Journal of Diabetes Research

New Insights into Diabetic Kidney
Disease: The Potential Pathogenesis
and Therapeutic Targets
Lead Guest Editor: Wei J. Liu
Guest Editors: Jochen Reiser, Tae S. Park, Zhangsuo Liu, and Shuta Ishibe

New Insights into Diabetic Kidney Disease: The
Potential Pathogenesis and Therapeutic Targets

Journal of Diabetes Research

New Insights into Diabetic Kidney Disease: The
Potential Pathogenesis and Therapeutic Targets
Lead Guest Editor: Wei J. Liu
Guest Editors: Jochen Reiser, Tae S. Park, Zhangsuo Liu,
and Shuta Ishibe

Copyright © 2017 Hindawi. All rights reserved.
This is a special issue published in “Journal of Diabetes Research.” All articles are open access articles distributed under the Creative
Commons Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original
work is properly cited.

Editorial Board
Steven F. Abcouwer, USA
Reza Abdi, USA
Abdelaziz Amrani, Canada
Fabrizio Barbetti, Italy
Simona Bo, Italy
Monica Bullo, Spain
Stefania Camastra, Italy
Norman Cameron, UK
Ilaria Campesi, Italy
Riccardo Candido, Italy
Brunella Capaldo, Italy
Sergiu Catrina, Sweden
Subrata Chakrabarti, Canada
Munmun Chattopadhyay, USA
Eusebio Chiefari, Italy
Secundino Cigarran, Spain
Kim Connelly, Canada
Laurent Crenier, Belgium
Christophe De Block, Belgium
Khalid M. Elased, USA
Ulf J. Eriksson, Sweden
Paolo Fiorina, USA
Andrea Flex, Italy
Daniela Foti, Italy
Georgia Fousteri, Italy

Maria Pia Francescato, Italy
Pedro M. Geraldes, Canada
Thomas J. Hawke, Canada
Ole Kristian Hejlesen, Denmark
Daisuke Koya, Japan
Frida Leonetti, Italy
Afshan Malik, UK
Roberto Mallone, France
Raffaele Marfella, Italy
Carlos Martinez Salgado, Spain
Lucy Marzban, Canada
Raffaella Mastrocola, Italy
David Meyre, Canada
Maria G. Montez, USA
Jiro Nakamura, Japan
Pratibha V. Nerurkar, USA
Monika A. Niewczas, USA
Francisco Javier Nóvoa, Spain
Craig S. Nunemaker, USA
Hiroshi Okamoto, Japan
Ike S. Okosun, USA
Fernando Ovalle, USA
Cesare Patrone, Sweden
Subramaniam Pennathur, USA
Bernard Portha, France

Ed Randell, Canada
Jordi Lluis Reverter, Spain
Ulrike Rothe, Germany
Christoph H. Saely, Austria
Ponnusamy Saravanan, UK
Toshiyasu Sasaoka, Japan
Andrea Scaramuzza, Italy
Yael Segev, Israel
Suat Simsek, Netherlands
Marco Songini, Italy
Janet H. Southerland, USA
David Strain, UK
Kiyoshi Suzuma, Japan
Patrizio Tatti, Italy
Farook Thameem, USA
Michael J. Theodorakis, UK
Peter Thule, USA
Andrea Tura, Italy
Ruben Varela-Calvino, Spain
Christian Wadsack, Austria
Kazuya Yamagata, Japan
Mark Yorek, USA
Liping Yu, USA
David Zangen, Israel
Dan Ziegler, Germany

