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Abstract
Background: Diabetic nephropathy (DN) is the leading cause of end-stage renal failure, contributing to severe morbidity and mortality in diabetic patients. Berberine (BBR) has been well characterized to exert renoprotective effects in
DN progression. However, the action mechanism of BBR in DN remains to be fully understood.
Methods: The DN rat model was generated by intraperitoneal injection of streptozotocin (STZ, 65 mg/kg body
weight) while 30 mM high glucose (HG)-treated podocytes were used as an in vitro DN model. The fasting blood
glucose level and ratio of kidney weight to body weight were measured after BBR treatment (50, 100, or 200 mg/kg)
in STZ-induced DN rats. The renal injury parameters including 24-h urinary protein, blood urea nitrogen and serum
creatinine were assessed. qRT-PCR was performed to detect the transcript amounts of inflammatory factors. The
concentrations of inflammatory factors were evaluated by ELISA kits. Western blot analysis was conducted to measure
the amounts of TLR4/NF-κB-related proteins. The apoptotic rate of podocytes was analyzed by flow cytometry using
Annexin V/propidium iodide.
Results: Berberine reduced renal injury in STZ-induced DN rat model, as evidenced by the decrease in fasting blood
glucose, ratio of kidney weight to body weight, 24-h urinary protein, serum creatinine, and blood urine nitrogen. BBR
attenuated the systemic and renal cortex inflammatory response and inhibited TLR4/NF-κB pathway in STZ-induced
DN rats and HG-induced podocytes. Also, HG-induced apoptosis of podocytes was lowered by BBR administration.
Furthermore, blockade of TLR4/NF-κB pathway by resatorvid (TAK-242) or pyrrolidine dithiocarbamate aggravated the
inhibitory effect of BBR on HG-induced inflammatory response and apoptosis in podocytes.
Conclusions: Berberine ameliorated DN through relieving STZ-induced renal injury, inflammatory response, and
podocyte HG-induced apoptosis via inactivating TLR4/NF-κB pathway.
Keywords: Berberine, Streptozotocin, Diabetic nephropathy, Podocytes, TLR4/NF-κB pathway, Inflammatory
response
Background
Diabetic nephropathy (DN) is a major complication in
patients with either type 1 or type 2 diabetes mellitus and
one of the leading causes of end-stage renal failure, contributing to severe morbidity and mortality in diabetic
patients [1]. It is characterized by microalbuminuria,
glomerular and tubular epithelial hypertrophy, excessive accumulation of extracellular matrix (ECM) protein,
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thickening of glomerular and tubular basement membranes, which eventually results in the failure of renal
function [2]. Accumulating evidence has demonstrated
that metabolic and hemodynamic factors, including
hyperglycemia, transforming growth factor-β1 (TGF-β1)
and angiotensin II are implicated in the development of
DN [3]. Among these factors, hyperglycemia is currently
regarded as the key initiating factor in the progression of
DN [4]. In addition, it is believed that inflammatory processes are also able to accelerate the development and
progression of DN [5]. According to the previous studies, DN was accompanied by the increased amount of
pro-inflammatory cytokines and chemokines, including
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tumor necrosis factor-α (TNF-α), interleukin (IL)-1β and
IL-6 [6]. Podocytes have been recognized as critical regulators of glomerular injury and reduction in podocytes
number mediated by apoptosis are associated with the
pathogenesis of DN [7, 8]. Although extensive researches
have been done in clarifying the pathogenesis of DN, it
still remains a challenging task to develop novel and
effective therapeutic strategies in the treatment of DN.
Berberine (BBR), an isoquinoline alkaloid isolated from
Coptidis rhizome, Cortex phellodendri, and Berberis vulgaris, has been extensively used for long as an oriental
medicine to treat gastroenteritis and secretory diarrhea
[9–12]. Increasing evidence has exhibited that BBR has
a wide range of pharmacological activities, for instance,
anti-oxidant stress, anti-inflammatory, anti-tumor, antimicrobial and anti-fibrosis effects, suggesting the clinical
and research value of BBR [13]. Furthermore, BBR has
been well characterized to exert renoprotective effects in
DN progression [14, 15]. However, the underlying mechanism of the renoprotective effect of BBR on DN remains
to be further explored.
Toll-like receptors (TLRs) are a conserved family of
pattern recognition receptors in the innate immune system that activate downstream inflammatory signaling
pathways in response to exogenous microbial pathogens [16]. Activation TLRs signal was associated with
the activation of nuclear factor kappa B (NF-κB) activity
and consequent increased release of pro-inflammatory
cytokines and chemokines such as IL-6, monocyte chemotactic protein-1 (MCP-1), and IL-1β, in turn initiating
local inflammation and leukocyte accumulation [17, 18].
NF-κB, a downstream effector of TLR4 signaling pathway, is a ubiquitous and important nuclear transcription
factor which mediates several inflammatory processes
[19]. There is striking evidence that activation of NF-κB
plays a critical role in renal inflammation and fibrosis
of the progression of DN [17]. Among all TLRs, TLR4
has been reported to be implicated in the pathogenesis
of acute kidney injury, chronic kidney diseases, and the
occurrence of DN [20].
In the present study, we used streptozotocin (STZ)induced in vivo model of DN and high glucose (HG)induced podocytes as an in vitro model to investigate the
protective effect of BBR on DN and its possible molecular basis. Our study demonstrated that BBR could reduce
streptozotocin (STZ)-induced renal injury and inflammatory response, and podocyte apoptosis by inhibiting the
TLR4/NF-κB pathway.

