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Abstract: Kidney fibrosis and renal tubular epithelial-to-mesenchymal transition (EMT) are the
main pathological changes of diabetic nephropathy (DN), which eventually leads to end-stage
renal disease. Previous studies have suggested that echinacoside (ECH) is antifibrotic in the
liver. However, the effect of ECH on kidney fibrosis in DN and its mechanisms are unknown.
This study was performed to explore the effect of ECH on kidney fibrosis and also the molecular
mechanisms of ECH in a db/db mice model of DN. Our results showed that, relative to db/db
mice, the mice in the ECH group had an improved general state and reduced blood glucose and
24-hour urinary protein levels. The deterioration of renal function was delayed due to treatment
with ECH. We also observed that ECH can improve histopathological findings in the kidneys
of db/db mice, including collagen deposition, mesangial cell and mesangial matrix hyperplasia,
basement membrane thickening, and podocyte reduction. Moreover, ECH inhibited the TGF-β1/
Smads signaling pathway, downregulated fibronectin (FN), collagen IV, and alpha-smooth
muscle actin (α-SMA) levels, and upregulated E-cadherin level in the db/db mice model of DN.
Our findings indicate that ECH has a therapeutic effect on DN, including the inhibition of renal
tubular EMT and kidney fibrosis. Furthermore, ECH inhibits kidney fibrosis through regulation
of the TGF-β1/Smads signaling pathway.
Keywords: diabetic nephropathies, echinacoside, db/db mice, kidney fibrosis, EMT, TGF-β1/
Smads signaling pathway
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Diabetic nephropathy (DN) is one of the most common and most serious complications
of diabetes and eventually leads to end-stage renal disease (ESRD),1 being the most
important cause of death in diabetic patients. In recent times, with changes in lifestyle
and eating habits, the morbidity of diabetes has increased year by year. A relevant
epidemiological survey2 shows that adult diabetic patient numbers will increase from
285 million in 2010 to 439 million in 2030; that is, by 2030, global diabetes levels
compared with 2010 will be almost 1.5 times. Currently, the continued progress of
diabetes treatments means that deaths due to acute complications of diabetes have been
greatly reduced; however, the incidence of various chronic complications of diabetes
has significantly increased, and nearly one-third of type 1 or 2 diabetic patients will
eventually develop DN.
DN is characterized by a progressive increase in persistent albuminuria. Typical
renal morphological changes include the following: glomerular basement membrane
(GBM) thickening, mesangial matrix widening, glomerular sclerosis, podocyte
loss, renal tubular basement membrane thickening, tubular atrophy and increased
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apoptosis, renal inflammatory infiltration, renal interstitial
fibrosis, periosteal capillaries becoming sparse, the wall of
efferent arteriole and afferent arteriole are hyaline degeneration, especially the efferent arteriole.3 There are several
risk factors for the development of DN: persistent longterm diabetes, age, race, systemic or glomerular-derived
hypertension, poor glycemic control, genetic kidney disease
susceptibility, and diet;4 when the pathogenesis of DN is
not clear, renal fibrosis often occurs with DN, ultimately
leading to end-stage renal failure. Renal fibrosis is the
result of an excessive accumulation of extracellular matrix
(ECM), in which TGF-β is believed to be a major regulator of epithelial-to-mesenchymal transition (EMT). At the
same time, TGF-β may promote the production of fibrosis
through a variety of intracellular signals such as protein
kinase and cytokine, so TGF-β plays a very important role
in the development of DN.5
Currently, the treatment of DN is mainly to control blood
sugar, lower blood pressure, reduce urinary protein, control
hyperlipidemia, eat a low-protein diet, and to correct water
and electrolyte metabolism disorders, and also other treatments; these treatments can delay the progress of DN but cannot stop ESRD from occurring.6 Echinacoside (ECH; Figure
1) is a natural phenylethanol isolated from Cistanche, which
is a commonly used drug in traditional Chinese medicine; its
use in this study is a breakthrough in the use of traditional
Chinese medicine for the treatment of DN.7 It is mainly used
to enhance renal function and in the treatment of impotence,
premature ejaculation and male infertility, vaginal discharge,
blood clots, and chronic constipation in the elderly.8 Investigations of ECH have found that it provides liver protection
and has anti-fibrosis, anti-oxidation, and anti-apoptosis
qualities.9–11 You et al9 have shown that echinacea can inhibit
the activation of hepatic stellate cells by blocking TGF-β1/
Smads signaling pathway, thereby inhibiting hepatic fibrosis.
In this study, type 2 diabetic mice were used as the research
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Figure 1 Structure of ECH.
Abbreviation: ECH, echinacoside.
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model to explore the protective effect of ECH on kidneys in
DN and to explore possible mechanisms of action of ECH,
so providing a theoretical basis for the treatment of DN.