Contents
New Insights into Diabetic Kidney Disease: The Potential Pathogenesis and Therapeutic Targets
Wei Jing Liu, Jochen Reiser, Tae Sun Park, Zhangsuo Liu, and Shuta Ishibe
Volume 2017, Article ID 3945469, 2 pages
Sulodexide Protects Renal Tubular Epithelial Cells from Oxidative Stress-Induced Injury via
Upregulating Klotho Expression at an Early Stage of Diabetic Kidney Disease
Yu Ning Liu, Jingwei Zhou, Tingting Li, Jing Wu, Shu Hua Xie, Hua-feng Liu, Zhangsuo Liu, Tae Sun Park,
Yaoxian Wang, and Wei Jing Liu
Volume 2017, Article ID 4989847, 10 pages
Research Progress on Mechanism of Podocyte Depletion in Diabetic Nephropathy
Haoran Dai, Qingquan Liu, and Baoli Liu
Volume 2017, Article ID 2615286, 10 pages
Renoprotective Effect of the Shen-Yan-Fang-Shuai Formula by Inhibiting TNF-𝛼/NF-𝜅B Signaling
Pathway in Diabetic Rats
Jie Lv, Zhen Wang, Ying Wang, Weiwei Sun, Jingwei Zhou, Mengdi Wang, Wei Jing Liu, and Yaoxian Wang
Volume 2017, Article ID 4319057, 11 pages
Role of Epigenetic Histone Modifications in Diabetic Kidney Disease Involving Renal Fibrosis
Jing Sun, Yangwei Wang, Wenpeng Cui, Yan Lou, Guangdong Sun, Dongmei Zhang, and Lining Miao
Volume 2017, Article ID 7242384, 11 pages
Soluble Urokinase Receptor and the Kidney Response in Diabetes Mellitus
Ranadheer R. Dande, Vasil Peev, Mehmet M. Altintas, and Jochen Reiser
Volume 2017, Article ID 3232848, 9 pages
Role of Nuclear Factor Erythroid 2-Related Factor 2 in Diabetic Nephropathy
Wenpeng Cui, Xu Min, Xiaohong Xu, Bing Du, and Ping Luo
Volume 2017, Article ID 3797802, 14 pages
PGC1𝛼 Activators Mitigate Diabetic Tubulopathy by Improving Mitochondrial Dynamics and Quality
Control
So-Young Lee, Jun Mo Kang, Dong-Jin Kim, Seon Hwa Park, Hye Yun Jeong, Yu Ho Lee, Yang Gyun Kim,
Dong Ho Yang, and Sang Ho Lee
Volume 2017, Article ID 6483572, 15 pages
Glycopatterns of Urinary Protein as New Potential Diagnosis Indicators for Diabetic Nephropathy
Hanyu Zhu, Moyan Liu, Hanjie Yu, Xiawei Liu, Yaogang Zhong, Jian Shu, Xinle Fu, Guangyan Cai,
Xiangmei Chen, Wenjia Geng, Xiaoli Yang, Minghui Wu, Zheng Li, and Dong Zhang
Volume 2017, Article ID 5728087, 14 pages
Transcriptional Profile of Kidney from Type 2 Diabetic db/db Mice
Haojun Zhang, Tingting Zhao, Zhiguo Li, Meihua Yan, Hailing Zhao,
Bin Zhu, and Ping Li
Volume 2017, Article ID 8391253, 12 pages

Hindawi
Journal of Diabetes Research
Volume 2017, Article ID 3945469, 2 pages
https://doi.org/10.1155/2017/3945469

Editorial
New Insights into Diabetic Kidney Disease: The Potential
Pathogenesis and Therapeutic Targets
Wei Jing Liu,1 Jochen Reiser,2 Tae Sun Park,3 Zhangsuo Liu,4 and Shuta Ishibe5
1

Key Laboratory of Chinese Internal Medicine of Ministry of Education and Beijing,
Dongzhimen Hospital Aﬃliated to Beijing University of Chinese Medicine, Beijing, China
2
Rush University, Chicago, IL, USA
3
Chonbuk National University Medical School, Jeonju, Republic of Korea
4
The First Aﬃliated Hospital of Zhengzhou University, Zhengzhou, China
5
Yale University School of Medicine, New Haven, CT, USA
Correspondence should be addressed to Wei Jing Liu; liuweijing-1977@hotmail.com
Received 27 August 2017; Accepted 27 August 2017; Published 8 November 2017
Copyright © 2017 Wei Jing Liu et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Diabetic kidney disease (DKD) is an established complication
of long-term inadequate glycemic control with signiﬁcant
medical and social burden and has become the single most frequent cause of end-stage renal disease (ESRD). In developed
countries, DKD is the leading cause of ESRD, accounting for
44% of cases in the United States [1]. In Asia, the corresponding DKD is about 40% of total in Japan [2] and 48% in Korea
[3] and the incidence of DKD in hospitalized diabetic patients
has reached 34.7% in China [4]. Many patients with DKD
unfortunately progress to ESRD as therapeutic regimens are
still lacking, although tight glycemic and blood pressure
control may slow its progression.
It is well known that the pathophysiology of DKD
remains complex and multifactorial [5]. However, progress
has been made in understanding the molecular mechanisms
in DKD. For example, while DKD is considered a microvascular complication of diabetes, growing evidence indicates
that podocyte loss and epithelial dysfunction link many initial
events of DKD. Recent evidence suggests the autophagic
inactivation and accelerated senescence in renal tubular
cells play a fundamental role in the progression of DKD
[6]. In view of these ﬁndings, understanding the underlying
pathophysiology of DKD is critical to unearth additional
treatment modalities and strategies. This special issue contains several papers including original research articles and
reviews on this topic to help in unraveling the potential pathogenesis and identifying novel therapeutic targets of DKD.