Methods
Animal models and treatment protocols

The animal study was approved by the Experimental Animal Ethical Committee of Huaihe Hospital of
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Henan University and performed in accordance with
the National Institutes of Health Guide for the Care
and Use of Laboratory Animals. Male Sprague–Dawley
rats (weighing 250 ± 20 g) were purchased from Shanghai Science Academy Animal Center (Shanghai, China)
and housed in the standard laboratory conditions. All
rats were allowed free access to food and water ad libitum at a controlled temperature room with a constant
12-h light/dark cycle. After a week of adaptive feeding,
these rats were randomly divided into 5 groups (n = 10/
group): NC group, DN group, DN + BBR (50 mg/kg),
DN + BBR (100 mg/kg), and DN + BBR (200 mg/kg).
Rats in DN group, DN + BBR (50 mg/kg), DN + BBR
(100 mg/kg), and DN + BBR (200 mg/kg) were intraperitoneally injected with 65 mg/kg streptozotocin
(STZ, Sigma-Aldrich, St. Louis, MO, USA) dissolved in
a 0.1 mM chilled citrate–phosphate buffer (pH 4.5) to
induce diabetes [21]. The rats in NC group were injected
with chilled citrate–phosphate buffer (0.1 mM, pH 4.4).
Control rats in DN group received an equal amount of
citrate–phosphate buffer alone by intraperitoneal injection. When the fasting blood glucose levels from tail
vein of STZ-induce diabetic rats were over 16.7 mM at
5 days after STZ injection, these rats were considered as
diabetes. One week later, the diabetic rats in DN + BBR
(50 mg/kg), DN + BBR (100 mg/kg), and DN + BBR
(200 mg/kg) were orally treated with BBR dissolved
in 0.5% carboxymethyl cellulose at a dose of 50, 100 or
200 mg/kg every day, respectively. The volume of 0.5%
carboxymethyl cellulose to dissolve the different doses of
BBR (50, 100, and 200 mg/kg) was 4, 2, and 1 ml, respectively. Meanwhile, the rats in NC group and DN group
were gavaged with the same volume of 0.5% carboxymethyl cellulose. The fasting blood glucose and body weight
were measured every 2 weeks for 8 weeks. The rats were
sacrificed at 8 weeks after BBR treatment. Blood samples
were collected, and the serum was separated by centrifugation and stored at − 80 °C until analysis. Meanwhile,
right kidney samples were rapidly excised, weighted,
and stored at − 80 °C until analysis. The ratio of kidney
weight to body weight was considered as kidney weight
index.
Biochemical analysis

At the end of the experiment, the animals were maintained in metabolic cages for 24 h to harvest urine for
assessing 24-h urinary protein with an enzyme-linked
immunosorbent assay (ELISA) kit (Runyu Biotechnology
Co., Shanghai, China). The fasting blood glucose level
was determined based on the glucose oxidase-catalyzed
reaction (chemistry analyzer; Auto Analyzer Quik-Lab,
Ames, Spain). To assess renal function, blood urea nitrogen and serum creatinine in the serum of blood samples
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were measured using an automatic biochemistry analyzer
(Hitachi, Tokyo, Japan).
Determination of IL‑1β, IL‑6, and MCP‑1 levels

Renal corticals were homogenized and centrifuged at
9000×g for 30 min at 4 °C. The levels of proinflammatory
cytokines in kidney homogenate and serum, including
IL-1β, IL-6, and MCP-1, were determined using commercially acquired ELISA kits (Abcam Inc., Cambridge, MA,
USA).
Cell culture and treatment

Conditionally immortalized mouse podocytes were purchased from Yubo Bio-Technique Co. Ltd (Shanghai,
China) and cultured in RPMI 1640 medium (Hyclone,
Logan, UT, USA) supplemented with 10% fetal bovine
serum (FBS; Hyclone), 100 U/ml penicillin/streptomycin, 5.6 mM glucose (Dingguo Changsheng Biotechnology Co., Ltd., Beijing, China) and 10 U/ml recombinant
mouse interferon-γ (IFNγ; Pepro Technology, Rocky Hill,
NJ, USA) at 33 °C in a 5% CO2 humidified incubator. To
investigate the effect of BBR on DN, podocytes were pretreated with 30 mM high glucose (HG) for 24 h prior
to treatment with BBR at a dose of 10, 30 or 90 μM for
24 h. In some experiment, podocytes were pre-treated
with 30 mM HG in the presence of TLR4 antagonist resatorvid (TAK-242, 1 μΜ; ApexBio, Houston, TX, USA),
NF-κB inhibitor pyrrolidine dithiocarbamate (PDTC;
50 μM; Sigma), or combined with NF-κB activator phorbol myristate acetate (PMA, 100 ng/ml; Sigma), followed
by treated with 30 μM BBR for 24 h.
Quantitative real‑time PCR (qRT‑PCR)