Materials and methods
Chemicals and reagents
ECH powder was purchased from Shanghai Winherb Medical
Science Co., Ltd. (Shanghai, People’s Republic of China).
It is a white crystalline power with ECH purity of 94%,
as analyzed by high-performance liquid chromatography.
ECH was dissolved in methanol, ethanol, and water.

Experimental animals and treatment
All experiments were performed according to the National
Institutes of Health guidelines (NIH Pub. No 85-23, revised
1996) concerning the care and treatment of experimental
animals and approved by the experimental animal ethics
committee of Renmin Hospital of Wuhan University
affiliated to the animal feeding center of Renmin Hospital
of Wuhan University. A total of 20 male db/db mice
(6 weeks of age) weighing 40–45 g and nine db/m mice
(6 weeks of age) weighing 20–25 g with genetic background
C57BLKS/J were purchased from Nanjing University –
Nanjing Biomedical Research Institute (Nanjing, People’s
Republic of China) and were raised in animal houses at the
Renmin Hospital of Wuhan University (Wuhan, People’s
Republic of China).
All animals were kept in the following conditions: at
room temperature of 18°C–24°C, relative humidity 60%,
daily light of 12 hours, free feeding during the experiment,
with drinking water, feeding on ordinary feed, and not being
given any hypoglycemic drugs. The mice were quarantined
for 1 week and adapted for 1 week. db/db mice were randomly divided into the model group (db/db, n=10) and the
treatment group (db/db + ECH, n=11), and db/m mice were
used as the normal control group (db/m, n=9). All mice were
given intervention at 8 weeks of age: the db/m group and the
db/db group were treated with 0.05 mL/10 g body weight
saline for 10 weeks; the db/db + ECH group was treated
with ECH 300 mg/(kg⋅day) by body weight, for a total of
10 weeks. Body weight measurements were conducted every
2 weeks. Blood samples for the determination of blood
glucose levels were taken from tail tip every 2 weeks using
the Johnson & Johnson blood glucose meter and test strips
(Johnson & Johnson, New Brunswick, NJ, USA), after the
mice had fasted for 8 hours. The 24-hour urine sample was
collected from the mice in metabolic cages every 4 weeks,
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beginning when the mice were at the age of 10 weeks, to
detect urinary protein and creatinine (Cr). After 10 weeks of
intervention, all the mice were anesthetized with an intraperitoneal injection of 2% pentobarbital sodium (0.1 mL/10 g).
Blood was retro-orbitally collected, stored for 2 hours at
4°C, and centrifuged (2,500 rpm) for 20 minutes at 4°C;
the upper layer of serum was collected and stored at -80°C
until analysis. After heart perfusion, separation of the kidneys on both sides of the kidneys, observation of the general
situation, stripping of the renal capsule, and weighting the
left kidney with an electronic balance. The kidneys were cut
into sections and fixed in 1 mL electrosurgical fluid. The
remaining left kidney were fixed with 4% paraformaldehyde
for paraffin sectioning. The right kidney was stored in liquid
nitrogen for 1 hour and then stored at -80°C, before being
used for Western blotting and real-time polymerase chain
reaction (RT-PCR).

Metabolic and biochemical parameters
At 18 weeks of age, all mice were deprived of food pellets
for 12 hours, and blood was retro-orbitally collected. Blood
urea nitrogen (BUN) and plasma Cr levels were measured
using an automated biochemical analyzer (Hitachi Ltd.,
Tokyo, Japan).

Urinary albumin and urinary Cr analysis
Mice were transferred to metabolic cages for 24 hours to
collect urine samples every 4 weeks; these samples were
centrifuged (3,000 rpm) for 15 minutes at 4°C, and the upper
layer of serum was collected. Urine albumin and urinary Cr
were measured using an automated biochemical analyzer
(Johnson & Johnson).