W. Cui et al. demonstrated the therapeutic eﬀects of Nrf2
activation on DKD and concluded that modulating Nrf2/
ARE pathway through diﬀerent mechanisms provides new
approaches for future clinical research and the treatment of
DKD. But in order to avoid serious adverse events, the potential side eﬀects of Nrf2 activation will need to be monitored
during the trial. J. Sun et al. concisely summarized the evidence that epigenetic histone modiﬁcations have a signiﬁcant
eﬀect in modulating renal ﬁbrotic and ECM gene expression
induced by TGF-β1, as well as its downstream proﬁbrotic
genes in the state of diabetes and hyperglycemia. Histone
modiﬁcations are also implicated in renal ﬁbrosis through
its ability to regulate the EMT process triggered by TGF-β
signaling. R. R. Dande et al. demonstrated the link between
uPAR and suPAR in the clinical manifestations of DKD,
which may enlighten us our understanding of the pathogenesis of DKD and provide avenues for the treatment of the
disease. H. Dai et al. provided a review highlighting the signaling pathways in podocytes that underlie the development
of albuminuria in DKD.
H. Zhang et al. reported that top 10 hub genes were
selected from the constructed PPI network of total 355 differentially expressed genes (DEGs) identiﬁed by microarray analysis of db/db mice, including Ccnb2 and Nr1i2,
which remained largely unclear in DKD. The pathway
enrichment analysis suggested that biological oxidation,
bile acid metabolism, and steroid hormone synthesis were
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the 3 major signiﬁcant pathways that may contribute to
DKD pathogenesis.
Using HKC8 cells and STZ-induced mice, S.-Y. Lee et al.
demonstrated that increases in PGC1α activity could
improve diabetic tubulopathy by modulating mitochondrial
dynamics and autophagy in vivo and in vitro. They reported
that increasing PGC1α activity might improve functional
mitochondrial mass in HKC8 cells in high-glucose condition
and in renal proximal tubular cells and reverse the changes in
Drp1, Mfn1, and LC3-II protein expression in a high-glucose
environment. In vivo, increased PGC1α activity resulted in
low ROS production and reduced apoptosis by normalizing mitochondrial life cycles, mitigated albuminuria and
renal histopathology, and decreased expression of TGFβ1
and α-SMA in the kidneys of diabetic mice.
H. Zhu et al. reported a novel pattern of glycosylation
of urinary protein as a new potential diagnosis biomarker
for DKD. By using urinary protein microarray, they found
that along with the development of DKD, the levels of
Siaα2-6Gal/GalNAc recognized by SNA exhibited signiﬁcantly increased tendency and (GlcNAC)2-4 may be a
potential biomarker to diﬀerentiate patients with DKD
from non-DKD.
Shen-Yan-Fang-Shuai Formula (SYFSF) is an eﬀective
traditional Chinese formula to treat DKD, yet the molecular
mechanisms on renoprotection are largely unknown. J. Lv
et al. interrogated the renoprotective eﬀects in a diabetic rat
model and in high-glucose cultured mesangial cells. They
reported that SYFSF downregulated the expression of MCP1, TGF-β1, collagen IV, and ﬁbronectin. The renoprotective
eﬀects are potentially attributable to an inhibition of inﬂammatory responses and extracellular matrix (ECM) accumulation mediated by TNF-α/NF-κBp65 signaling pathway.
The renoprotection of sulodexide (SDX) remains controversial. Y. N. Liu et al. determined whether SDX has renoprotection at an early or late stage of DKD. They found that in
STZ-induced diabetic rats, SDX may prevent the progression
of DKD if initiated early, attributing the mechanism to the
upregulation of Klotho expression, which inhibited the tubulointerstitial injury induced by oxidative stress in diabetes.
In conclusion, the reviews and original basic science manuscripts in this special issue provide a thought-provoking
avenue to understand the pathogenesis and therapeutic
targets in DKD.
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The hypoalbuminuric eﬀect of sulodexide (SDX) on diabetic kidney disease (DKD) was suggested by some clinical trials but was
denied by the Collaborative Study Group. In this study, the diabetic rats were treated with SDX either from week 0 to 24 or
from week 13 to 24. We found that 24-week treatment signiﬁcantly decreased the urinary protein and HAVCR1 excretion,
inhibited the interstitial expansion, and downregulated the renal cell apoptosis and interstitial ﬁbrosis. Renoprotection was also
associated with a reduction in renocortical/urinary oxidative activity and the normalization of renal klotho expression. However,
all of these actions were not observed when SDX was administered only at the late stage of diabetic nephropathy (from week 13
to 24). In vitro, advanced glycation end products (AGEs) dose-dependently enhanced the oxidative activity but lowered the
klotho expression in cultured proximal tubule epithelial cells (PTECs). Also, H2O2 could downregulate the expression of klotho
in a dose-dependent manner. However, overexpression of klotho reduced the HAVCR1 production and the cellular apoptosis
level induced by AGEs or H2O2. Our study suggests that SDX may prevent the progression of DKD at the early stage by
upregulating renal klotho expression, which inhibits the tubulointerstitial injury induced by oxidative stress.