Total RNA was extracted from treated podocytes with
TRIzol reagent (Invitrogen Invitrogen, Carlsbad, CA,
USA) and quantified by NanoDrop 2000/2000c spectrophotometer (Thermo Fisher Scientific, Waltham, MA,
USA). Complementary DNA (cDNA) was synthesized
from 1 µg total RNA by reverse transcription using a
high capacity cDNA reverse transcription kit (TaKaRa,
Tokyo, Japan). qPCR analysis of interleukin (IL)-1β, IL-6,
and MCP-1 mRNA was performed with SYBR Premix
ExTaq II kit (TaKaRa) and specific primers on an Applied
Biosystems 7900 Real-Time PCR system (Applied Biosystems, Foster City, CA, USA). The relative quantification of mRNA levels was calculated based on the 2−ΔΔCt
method and normalized to GAPDH. The primers were as
follows: GAPDH, forward: 5′-CAG TGC CAG CCT CGT
CTA T-3′, reverse: 3′-AGG GGC CAT CCA CAG TCT
TC-5′; IL-1β, forward: GTG ATG TTC CCA TTA GAC
AGC, reverse: CTT TCA TCA CAC AGG ACA GG;
IL-6, forward: 5′-ATG AAC TCC TTC TCC ACA AGC
GC-3′, reverse: 5′-GAA GAG CCC TCA GGC TGG ACT
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G-3′; MCP-1, forward: 5′-TCA GCC AGA TGC AGT
TAA CGC-3′, reverse: 5′-TGA TCC TCT TGT AGC
TCT CCA GC-3′.
Western blot analysis

Kidney homogenate and podocytes were collected and
lysed in cell lysis buffer (Beyotime, Haimen, China)
with protease inhibitor cocktail and phosphatase inhibitor (both from Sigma-Aldrich) for protein extraction.
Equal amount of protein lysates (30 μg) were separated
by 10% serum dodecyl sulfate-polyacrylamide gels (SDSPAGE) and electrotransferred onto nitrocellulose (NC)
membranes (Millipore, Billerica, MA, USA). After being
blocked with 5% non-fat dry milk in PBS for 1 h, the
membranes were probed with the primary antibodies
against TLR4, phosphorylated-p65 (p-p65), p65, p-IκBα,
IκBα, Cleaved Caspase-3, Bcl-2 and β-actin (all from
Santa Cruz Biotechnology, Santa Cruz, CA) at 4 °C overnight, followed by incubated with a horseradish peroxidase-conjugated secondary antibody (Invitrogen) for 2 h
at room temperature. Peroxidase-labeled protein bands
were detected by enhanced chemiluminescence reagents
(Millipore) and the protein intensity was quantified with
Image-Pro Plus 6.0 software (Media Cybernetics, Rockville, MD, USA).
Apoptosis analysis

Podocytes were double stained with FITC-Annexin V
and propidium iodide (PI) from a FITC Annexin V Apoptosis Detection Kit I (BD Biosciences, San Jose, CA,
USA). The apoptotic rats were analyzed using a FACScan
flow cytometer (BD Biosciences).
Statistical analysis

Data are displayed as mean ± standard deviation (SD).
Statistical analysis was performed with GraphPad Prism
5 software (GraphPad Software Inc., San Diego, CA,
USA). Comparison among experimental groups was performed using unpaired two-tailed Student’s t test and
analysis of variance (ANOVA), with a value of P < 0.05
being considered as statistically significant.

Results
BBR ameliorated renal injury in STZ‑induced DN rat model

To determine the protective effect of BBR in DN, the
indexes associated with kidney function, including fasting blood glucose levels, body weight, ratio of kidney
weight to body weight, 24-h urinary protein, serum creatinine and blood urea nitrogen were measured. The
results showed that STZ injection resulted in a significant
increase in fasting blood glucose level (Fig. 1a), kidney/
body weight (Fig. 1c), 24 h-urinary protein level (Fig. 1d),
serum creatinine level (Fig. 1e) and blood urea nitrogen
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Fig. 1 Effects of BBR on metabolic and biochemical parameters in STZ-induced DN rats. a Time course study of fasting blood glucose levels. b Time
course study of body weight. c Ratio of kidney weight to body weight at 8 weeks after BBR treatment. d 24-h urinary protein at 8 weeks after BBR
treatment. e Serum creatinine at 8 weeks after BBR treatment. f Blood urea nitrogen at 8 weeks after BBR treatment. *P < 0.05, n = 3

level (Fig. 1f ) when compared with NC group. However,
administration with BBR (100 or 200 mg/kg) significantly
attenuated these effects in STZ-induced DN rats. Treatment with BBR at a low dose of 50 mg/kg exhibited no
significant influence on these parameters in STZ-induced
DN rats. Moreover, the body weight of STZ-induced DN
rats was obviously decreased compared with DN group,
while BBR treatment displayed little effect in restoring
the lowered weigh (Fig. 1b). Collectively, these results
demonstrated that BBR could ameliorate renal injury in
STZ-induced DN rats.
BBR attenuated the systemic and renal cortex
inflammatory response in STZ‑induced DN rats

It is well established that inflammation played an important role in the pathogenesis of DN. We therefore determined the effect of BBR on renal inflammation in DN rats
by measuring the concentrations of inflammatory factors
IL-1β, IL-6, and MCP-1 in the serum and renal cortex
of rats. The ELISA results revealed that compared with
untreated rats, an evident rise in the production of proinflammatory cytokines including IL-1β (Fig. 2a, d) and

IL-6 (Fig. 2b, e), and chemokine MCP-1 (Fig. 2c, f ) was
observed in the serum and renal cortex of STZ-induced
DN rats. However, oral administration with BBR (100
or 200 mg/kg) significantly inhibited the generation of
IL-1β, IL-6 and MCP-1 in the serum (Fig. 2a–c) and renal
cortex (Fig. 2d–f ) of DN rats. BBR at a dose of 50 mg/kg
had no apparent effect on inflammatory response of STZinduced DN rat model. Therefore, we concluded that
BBR attenuated the systemic and renal cortex inflammatory response in STZ-induced DN rats.
BBR inhibited the activation of TLR4/NF‑κB pathway
in STZ‑induced DN rat model