Kidney histology
Kidney sections were fixed in 4% neutral buffer paraformaldehyde, embedded in paraffin, and cut into 4 μm-thick sections, which were then prepared for hematoxylin and eosin
(HE), Masson’s modified trichrome histological, and periodic
acid–Schiff (PAS) staining. For HE staining, paraffin sections
were dewaxed in conventional dewaxing water, immersed in
hematoxylin for 1 minute, subjected to liquid differentiation
for 5 seconds, and immersed in eosin for 2 minutes, followed by neutral gum sealing. Kidney tissues were stained
in Weigert’s iron hematoxylin solution (50 mL alcoholic
hematoxylin and 50 mL acidified ferric chloride solution)
for 10 minutes. The tissues were then rinsed in tap water
for 10 minutes followed by 1% hydrochloric acid alcohol
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differentiation for 1 minute. They were then washed in water
for several minutes followed by immersion in Li Chun red
acid red wine dye for 5–10 minutes; they were then washed
slightly with distilled water and 1% phosphomolybdic acid
aqueous solution for approximately 5 minutes. This was followed directly with aniline blue liquid or green liquid complex for 5 minutes, 1% glacial acetic acid for 1 minute, and
then neutral gum sealing. For PAS staining, kidneys obtained
from each group were embedded in paraffin after fixation and
cut into 4 μm sections. The paraffin sections were stained
with PAS reagent (Baso, Zhuhai, People’s Republic of China)
and observed under the microscope after counterstaining with
hematoxylin. The paraffin sections were scored according to
a reference standard for the density of collagen fibers, based
on the percentage of collagen fibers throughout the total
area. The data were recorded and analyzed after scoring.
Stained sections were examined at 400× magnification by
an observer blinded to the treatment group from which the
tissue slices originated. The ratio of the mesangial matrix
area to total glomerular area in PAS-stained sections and the
ratio of area with collagen accumulation to total glomerular
area in Masson’s trichrome-stained sections were determined
using the Image-Pro Plus quantitative software as previously
described (Pax-it; Paxcam, Villa Park, IL, USA).12 In each
section, 20 glomeruli were randomly selected, and positive
signals within the selected glomerulus were highlighted and
measured, with the positive area quantified as a percentage
of the entire glomerulus.13

Electron microscopy
Three specimens in each group were cut into small pieces
(1 mm ×1 mm ×1 mm). These pieces were washed with
sodium chloride physiological solution, fixed in 3.75%
glutaraldehyde, dehydrated with a graded series of ethanol,
sectioned with an ultramicrotome, and stained with saturated
uranium acetate. Transmission electron microscopy was
performed using a JEM 100CX electron microscope (JEOL,
Tokyo, Japan).

Immunohistochemistry
Kidney tissues were fixed in 4% neutral buffer paraformaldehyde, embedded in paraffin, sliced (3 μm), dewaxed,
washed three times with phosphate-buffered saline (PBS) for
5 minutes each time, incubated in 0.01% Triton for 8 minutes
and in 3% hydrogen dioxide solution for 10 minutes, antigen
repaired with citrate buffer solution in a microwave, blocked
with 10% goat serum, and incubated with primary antibodies
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Table 1 RT fluorescence quantitative PCR primers
Genes

Forward primer 5′-3′

Reverse primer 5′-3′

FN
Collagen VI
α-SMA
E-cadherin
TGF-β1
Smad2
Smad3
Smad4
β-actin

GCCTCACCTGAGTGAAGATGG
ATTCCTTTGTGATGCACACCAG
ACTGCCGAGCGTGAGATTGT
GGTTTTCTACAGCATCACCG
CGAAGCGGACTACTATGCTAAAGAG
TAGGTGGGGAAGTGTTTGA
CTGGCTACCTGAGTGAAGATGG
GGCTATGTGGATCCTTCGGC
GTGACGTTGACATCCGTAAAGA

CTGTGAGGCGTGGAATGTCT
AAGCTGTAAGCATTCGCGTAGTA
TGATGCTGTTATAGGTGGTTTCG
CACAGTAGTTTACCCCTTCG
TGGTTTTCTCATAGATGGCGTTG
TGACAGACTGAGCCAGAAGAGC
CTGTGGGCGTGGAATGTCT
ACCTTTATATACGCGCTTGGGT
GTAACAGTCCGCCTAGAAGCAC

Abbreviations: α-SMA, alpha-smooth muscle actin; FN, fibronectin; RT, real-time; PCR, polymerase chain reaction; TGF-β, transforming growth factor beta.