1. Introduction
Diabetic kidney disease (DKD), a common and serious
microvascular complication of diabetes mellitus (DM), is
the leading cause of end-stage renal disease (ESRD) and renal
failure as well as the major determinant of morbidity and
mortality in DM patients. Although the pathogenesis of
DKD is to some extent well known, including the activation
of the rennin-angiotensin system (RAS), formation of
advanced glycation end products (AGEs), and activation of
protein kinase C (PKC), agents targeting these pathways
may not completely prevent the progression of DKD.

Therefore, it is an urgent need to establish new therapeutic
options and targets to inhibit the progression of DKD [1].
Recently, rather than an orthodox eye to glomerular
damage, accumulated studies provide new insight into tubular epithelial cell (TEC) injury in DKD, since renal tubule also
plays a key role even in the pathogenesis of DKD [2]. During
this process, oxidative stress is a crucial mediator to activate
the DKD-associated signaling pathway [3]. Also, DKD is an
aging-related disease characterized by accelerated renal
intrinsic cell senescence, in which the aging that occurred
in a tubule is more typical [4]. Klotho, expressed mainly in
renal tubules, is one of the most important antiaging genes.
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And a decreased tubular klotho expression is found at the
early stage of DKD in patients and rodents [5, 6]. Notably,
the renoprotective role of klotho has been implicated in various acute and chronic kidney diseases including DKD [7–9],
indicating the functional importance of antiaging in DKD.
Furthermore, oxidative stress is one of the most important
etiologies involved in cellular senescence, especially in the
state of DM [6]. Therefore, the new target against klotho
and oxidative stress is promisingly to provide a reference
for DKD.
Sulodexide (SXD), a highly puriﬁed glycosaminoglycan
that oﬀers antithrombotic and proﬁbrinolytic activity, is
shown to prevent cells against various injuries. A large number of studies have strongly suggested the antiproteinuric and
renoprotective action of sulodexide in type 1 and 2 diabetes
patients [10, 11]. However, recent micro- and macroalbuminuria (Sun-MICRO and MACRO) studies dispute these
results based on the multicentered trials in which SDX does
not show obvious beneﬁt on DKD [12]. Therefore, to clarify
which patients could beneﬁt most from SDX administration
and what factors impact on SDX’s eﬃcacy, further studies
are recommended [10]. Interestingly, it is reported that
SXD oﬀers antioxidant and antisenescent actions in cultured
endothelial cells [13]. We have also reported that, via reducing oxidative activity, SDX exhibits protective eﬀects on the
peripheral nerve in diabetic complications [14]. It is possible
through antioxidative stress and antiaging eﬀects, SDX
protects TECs from DKD-induced injury. This hypothesis
was tested in experimental animals and cultured primary
TECs in this study.