Since the TLR4/NF-κB pathway has been extensively
reported to be involved in inflammatory response, we
therefore examined whether the protective effect of BBR
in DN rats was associated with the TLR4/NF-κB pathway.
We detected the protein levels of TLR4, NF-κB pathway
key factors p65 and IκBα in DN rats after administration with BBR (50, 100 or 200 mg/kg) by western blot.
The protein level of TLR4 (Fig. 3a, b), p-IκBα/IκBα ratio
(Fig. 3a, c) and p-p65/p65 ratio (Fig. 3a, d) were markedly
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Fig. 2 BBR ameliorated the inflammatory response in STZ-induced DN rats. The concentrations of inflammatory factors IL-1β (a, d), IL-6 (b, e), and
MCP-1 (c, f) in serum and renal cortex of NC group, DN group, DN + BBR (50 mg/kg) group, DN + BBR (100 mg/kg) group, and DN + BBR (200 mg/
kg) group were measured by ELISA. *P < 0.05, n = 3

up-regulated in STZ-induced DN rat model compared to
NC group, suggesting that the TLR4/NF-κB pathway was
activated in STZ-induced DN rats. However, treatment
with BBR (100 or 200 mg/kg) prominently restrained
the activation of the TLR4/NF-κB pathway in DN rats
by repressing the protein level of TLR4 and phophorylation of IκBα and p65 (Fig. 3a–d). Whereas, BBR (50 mg/
kg) did not significantly suppress TLR4/NF-κB pathway
in DN rats. Taken together, these data indicated that BBR
blocked the activation of TLR4/NF-κB pathway in STZinduced DN rats.

relative to untreated podocytes, whereas BBR challenge
at 30 or 90 μM notably attenuated HG-induced apoptosis
of podocytes (Fig. 4a). Consistently, western blot analyses further demonstrated that HG exposure resulted in
an obvious increase of Cleaved Caspase-3 and an evident decrease of Bcl-2 in podocytes, while these effects
were significantly reversed by oral administration of BBR
(Fig. 4b). These results suggested that BBR suppressed
HG-induced apoptosis of podocytes.

BBR decreased HG‑induced apoptosis of podocytes

To investigate the effect of BBR on inflammatory
response in DN in vitro, the mRNA amounts of inflammatory factors IL-1β, IL-6, and MCP-1 in HG-induced
podocytes treated with 10, 30, or 90 μM were determined by qRT-PCR. Consistently with the in vivo results,
the mRNA amounts of IL-1β (Fig. 5a), IL-6 (Fig. 5b),
and MCP-1 (Fig. 5c) in HG-induced podocytes were

To determine the protective effect of BBR in DN in vitro,
an in vitro DN model was established by treating podocytes with 30 mM high glucose for 24 h. We performed
flow cytometry analysis to explore the effect of BBR on
HG-induced apoptosis in podocytes. The results exhibited that HG treatment strikingly induced cell apoptosis

BBR weakened HG‑induced inflammatory response
in podocytes
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Fig. 3 BBR inactivated TLR4/NF-κB pathway in STZ-induced DN rat model. a–d Western blot was used to detect the protein levels of TLR4, p-IκBα,
IκBα, p-p65, and p65 in NC group, DN group, DN + BBR (50 mg/kg) group, DN + BBR (100 mg/kg) group, and DN + BBR (200 mg/kg) group. *P < 0.05,
n=3

conspicuously upregulated in comparison with NC
group, while these effects were markedly abated following
BBR treatment (30 or 90 μM), suggesting that BBR hindered HG-induced inflammatory response in podocytes.
BBR blocked the activation of TLR4/NF‑κB pathway
in HG‑induced podocytes

The effect of BBR on the TLR4/NF-κB pathway in HGinduced podocytes was further analyzed. Western blot
analyses demonstrated that the protein levels of TLR4
(Fig. 6a, b), p-IκBα/IκBα ratio (Fig. 6a, c) and p-p65/p65
ratio (Fig. 6a, d) were all elevated in HG-treated podocytes, while these effects were markedly attenuated following BBR treatment (30 or 90 μM), indicating that BBR
inactivated the TLR4/NF-κB pathway in HG-induced
podocytes.

BBR treatment inhibited HG‑induced inflammatory
response and apoptosis in podocytes by blocking TLR4/
NF‑κB pathway

TAK-242, a TLR4 inhibitor, was employed to explore
the underlying mechanism of BBR in DN in vitro. We
selected the BBR at a dose of 30 μΜ for further analysis
based on the above results. Podocytes were stimulated
with 30 mM high glucose in the presence or absence of
1 μΜ TAK-242, followed by treated with 30 μM BBR for
24 h. qRT-PCR results demonstrated that TAK-242 treatment prominently repressed HG-induced upregulation
of inflammatory factors including IL-1β (Fig. 7a), IL-6
(Fig. 7b), and MCP-1 (Fig. 7c) in podocytes. Moreover,
cotreatment with BBR and TAK-242 aggravated BBRmediated inhibition on the amounts of IL-1β, IL-6, and
MCP-1 in HG-induced podocytes, which was partially
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Fig. 4 BBR repressed HG-induced apoptosis of podocytes. a Flow cytometry analysis was used to examine the apoptotic rats in HG-induced podocytes treated with 10, 30, or 90 μM BBR. b Western blot was performed to detect the protein levels of Cleaved Caspase-3 and Bcl-2 in HG-induced
podocytes treated with 10, 30, or 90 μM BBR. *P < 0.05, n = 3