against fibronectin (FN; 1:100 dilution; Abcam, Cambridge,
UK), collagen IV (1:100 dilution; Abcam), E-cadherin (1:100
dilution; Abcam), and alpha-smooth muscle actin (α-SMA;
1:200 dilution; Abcam). The sections were washed three
times with PBS for 5 minutes, after which they were incubated in goat anti-rabbit IgG (1:1,000 dilution; Abcam) bound
to horseradish peroxidase (HRP; 1:1,000 dilution; Abcam)
for 30 minutes, washed three times with PBS, and stained
with diaminobenzidine for 5–10 minutes. Images were
obtained using a light microscope (Ni-U; Nikon Corporation,
Tokyo, Japan). The images were analyzed quantitatively by
Image-Pro Plus 6.0 (Media Cybernetics, Inc., Washington,
DC, USA). For each group, 8–12 fields were randomly
selected to determine the optical density value.

Western blot analysis
Renal tissues (~100 mg) were collected and lysed with radioimmunoprecipitation assay and phenylmethylsulfonyl fluoride
(PMSF) buffer; the product was clarified by centrifugation,
and the supernatants were collected. Protein concentrations
were determined using the bicinchoninic acid protein assay.
Equivalent amounts of protein (30 μg) were resolved on
sodium dodecyl sulfate polyacrylamide gels and transferred
by electroblotting to polyvinylidene difluoride membranes.
The membranes were blocked in 5% (w/v) nonfat milk (Erie
Inc., Hubei, People’s Republic of China) at room temperature
for 1 hour, after which they were incubated overnight at 4°C
with specific primary antibodies against TGF-β1 (1:1,000
dilution; CST, Danvers, MA, USA), Smad2 (1:1,000 dilution;
CST), Smad3 (1:1,000 dilution; CST), Smad4 (1:1,000 dilution; CST), FN (1:1,000 dilution; Abcam), collagen IV
(1:1,000 dilution; Abcam), and α-SMA (1:1,500 dilution;
Abcam, Cambridge, MA, USA). The membranes were
washed in Tris-buffered saline (TBS)-T (Tween 20) buffer
(0.1% TBS-T; TBS with 0.1% Tween 20) three times for
8 minutes each time and in TBS one time for 8 minutes and

2816

Powered by TCPDF (www.tcpdf.org)

submit your manuscript | www.dovepress.com

Dovepress

incubated with HRP-linked anti-mouse secondary antibodies
(1:10,000 dilution; CST) or anti-rabbit secondary antibodies
(1:10,000 dilution; CST). The membranes were washed
in 0.1% TBS-T and TBS, after which the immunolabeled
proteins were detected using Odyssey two-color infrared
fluorescence imaging system (LICOR Inc., Washington, DC,
USA). The density of the detected bands was analyzed using
ImageJ software (NIH, Bethesda, MD, USA).

RT-PCR
Total RNA was isolated using TRIzol reagent (Thermo Fisher
Scientific, Waltham, MA, USA) according to the manufacturer’s instructions. Then, the RNA was reverse transcribed
into complementary DNA using the Reverse Transcription
System (Takara, Tokyo, Japan). Relative mRNA levels
were examined by SYBR Green RT quantitative reverse
transcription-PCR (ABI 7500; Thermo Fisher Scientific) and
were calculated using the 2−ΔΔCt method. The primer sequence
is provided in Table 1.

Statistical analyses

Data are presented as mean ± SD. Statistical analyses were
performed using SPSS 21.0 (IBM Corporation, Armonk,
NY, USA). The differences among multiple groups were
evaluated by one-way analyses. When comparing the two,
the data are homogeneous using the least significant difference (LSD) method, and the date of non-normal distribution is used by Dunnett’s test. P,0.05 was considered
statistically significant.

Results
Effect of ECH on the general state of
db/db mice
Continually, db/db mice appeared listless, exhibited reduced
activity, consumed more food and water, and had a greater
urinary output. In this experiment, the blood glucose level of
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Figure 2 Effect of ECH on blood glucose (A) and body weight (B) of db/db mice.
Notes: Data are expressed as mean ± SD. db/m group n=9; the other groups n=10. **P,0.01 compared with the db/m group and #P,0.05 compared with the db/db group.
##
P,0.01 compared with the db/db group.
Abbreviation: ECH, echinacoside.

the mice was detected every week. As shown in Figure 2A,
over the time period of the experiment, the fasting blood glucose (FBG) of the db/db and db/db + ECH group increased,
and there was a significant difference to db/m mice (P,0.01).
Although the FBG of the mice in the db/db + ECH group
also increased, after 10 weeks of intervention, the FBG of the
db/db + ECH group was significantly reduced relative to the
db/db group (P,0.01). In addition, the mice were weighed
every week. As shown in Figure 2B, over the time period of
the experiment, the body weight of the db/db and db/db +
ECH mice gradually increased, and there was a significant
difference to db/m mice. After 10 weeks of treatment, the
weight of the db/db + ECH group was significantly reduced
relative to the db/db group (P,0.01).