2. Material and Methods
2.1. Animals and Experimental Design. Male Sprague-Dawley
rats weighing 220 to 240 g each were housed in a 12 h light-/
dark-altered room at a constant temperature of 24°C, with
food and water available ad libitum. Diabetes was induced
by a single intraperitoneal injection of streptozotocin
(60 mg/kg body weight; Sigma, St. Louis, MO, USA) dissolved in 0.1 mol/L citrate buﬀer (pH 4.5). The control
rats were injected with an equal volume of citrate buﬀer.
One week after the veriﬁcation of diabetes, diabetic and
nondiabetic rats were stochastically divided into 3 and 2
groups (n = 5–7 per group), respectively. Sulodexide (supplied by Asia Pharm., Korea) was dissolved in an appropriate volume of water and administered orally at 10 mg/kg/day
to one diabetic group (DKD + 24SDX group) and one nondiabetic group (SDX group) in the nighttime for 24 weeks [14].
Another diabetic group was administered SDX (10 mg/kg/
day) from week 13 to week 24 (DKD + 12SDX group). Diabetic (DKD group) and nondiabetic (CON group) control
rats received the equal volume of vehicle within the same
time. Water was oﬀered in the daytime, and food was available ad libitum during the entire experimental period to all
5 groups. Body weight, food intake, and tail blood glucose
were measured every 2 weeks after 8 h of fasting throughout
the study period. Hemoglobin A1c (HbA1c) was determined
by an aminophenyl-boronate-agarose aﬃnity chromatographic method (Glyc-Aﬃn GHb; Seikagaku Kogyo, Tokyo,
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Japan) in weeks 12 and 24. Experimental procedures were
approved by the Ethics Committee of Beijing University of
TCM and performed in accordance with the National Academies Guiding Principles for the Care and Use of Laboratory
Animals, 8th edition.
2.2. Urinary and Plasmatic Parameters. After overnight
fasting of the rats in weeks 12 and 24, blood samples were
collected at 8 h postmeal via the tail vein and plasma was prepared. And the urine from each rat was collected with a metabolic cage (Nalgene; Sybron, Bend, OR, USA) as described
previously [15]. Urine albumin concentration was measured
by a time-resolved ﬂuorometric immunoassay (Feng Hua
Bioengineering Corporation, Guangzhou, China). Urinary
8-hydroxy-deoxyguanosine (8-OhdG) and HAVCR1 concentrations were measured by enzyme-linked immunosorbent assay (ELISA) kits purchased from Japan Institute for
the Control of Aging (Shizuoka, Japan) and Cosmo Bio
(Tokyo, Japan), respectively. Plasma insulin level was
measured using an ELISA kit (Linco Research, St. Charles,
Missouri, USA). Plasma and urine creatinine and urea
concentrations were assayed with an automatic biochemistry
analyzer (Olympus, Tokyo, Japan). Creatinine clearance was
calculated as an index of glomerular ﬁltration rate (GFR).
2.3. Kidney Cytoplasmic Lysate and Homogenate Analysis. In
week 24, all the animals were killed, renal cortices were
rinsed and weighed, and the cytoplasmic fractions were prepared as previously described [16]. TGF-β1 was quantiﬁed
using the Quantikine Rat TGF-β1 immunoassay kit (R&D
Systems, Minneapolis, MN, USA) according to the manufacturer’s instructions.
2.4. Cell Culture and Treatments. Primary renal proximal
tubule epithelial cells were obtained from ScienCell (Carlsbad,
CA, USA) and were grown as suggested by the manufacturer.
To mimic the diabetic kidney disease, the cells were exposed
to 0, 25, 50, and 50 μg/mL nonglycated control bovine serum
albumin (Co-BSA) or AGE-BSA (BioVision, Mountain View,
CA, USA) for 24 h. To mimic the pathological process of oxidative stress-induced kidney disease clinically, the cells were
exposed to 0, 0.3, 0.3, and 0.4 mM H2O2 for 24 h. To study
the action of klotho in vitro, the primary tubule epithelial cells
were infected with an adenovirus encoding the klotho gene
virus [17] (3.2 × 107 pfu) (provided by GeneChem, Shanghai,
China) for 24 h before exposure to AGE-BSA or H2O2, and
then, the cell samples and culture supernatant were collected
for the following experiment.
2.5. Determination of Renal Oxidative and Antioxidative
Stress Biomarkers. The activity of SOD (U/gram tissue) and
GPX (nmol/min/gram tissue) was determined by an ELISA
reader (Absorbance Microplate Reader ELx 800 TM
BioTek®, USA) using the commercially available kits (Cayman
Chemical Company, Ann Arbor, MI, USA). MDA (Cayman
Chemical Company) and total ROS (eBioscience, San Diego,
CA, USA) were also measured according to the manufacturer’s instructions.
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Table 1: Eﬀects of sulodexide on body weight, food intake, blood glucose, HbA1c, and plasma insulin in nondiabetic and diabetic rats
in week 24.
Group
Body weight (g)
Food intake (g/day)
Blood glucose (mg/dL)
HbA1c (%)
Insulin (ng/dL)