Fig. 5 BBR mitigated HG-induced inflammatory response in podocytes. The mRNA amounts of IL-1β (a), IL-6 (b), and MCP-1 (c) in HG-induced
podocytes treated with 10, 30, or 90 μM were estimated by qRT-PCR. *P < 0.05, n = 3
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Fig. 6 BBR impeded the activation of TLR4/NF-κB pathway in HG-induced podocytes. The protein levels of TLR4 (a, b), p-IκBα/IκBα ratio (a, c) and
p-p65/p65 ratio (a, d) in HG-induced podocytes treated with 10, 30, or 90 μM were determined by western blot. *P < 0.05, n = 3

abated following the addition of PMA (Fig. 7a–c). Meanwhile, flow cytometry analysis demonstrated that TAK242 administration significantly lowered HG-induced
apoptosis in podocytes, while BBR treatment significantly intensified BBR-induced anti-apoptotic effect in
HG-treated podocytes, which was considerably restored
by the treatment of PMA (Fig. 7d). Consistently, Western blot analyses demonstrated that TAK-242 administration significantly reduced Cleaved Caspase-3 protein
level and significantly increased Bcl-2 protein level in
HG-treated podocytes, while cotreatment with TAK242 and BBR markedly overturned TAK-242-induced
decrease of Cleaved Caspase-3 level and increase of Bcl-2
level, which was further reversed following the addition of PMA (Fig. 7e). Additionally, we found that TAK242 treatment significantly suppressed the TLR4/NF-κB

pathway in HG-induced podocytes by reducing the protein level of TLR4 (Fig. 7f, g), p-IκBα/IκBα ratio (Fig. 7f,
h) and p-p65/p65 ratio (Fig. 7f, i). Moreover, the inhibitory effect on TLR4/NF-κB elicited by BBR challenge
was exacerbated following treatment with TAK-242 in
HG-induced podocytes, which was distinctly overturned
by PMA treatment. Collectively, these findings demonstrated that BBR treatment inhibited HG-induced inflammatory response and apoptosis in podocytes by blocking
TLR4/NF-κB pathway.
PDTC treatment aggravated the inhibitory effect of BBR
on HG‑induced inflammatory response and apoptosis
in podocytes

PDTC, a NF-κB inhibitor, was further used to confirm
whether the inhibitory effect of BBR on HG-induced
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Fig. 7 Effects of TAK-242, or combined with BBR or/and PMA on inflammatory response and apoptosis in HG-induced podocytes. Podocytes were
pre-treated with or without 1 μΜ TAK-242, or along with 100 ng/ml PMA for 2 h prior to stimulating with 30 mM high glucose. Then, cells were
treated with 30 μM BBR for 24 h. The mRNA amounts of IL-1β (a), IL-6 (b), and MCP-1 (c) in treated podocytes were measured by western blot. d
Flow cytometry analysis was performed to detect apoptotic rates of treated podocytes. e The protein levels of Cleaved Caspase-3 and Bcl-2 in
treated podocytes were determined by western blot. f–i The protein levels of TLR4, p-IκBα, IκBα, p-p65, p65 in treated podocytes were determined
by western blot. *P < 0.05, n = 3

inflammatory response and apoptosis in podocytes was
mediated by TLR4/NF-κB pathway. Podocytes were
pre-treated with or without 50 μΜ PDTC for 2 h prior
to stimulating with 30 mM high glucose. Then, cells were
exposed to 30 μM BBR for 24 h. qRT-PCR results demonstrated that inactivation of TLR4/NF-κB pathway by
PDTC significantly reduced HG-induced increase in the
amounts of IL-1β (Fig. 8a), IL-6 (Fig. 8b), MCP-1 (Fig. 8c),

as well as apoptosis (Fig. 8d) in podocytes. Furthermore,
simultaneous PDTC and BBR treatment significantly
aggravated the inhibitory effect of BBR on inflammatory factors amount and cell apoptosis in HG-treated
podocytes. Additionally, western blot demonstrated that
PDTC treatment significantly reduced the protein level of
Cleaved Caspase-3 and greatly enhanced Bcl-2 amount in
HG-treated podocytes, which was substantially reversed
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Fig. 8 BBR relieved HG-induced inflammatory response and apoptosis in podocytes by hindering TLR4/NF-κB pathway. Podocytes were pre-treated
with or without 50 μΜ PDTC for 2 h prior to stimulating with 30 mM high glucose, followed by treated with 30 μM BBR for 24 h. The mRNA amounts
of IL-1β (a), IL-6 (b), and MCP-1 (c) in treated podocytes were assessed by western blot. d The apoptotic rates of treated podocytes were measured
by flow cytometry analysis. e Western blot analysis of the protein levels of Cleaved Caspase-3 and Bcl-2. *P < 0.05, n = 3

following the addition of BBR (Fig. 8e). These results
suggested that BBR blocked HG-induced inflammatory
response and apoptosis in podocytes by suppressing
TLR4/NF-κB pathway.