Effect of ECH on the biochemical
parameters of db/db mice
Kidney weight in the db/db group was significantly higher
than the db/m group (Table 2; P,0.01), and the kidney
weight of the db/db + ECH group was significantly reduced
compared with the db/db group (Table 2; P,0.01), after
10 weeks of treatment. At the end of week 18, blood serum

Table 2 Effect of ECH on kidney weight and biochemical
parameters of db/db mice
Groups

Kidney (g)

BUN (mmol/L)

Serum Cr (µmol/L)

db/m
db/db

0.33±0.03
0.48±0.05**

7.16±0.81
10.23±1.30**

7.00±0.76
13.38±2.39**

db/db + ECH

0.42±0.02##

8.25±0.83##

9.13±1.81##

Notes: Data are presented as mean ± SD. **P,0.01 compared with the db/m
group; ##P,0.01 compared with the db/db group.
Abbreviations: BUN, blood urea nitrogen; Cr, creatinine; ECH, echinacoside.
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Cr and BUN were significantly reduced in the db/db + ECH
group relative to the db/db group (Table 1; P,0.01). All the
abovementioned results indicate that ECH has a protective
effect on kidney function in db/db mice.

Effect of ECH on albuminuria in db/db mice
The 24-hour urinary protein was detected every 4 weeks
(Table 3). As time progressed, the 24-hour urinary protein of
the db/db group gradually increased, and it was significantly
higher than that of the db/m group at 10 weeks (Table 3;
P,0.01). Relative to the db/db group, the 24-hour urinary
protein in the db/db + ECH group was significantly decreased
at 14 weeks (Table 3; P,0.05). Although the urinary protein
was increased at week 18 in the db/db + ECH group, it was
significantly lower than that in the db/db group (Table 3;
P,0.05). The abovementioned data indicate that ECH can
protect renal function.

Effect of ECH on the morphologic
changes in the kidneys of db/db mice
Kidney tissues were collected for HE, Masson, and PAS
staining at the end of the experiment, and structural changes

Table 3 Effect of ECH on 24-hour urine protein in db/db mice
Group
db/m
db/db
db/db + ECH

24-hour urine protein (µg/24 h)
10th week

14th week

18th week

42.30±5.23
83.22±10.41**
90.55±15.21

55.12±8.23
130.43±25.67**
121.75±11.25#

51.27±4.87
201.03±50.31**
149.34±24.15#

Notes: Data are presented as mean ± SD. **P,0.01 compared with the db/m group;
#
P,0.05 compared with the db/db group.
Abbreviation: ECH, echinacoside.
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Figure 3 Effect of ECH on the morphologic changes in the kidneys of db/db mice.
Notes: (A) HE staining; (B) Masson’s trichrome; (C) PAS staining; (D) the analysis of interstitial fibrosis area; (E) the percentage of matrix, original magnification ×400.
Normally distributed data are presented as mean ± SD. db/m n=9; the other groups n=10. *P,0.05 compared with the db/m group. #P,0.05 compared with the db/db group.
Abbreviations: ECH, echinacoside; HE, hematoxylin and eosin; PAS, periodic acid–Schiff.

