efficient therapy 
for diabetic kidney diseases.

Conclusions

Calycosin protected kidneys against inflammation injury 
through inhibition of NF-kB signaling. Our findings suggest 
that calycosin, as the major active component, is promising 
in treatment of diabetic nephropathy.
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