Discussion
The current study evaluated the renoprotective effects
and molecular mechanism of BBR on the pathogenesis
of DN in STZ-induced DN rat model and HG-induced
DN podocytes model. In the present study, we provided
strong evidence that BBR not only attenuated renal dysfunction and inflammatory response, but also suppressed
TLR4/NF-κB pathway in STZ-induced DN rats and HGinduced podocytes. Furthermore, mechanistic analysis
demonstrated that blockade of TLR4/NF-κB pathway by
TAK-242 or PDTC exacerbated the inhibitory effect of
BBR on HG-induced inflammatory response and apoptosis in podocytes. Therefore, our study suggested that BBR
ameliorated DN by inhibiting TLR4/NF-κB pathway.
As has been well described, BBR has a wide range of
pharmacological activities and has been demonstrated to

exert protective effects against DN progression by ameliorating a variety of pathological changes [22]. More
recently, it was demonstrated that BBR displayed a tendency to ameliorate renal dysfunction and renal inflammation, improve glucose and lipid metabolism disorders,
and decrease fasting blood glucose in DN rats [23, 24].
Moreover, BBR could inhibit renal fibrosis and inhibited
renal tubular epithelial-to-mesenchymal transition of DN
[25, 26]. Additionally, BBR inhibits high glucose-induced
glomerular mesangial cell proliferation and ECM accumulation, and attenuates tubulointerstitial fibrosis in DN,
which suggests that BBR can be used as a further potential therapeutic drug for DN [27, 28]. Additionally, it was
previously demonstrated that the doses of BBR that can
be administrated in patients with type 2 diabetes and
diabetic rats are 300 mg three times a day and 100 mg/
kg, respectively [29, 30]. In the present study, we demonstrated that BBR challenge at 100 or 200 mg/kg significantly reduced renal injury in STZ-induced DN rat
model, as evidenced by a decrease in fasting blood glucose, ratio of kidney weight to body weight, 24-h urinary
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protein, serum creatinine, and blood urine nitrogen,
while BBR at a low dose of 50 mg/kg had no significant
effect on these parameters associated with kidney function. Moreover, we found that BBR also weakened STZinduced inflammatory factors production in DN rats,
and inhibited HG-induced apoptosis and inflammatory
response in podocytes, confirming the renoprotective
effect of BBR in DN.
There is increasing evidence supporting that inflammation exerts important roles in the pathogenesis of
DN [31]. TLR4/NF-κB pathway appears to play a critical role in the pathogenesis with a variety of inflammatory conditions [32]. The proinflammatory role of TLR4/
NF-κB pathway has been demonstrated to be involved
in the progression of diabetes and diabetic complication
[33, 34]. Upon stimulation, activation of TLR4 pathway
subsequently activated the NF-κB pathway and triggered NF-κB-dependent inflammatory response, which
might ultimately aggravate renal dysfunction in acute
and chronic kidney diseases [35, 36]. In podocytes and
tubular epithelial cells, exposure to high glucose promoted TLR4 activation, resulting in NF-κB activation
and consequent inflammatory and fibrogenic responses
[37]. Silencing of TLR4 with small interfering RNA
attenuated high glucose-induced IκB/NF-κB activation
and inhibited downstream inflammatory cytokines IL-6
and chemokine (C–C motif ) ligand 2 (CCL-2) in human
proximal tubular epithelial cells [16]. Consistently, the
present study demonstrated that BBR treatment blocked
HG-induced activation of TLR4/NF-κB pathway in both
STZ-induced DN rats and HG-treated podocytes. It was
previously reported that BBR inhibited the NF-κB activation and fibronectin (FN) accumulation by inhibiting
RhoA/ROCK signaling in diabetic rat kidneys and high
glucose-induced glomerular mesangial cells [23]. In addition, BBR could improve insulin resistance of skeletal
muscle through inhibiting the active of the TLR4/IκBβ/
NF-κB signaling pathway [38]. BBR inhibited IL-1βinduced nitric oxide (NO) production in primary mixed
glia and BV-2 cells via inactivation of TLR4/adapter protein myeloid differentiation factor 88 (MyD88)/NF-κB
signaling [39]. Besides, the anti-bacterial effects of BBR
were mediated by acting as a high-affinity LPS antagonist and blocking the LPS/TLR4 signaling [40]. Moreover, BBR repressed LPS-induced cell proliferation and
FN expression in rat mesangial cells through impeding
the activation of NF-κB signaling pathway and protein
expression of its downstream inflammatory mediators
[26]. Our study further revealed that inhibition of TLR4/
NF-κB pathway by TAK-242 or PDTC suppressed the
HG-induced inflammatory response and apoptosis in
podocytes. Moreover, combination with BBR treatment
and inhibition of TLR4/NF-κB pathway exacerbated the
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inhibitory effect of BBR on HG-induced inflammatory
response and apoptosis in podocytes, indicating that BBR
ameliorated DN by inhibiting the TLR4/NF-κB pathway. Additionally, many other signaling pathways, such
as advanced glycation end products-receptor for AGEs
(AGEs-RAGE) [14] and AMP-activated protein kinase
(AMPK) [41], have been elucidated to be implicated in
the renoprotective effects induced by BBR.

Conclusions
In conclusion, our study demonstrated that BBR ameliorated DN by attenuating renal injury, inflammatory
response and podocytes apoptosis. Mechanistic analysis revealed that the renoprotective effect of BBR on DN
depended on inhibition of TLR4/NF-κB pathway. The
present study contributed to a better understanding of
the mechanism underlying BBR involved in DN and provided new evidence for the potential application of BBR
in the treatment of DN.
Abbreviations
DN: diabetic nephropathy; PDTC: pyrrolidine dithiocarbamate; ECM: extracellular matrix; TGF-β1: transforming growth factor-β1; TNF-α: tumor necrosis
factor-α; BBR: berberine; TLRs: toll-like receptors; NF-κB: nuclear factor kappa
B; MCP-1: monocyte chemotactic protein-1; STZ: streptozotocin; ELISA:
enzyme-linked immunosorbent assay; SDS-PAGE: serum dodecyl sulfate-polyacrylamide gels; PI: propidium iodide; HG: high glucose; TAK-242: resatorvid; IL:
interleukin; IFNy: interferon-y; cDNA: complementary DNA; NC: nitrocellulose;
CCL-2: chemokine (C–C motif ) ligand 2; FN: fibronectin; AGEs-RAGE: advanced
glycation end products-receptor for AGEs; AMPK: AMP-activated protein
kinase.
Authors’ contributions
This work was designed and conceived by LZ, JH and RY. The experiments
were carried out by LX and WP. The manuscript was prepared by LZ and JH. All
authors read and approved the final manuscript.
Acknowledgements
Not applicable.
Competing interests
The authors declare that they have no competing interests.
Consent for publication
Not applicable.
Data availability statement
Not applicable.
Ethics approval and consent to participate
The animal study was approved by the Experimental Animal Ethical Committee of Huaihe Hospital of Henan University and performed in accordance with
the National Institutes of Health Guide for the Care and Use of Laboratory
Animals.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.
Received: 30 October 2017 Accepted: 27 March 2018