under the light microscope are shown for each group in
Figure 3. Both HE and PAS staining demonstrated that,
compared with the db/m group, db/db mice had notable
glomerular hypertrophy, mesangial matrix expansion, and
partial renal tubular atrophy (Figure 3A and B). Treatment
with ECH significantly ameliorated those changes. The ratio
of the mesangial matrix area to total glomerular area (M/G) in
PAS-stained sections showed that M/G ratios were higher in
db/db mice than in db/m mice, whereas treatment with ECH
significantly lowered the M/G ratio (Figure 3E; P,0.05).
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Masson staining revealed collagen fiber deposition in the
glomerular and renal tubules of db/db mice (Figure 3C).
After the 10-week treatment with ECH, fibrosis and collagen
development in db/db mice were significantly inhibited.
According to the statistical assessment of fibrosis levels
(Figure 3D), the area of interstitial fibrosis in db/db mice
was significantly larger than in db/m mice, although ECH
treatment significantly reduced the fibrosis area (P,0.05).
All the abovementioned findings confirm the therapeutic
effect of ECH.
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Effect of ECH on renal ultrastructural
pathology in db/db mice
To prove the success of the DN model and the effect of ECH
on DN, we used electron microscopy to detect changes in
kidney tissues (Figure 4). This revealed that the number
and morphology of renal podocytes in the db/m group were
normal, and the mesangial cells and mesangial matrix were
also normal, with no thickening of the GBM (Figure 4A
and B). The number of podocytes in the kidneys of the db/db
group was decreased, and the morphology was abnormal.
In addition, there was podocyte fusion. There was no
obvious abnormality in the glomerular endothelial cells,
and the glomerular GBM was irregularly thickened. There
was no significant difference in the number of podocytes
and GBM thickness between the db/db + ECH group and
the db/m group. The mesangial cells and mesangial matrix
hyperplasia were significantly less than in the db/db group.

ECH inhibits renal tubular EMT in db/db
mice by upregulating the expression
of E-cadherin and downregulating the
expression of α-SMA
To combat damage and avoid potential apoptosis, some
renal tubular epithelial cells lose their epithelial cell markers,

$

%

GEP

change their morphology, become muscle fibroblasts, and
produce the mesenchymal cell marker α-SMA in DN. Therefore,
α-SMA is a mesenchymal cell marker, and E-cadherin is a
marker of epithelial cells. To investigate the effects of ECH
on inhibition of EMT in db/db mice, E-cadherin and α-SMA
protein expression were detected by immunohistochemistry
and Western blot (Figure 5A–C, F, and G). Relative to the
db/m group, E-cadherin was significantly reduced in db/db
mice (P,0.01; Figure 5B and F); however, α-SMA was
increased (P,0.01; Figure 5C and G). ECH can decrease
α-SMA expression and upregulate E-cadherin expression
(P,0.01; Figure 5A–C, F, and G). The mRNA expression
level of E-cadherin was significantly reduced in the db/db
group relative to the db/m group (P,0.01; Figure 5D),
and the mRNA expression of α-SMA was significantly
increased in the db/db group (P,0.01; Figure 5E). ECH
reduced α-SMA protein expression and relative mRNA level
and increased the E-cadherin protein and relative mRNA
levels in db/db mice (P,0.01; Figure 5), which suggests that
ECH can inhibit renal tubular EMT in db/db mice.

ECH reduces the expression of FN and
collagen IV in db/db mice
The current study investigated the expression of FN and
collagen IV, which are two typical markers of diabetic
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Figure 4 Effect of ECH on renal ultrastructural pathology in db/db mice.
Note: EM analysis, representative images of GBM thickening and podocyte number (B) and mesangial matrix expansion (A), scale bars 5 μm (A) and 1 μm (B), original
magnification electron microscopy ×1,000 (A), ×5,000 (B).
Abbreviations: ECH, echinacoside; EM, electron microscopy; GBM, glomerular basement membrane.
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renal injury. Immunohistochemistry and Western blot analysis revealed that the protein expression of FN and collagen IV
was significantly increased in db/db mice compared with
db/m mice (P,0.01; Figure 6A–C, F, and G). However, in
the db/db + ECH group, the protein expression of FN and
collagen IV was markedly decreased (P,0.01; Figure 6A–C,
F, and G). The mRNA expression level of FN and collagen IV
was significantly increased in the db/db group (P,0.01;
Figure 6D and E). ECH can reduce the relative mRNA levels
of FN and collagen IV in db/db mice (P,0.01; Figure 6D