Zhu et al. Biol Res (2018) 51:9

References
1. Hofni A, El-Moselhy MA, Taye A, Khalifa MM. Combination therapy with
spironolactone and candesartan protects against streptozotocin-induced
diabetic nephropathy in rats. Eur J Pharmacol. 2014;744:173–82.
2. Schena FP, Gesualdo L. Pathogenetic mechanisms of diabetic nephropathy. J Am Soc Nephrol. 2005;16(1):S30–3.
3. Reddy MA, Tak Park J, Natarajan R. Epigenetic modifications in the pathogenesis of diabetic nephropathy. Semin Nephrol. 2013;33(4):341–53.
4. Chang CC, Chang CY, Wu YT, Huang JP, Yen TH, Hung LM. Resveratrol
retards progression of diabetic nephropathy through modulations of
oxidative stress, proinflammatory cytokines, and AMP-activated protein
kinase. J Biomed Sci. 2011;18(1):47.
5. Tuttle KR. Linking metabolism and immunology: diabetic nephropathy is
an inflammatory disease. J Am Soc Nephrol. 2005;16(6):1537–8.
6. Lim AK, Tesch GH. Inflammation in diabetic nephropathy. Mediat
Inflamm. 2012;2012:146154.
7. Susztak K, Raff AC, Schiffer M, Bottinger EP. Glucose-induced reactive
oxygen species cause apoptosis of podocytes and podocyte depletion at
the onset of diabetic nephropathy. Diabetes. 2006;55(1):225–33.
8. Steffes MW, Schmidt D, McCrery R, Basgen JM. Glomerular cell number in normal subjects and in type 1 diabetic patients. Kidney Int.
2001;59(6):2104–13.
9. Domitrovic R, Cvijanovic O, Pernjak-Pugel E, Skoda M, Mikelic L, CrncevicOrlic Z. Berberine exerts nephroprotective effect against cisplatininduced kidney damage through inhibition of oxidative/nitrosative
stress, inflammation, autophagy and apoptosis. Food Chem Toxicol.
2013;62:397–406.
10. Han J, Lin H, Huang W. Modulating gut microbiota as an anti-diabetic
mechanism of berberine. Med Sci Monit. 2011;17(7):Ra164–7.
11. Imenshahidi M, Hosseinzadeh H. Berberis vulgaris and berberine: an
update review. Phytother Res. 2016;30(11):1745–64.
12. Mohammadzadeh N, Mehri S, Hosseinzadeh H. Berberis vulgaris and its
constituent berberine as antidotes and protective agents against natural
or chemical toxicities. Iran J Basic Med Sci. 2017;20(5):538–51.
13. Yu W, Sheng M, Xu R, Yu J, Cui K, Tong J, et al. Berberine protects human
renal proximal tubular cells from hypoxia/reoxygenation injury via inhibiting endoplasmic reticulum and mitochondrial stress pathways. J Transl
Med. 2013;11:24.
14. Qiu YY, Tang LQ, Wei W. Berberine exerts renoprotective effects by
regulating the AGEs-RAGE signaling pathway in mesangial cells during
diabetic nephropathy. Mol Cell Endocrinol. 2017;443:89–105.
15. Tang LQ, Ni WJ, Cai M, Ding HH, Liu S, Zhang ST. Renoprotective effects
of berberine and its potential effect on the expression of β-arrestins and
intercellular adhesion molecule-1 and vascular cell adhesion molecule-1
in streptozocin-diabetic nephropathy rats. J Diabetes. 2016;8(5):693–700.
16. Lin M, Yiu WH, Wu HJ, Chan LY, Leung JC, Au WS, et al. Toll-like receptor
4 promotes tubular inflammation in diabetic nephropathy. J Am Soc
Nephrol. 2012;23(1):86–102.
17. Faure E, Equils O, Sieling PA, Thomas L, Zhang FX, Kirschning CJ, et al.
Bacterial lipopolysaccharide activates NF-kappaB through toll-like
receptor 4 (TLR-4) in cultured human dermal endothelial cells. Differential expression of TLR-4 and TLR-2 in endothelial cells. J Biol Chem.
2000;275(15):11058–63.
18. Shimamoto A, Chong AJ, Yada M, Shomura S, Takayama H, Fleisig AJ,
et al. Inhibition of Toll-like receptor 4 with eritoran attenuates myocardial
ischemia–reperfusion injury. Circulation. 2006;114(1):I270–4.
19. Navarro-Gonzalez JF, Mora-Fernandez C, Muros de Fuentes M, GarciaPerez J. Inflammatory molecules and pathways in the pathogenesis of
diabetic nephropathy. Nat Rev Nephrol. 2011;7(6):327–40.
20. Kaur H, Chien A, Jialal I. Hyperglycemia induces Toll like receptor 4
expression and activity in mouse mesangial cells: relevance to diabetic
nephropathy. Am J Physiol Renal Physiol. 2012;303(8):F1145–50.
21. Tesch GH, Allen TJ. Rodent models of streptozotocin-induced diabetic
nephropathy. Nephrology. 2007;12(3):261–6.
22. Tang LQ, Liu S, Zhang ST, Zhu LN, Wang FL. Berberine regulates the
expression of E-prostanoid receptors in diabetic rats with nephropathy.
Mol Biol Rep. 2014;41(5):3339–47.

Page 12 of 12

23. Xie X, Chang X, Chen L, Huang K, Huang J, Wang S, et al. Berberine
ameliorates experimental diabetes-induced renal inflammation and
fibronectin by inhibiting the activation of RhoA/ROCK signaling. Mol Cell
Endocrinol. 2013;381(1–2):56–65.
24. Sun SF, Zhao TT, Zhang HJ, Huang XR, Zhang WK, Zhang L, et al. Renoprotective effect of berberine on type 2 diabetic nephropathy in rats. Clin
Exp Pharmacol Physiol. 2015;42(6):662–70.
25. Yang G, Zhao Z, Zhang X, Wu A, Huang Y, Miao Y, et al. Effect of berberine
on the renal tubular epithelial-to-mesenchymal transition by inhibition
of the Notch/snail pathway in diabetic nephropathy model KKAy mice.
Drug Des Dev Ther. 2017;11:1065–79.
26. Li Z, Zhang W. Protective effect of berberine on renal fibrosis caused by
diabetic nephropathy. Mol Med Rep. 2017;16(2):1055–62.
27. Zhang X, He H, Liang D, Jiang Y, Liang W, Chi ZH, et al. Protective effects of
berberine on renal injury in streptozotocin (STZ)-induced diabetic mice.
Int J Mol Sci. 2016;17(8):E1327.
28. Jiang Q, Liu P, Wu X, Liu W, Shen X, Lan T, et al. Berberine attenuates
lipopolysaccharide-induced extracellular matrix accumulation and
inflammation in rat mesangial cells: involvement of NF-kappaB signaling
pathway. Mol Cell Endocrinol. 2011;331(1):34–40.
29. Yin J, Xing H, Ye J. Efficacy of berberine in patients with type 2 diabetes
mellitus. Metabolism. 2008;57(5):712–7.
30. Wang C, Li J, Lv X, Zhang M, Song Y, Chen L, et al. Ameliorative effect of
berberine on endothelial dysfunction in diabetic rats induced by high-fat
diet and streptozotocin. Eur J Pharmacol. 2009;620(1–3):131–7.
31. Chen H, Yang X, Lu K, Lu C, Zhao Y, Zheng S, et al. Inhibition of high
glucose-induced inflammation and fibrosis by a novel curcumin
derivative prevents renal and heart injury in diabetic mice. Toxicol Lett.
2017;278:48–58.
32. Verzola D, Cappuccino L, D’Amato E, Villaggio B, Gianiorio F, Mij M, et al.
Enhanced glomerular Toll-like receptor 4 expression and signaling in
patients with type 2 diabetic nephropathy and microalbuminuria. Kidney
Int. 2014;86(6):1229–43.
33. Shi H, Kokoeva MV, Inouye K, Tzameli I, Yin H, Flier JS. TLR4 links innate
immunity and fatty acid-induced insulin resistance. J Clin Investig.
2006;116(11):3015–25.
34. Huang J, Chen Z, Li J, Chen Q, Li J, Gong W, et al. Protein kinase CK2alpha
catalytic subunit ameliorates diabetic renal inflammatory fibrosis via NFkappaB signaling pathway. Biochem Pharmacol. 2017;132:102–17.
35. Cunningham PN, Wang Y, Guo R, He G, Quigg RJ. Role of Toll-like
receptor 4 in endotoxin-induced acute renal failure. J Immunol.
2004;172(4):2629–35.
36. Kruger B, Krick S, Dhillon N, Lerner SM, Ames S, Bromberg JS, et al.
Donor Toll-like receptor 4 contributes to ischemia and reperfusion
injury following human kidney transplantation. Proc Natl Acad Sci USA.
2009;106(9):3390–5.
37. Ma J, Chadban SJ, Zhao CY, Chen X, Kwan T, Panchapakesan U, et al. TLR4
activation promotes podocyte injury and interstitial fibrosis in diabetic
nephropathy. PLoS ONE. 2014;9(5):e97985.
38. Zhang DS, Bai XH, Yao YJ, Mu DZ, Chen J. Effect of berberine on the
insulin resistance and TLR4/βNF-κB signaling pathways in skeletal muscle
of obese rats with insulin resistance. Sichuan Da Xue Xue Bao Yi Xue Ban.
2015;46(6):827–31.
39. Chen CC, Hung TH, Lee CY, Wang LF, Wu CH, Ke CH, et al. Berberine
protects against neuronal damage via suppression of glia-mediated
inflammation in traumatic brain injury. PLoS ONE. 2014;9(12):e115694.
40. Chu M, Ding R, Chu ZY, Zhang MB, Liu XY, Xie SH, et al. Role of berberine
in anti-bacterial as a high-affinity LPS antagonist binding to TLR4/MD-2
receptor. BMC Complement Altern Med. 2014;14:89.
41. Jin Y, Liu S, Ma Q, Xiao D, Chen L. Berberine enhances the AMPK activation
and autophagy and mitigates high glucose-induced apoptosis of mouse
podocytes. Eur J Pharmacol. 2016;794:106–14.