$

ECH inhibits the renal TGF-β1/Smad
signaling pathway in db/db mice
It is well known that activation of the Smad pathway and its
subsequent nuclear translocation are critical steps in TGF-β1mediated renal fibrosis in DN. In our study, TGF-β1, Smad2,
Smad3, and Smad4 expression was detected by Western blot
(Figure 7E–G), while their mRNA levels were detected by
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and E). These results indicate that ECH may limit the
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Figure 5 ECH inhibits renal tubular EMT in db/db mice by upregulating the expression of E-cadherin and downregulating the expression of α-SMA.
Notes: (A) Immunohistochemical staining for E-cadherin and α-SMA (×400); Scale bars represent 20 µm; (B) mean density of E-cadherin; (C) mean density of α-SMA; (D, E)
RT-PCR analysis of E-cadherin and α-SMA; (F, G) Western blot analysis of E-cadherin and α-SMA protein levels. Data are expressed as mean ± SD, n=3 for Western blot,
and n=5 for immunofluorescence and RT-PCR, *P,0.05, **P,0.01 as compared with the db/m group, #P,0.05, ##P,0.01 as compared with the db/db group.
Abbreviations: α-SMA, alpha-smooth muscle actin; ECH, echinacoside; EMT, epithelial-to-mesenchymal transition; RT-PCR, real-time polymerase chain reaction.
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Figure 6 ECH reduces the expression of FN and collagen IV in db/db mice.
Notes: (A) Immunohistochemical staining for FN and collagen IV (×400); Scale bars represent 20 µm; (B) mean density of FN; (C) mean density of collagen IV (D, E); RTPCR analysis of FN and collagen VI (F, G); Western blot analysis of FN and collagen IV protein levels. Data are expressed as mean ± SD, n=3 for Western blot, and n=5 for
immunofluorescence and RT-PCR, **P,0.01 as compared with the db/m group, #P,0.05, ##P,0.01 as compared with the db/db group.
Abbreviations: ECH, echinacoside; FN, fibronectin; RT-PCR, real-time polymerase chain reaction.
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Figure 7 ECH inhibits the renal TGF-β1/Smad signaling pathway in db/db mice.
Notes: (A–D) RT-PCR analysis of TGF-β1, Smad4, Smad3, Smad2; (E–G) Western blot analysis of TGF-β1, Smad4, Smad2, Smad3. Data are expressed as mean ± SD, n=3
for Western blot, and n=5 for RT-PCR, *P,0.05, **P,0.01 as compared with the db/m group, #P,0.05, ##P,0.01 as compared with the db/db group.
Abbreviations: ECH, echinacoside; RT-PCR, real-time polymerase chain reaction; TGF-β, transforming growth factor beta.
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RT-PCR (Figure 7A–D). The results showed that TGF-β1,
Smad2, Smad3, and Smad4 protein and mRNA levels in the
db/db group were higher than in the db/m group, suggesting
that the TGF-β1/Smads signaling pathway was activated in
the db/db group (P,0.05; Figure 7). The protein and mRNA
levels of TGF-β1, Smad2, Smad3, and Smad4 were decreased
after 10 weeks of treatment with ECH (P,0.05; Figure 7),
indicating that ECH can inhibit the renal TGF-β1/Smads
signaling pathway in db/db mice.

Discussion
Traditional herbal compounds have been widely used in
the treatment of DN in the People’s Republic of China and
are recognized as effective alternatives to conventional
medicine.7,14 In our study, we used the db/db mouse model of
type 2 diabetes. db/db mice are the most widely used type 2
diabetes model, and the cause of the disease is due to abnormal
clipping in the leptin receptor gene leading to mutations causing the deletion of leptin receptor.15 For the C57BLKS/J background of the db/db mouse, kidney histopathological changes
included glomerular fibrosis, basement membrane thickening,
podocyte reduction, and mesangial stromal hyperplasia in a
large number of experimental studies.16,17 db/db mice have an
oxidative stress and inflammatory response in the kidneys,
which are similar to the early pathological changes of DN,
so db/db is a better model for DN.18 The results of this
experiment show that, in week 8, db/db mice had significantly
greater body weight than db/m mice, while blood glucose
was significantly higher than the control group, along with
polydipsia, polyuria, and increased food intake. This proves
that the diabetes model has been successful. Mice were intervened with ECH at 8-weeks (300 mg⋅kg−1⋅day−1) to observe
its protective effect on the kidneys.
Long-term hyperglycemia is a necessary condition for
kidney dysfunction in diabetic patients.19 Strict control of
blood glucose can reduce the risk of developing albuminuria
in diabetic patients,20 while strict control of blood glucose
can reduce mortality in patients with DN,21 and therefore the
current strict control of blood sugar is one of the important
principles of treatment of DN. The results of this study
show that blood glucose in untreated db/db mice increased
from 8 weeks, while the blood glucose of db/db mice which
were treated with ECH began to decline after 10 weeks
of treatment. These results indicate that ECH can reduce
blood glucose levels in DN mice, suggesting that ECH has
a certain role in reducing renal injury in diabetic patients.
Relative to the db/m group, the blood serum Cr and BUN
of the db/db group increased significantly, whereas they
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reduced in the db/db + ECH group. As is well known, the
emergence of urinary microalbumin is a necessary indicator
for the diagnosis of DN, and urinary albumin increase is an
important indicator of the deterioration of DN.22 Studies have
shown that in patients with type 2 diabetes, 24-hour urinary
protein (urinary albumin excretion rate) $30 mg/24 hours
increased the risk of cardiovascular events, DN, and death
by 2.20 times, 6.76 times, and 2.47 times.23 Therefore,
for the treatment of DN, it is important to reduce urinary
protein excretion. In this study, the urinary protein content
of db/db mice was higher than that of the control group
at the beginning of the 8th week, and the UAE of db/
db mice was significantly lower than that of the model
group after 10 weeks of ECH treatment. This indicated
that ECH can reduce urinary protein level in db/db mice.
HE and PAS staining showed that a variety of DN-induced
changes in renal morphology were detected in the pathology
results from the db/db group, including glomerular hypertrophy, mesangial matrix expansion, and partial renal tubular atrophy. Masson staining revealed collagen fiber deposition in the
glomerular and renal tubules in the db/db group. Furthermore,
ultrastructural analyses revealed that the number of podocytes
in the kidneys was decreased, the morphology was abnormal,
and there was podocyte fusion and irregular thickening of the
glomerular GBM in the db/db group. In summary, the differences between the db/db group and the db/m group indicated
that the db/db mouse model of DN was successful.
In our study, accumulating evidence from biochemical
parameters and morphologic changes indicated that ECH is
useful to protect renal function in DN. The mechanism of
the protective effect of ECH on the kidneys is very complex.
In the current study, it was found that more than one-third
of interstitial fibroblasts were derived from the EMT of
renal tubular epithelial cells, and EMT is a major source
of myofibroblasts in DN.24 Inhibiting the EMT of renal
tubular epithelial cell differentiation is an important target
for delaying the progress of DN.25 In this study, it was confirmed that db/db mice had changes in EMT markers, such
as decreased E-cadherin and increased α-SMA, relative to
db/m mice. However, in the db/db + ECH group, α-SMA was
decreased and E-cadherin was increased relative to the db/db
group. It was also demonstrated that ECH could decrease FN
and collagen IV expression, and these are two typical markers
of fibrosis. Furthermore, this experiment also explored the
molecular mechanism through which ECH inhibits the
EMT and fibrosis. TGF-β1 is a multifunctional cytokine
that controls numerous biological processes.26 A number of
previous studies have demonstrated that TGF-β1 promotes
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the development of diabetic albuminuria.27 Previous studies
have also shown that neutralizing anti-TGF-β antibodies
prevented glomerulosclerosis and interstitial fibrosis and
reduced the expression of ECM genes, including FN and
type IV collagen, in mice with type 1 and type 2 diabetes,
suggesting that TGF-β signaling plays a critical role in ECM
accumulation in DN.26 Another study demonstrated that
TGF-β1 stimulates the transcription of the components of
ECM, including collagen, FN, and laminin,28 and the signaling of TGF-β1 has been suggested to be involved in the
development of DN.29 TGF-β1 has also been demonstrated to
induce EMT in proximal tubules, collecting duct cells, glomerular podocytes, and glomerular parietal epithelial cells.26
Increasing evidence indicates that TGF-β1 is the primary
mediator of EMT and that the TGF-β1/Smad3 signaling
pathway is important in the EMT process.30,31 Our current
study indicates that the expression of TGF-β1 mRNA and
protein was markedly upregulated in the kidneys of db/db
mice, and treatment with ECH inhibited TGF-β1 expression. In addition, ECH treatment was shown to decrease
Smad2, Smad3, and Smad4 mRNA and protein expression
in the kidneys of db/db mice. These results suggest that ECH
negatively regulates the TGF-β1/Smads pathway to control
renal EMT and fibrosis in DN.

Conclusion
We speculate that ECH could suppress renal EMT and
fibrosis, so delaying the progress of DN. ECH may have
an effect on the TGF-β1/Smads pathway, which might be a
mechanism underlying the protective effect of ECH in the
db/db mice model of DN. Even if we confirmed our assumption, there may still be certain limitations to our research.
Although ECH has an effect on kidney fibrosis in DN, more
and larger investigations and clinical trials are still necessary
for further verification.
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