CON

SDX

DKD

588 ± 30
27.4 ± 1.8
109 ± 4.85
4.41 ± 0.15
1.83 ± 0.13

575 ± 33
26.9 ± 1.9
102 ± 4.77
4.58 ± 0.19
1.79 ± 0.15

229 ± 14
47.5 ± 3.2###
483 ± 3.98###
12.89 ± 0.59###
0.29 ± 0.06###
###

DKD + 12SDX

DKD + 24SDX

230 ± 14
46.2 ± 3.5
462 ± 6.14
11.56 ± 0.92
0.35 ± 0.07

225 ± 12
46.9 ± 2.9
479 ± 6.89
12.76 ± 0.85
0.33 ± 0.06

Data are expressed as mean ± SEM. ###p < 0 001 as compared with CON. CON = nondiabetic control; DKD = diabetic kidney disease control; 12SDX = treated
with 10 mg/kg/day sulodexide from week 13 to 24; 24SDX = treated with 10 mg/kg/day sulodexide from week 0 to 24.

2.6. Histological Analysis. For histological study, kidneys
were ﬁxed with 4% paraformaldehyde and embedded in
JB-4. 1.5 μm thick sections were stained by Masson’s trichrome. Brieﬂy, the fraction of the renal cortex occupied
by interstitial tissue (INT%) was quantitatively evaluated
in Masson-stained sections using a point-counting technique under a 176-point grid [15, 18]. Photomicrographs
were captured using a Carl Zeiss Axioskop2 plus microscope (Carl Zeiss, Göttingen, Germany) and a digital camera
(AxioCam HRC, Carl Zeiss, Göttingen, Germany) with the
ﬁnal magniﬁcation at 200x. From each tissue, 30 tubular
ﬁelds (5 sections) were counted in a blinded fashion by
two independent investigators.
2.7. Western Blot Assay. Kidney tissues were homogenized
with RIPA buﬀer and protease inhibitors. 50 micrograms of
total protein was loaded in a stacking polyacrylamide gel
and resolved on a polyacrylamide gel with biotinylated
molecular weight standard markers. The samples were then
transferred to a 0.2-micron nitrocellulose membrane. After
blocking for 1 h, the blots were incubated overnight at 4°C
with rabbit antibodies raised against cleaved-caspase-3 (Cell
Signaling Technology, Beverly, MA, USA), rabbit antiklotho antibody (Abcam), and mouse anti-α-SMA (Abcam).
After washing, the membranes were probed with secondary
goat anti-mouse IgG-HRP or goat anti-rabbit IgG-HRPlinked antibody (Santa Cruz Biotechnology, Santa Cruz,
CA, USA) for 1 hour at room temperature. The bands were
detected using an enhanced chemiluminescence (ECL)
solution (Amersham Biosciences, Uppsala, Sweden) and
followed by exposure to X-ray ﬁlm. The optical density for
quantiﬁcation was determined using Bandscan 4.0 software
(Glyko, USA).
2.8. Real-Time PCR. Total RNA was extracted from isolated
renocortical tissues using TRIzol reagent (Invitrogen,
Carlsbad, CA, USA) and treated with RNase-free DNase
(Invitrogen, Carlsbad, CA, USA). First-strand complementary DNA (cDNA) was generated with random primers by
reverse transcriptase (TaKaRa, Otsu, Japan). The PCR reaction was carried out using a SYBR Green master mix kit
and the ABI Prism 7900HT Sequence Detection System
(Applied Biosystems, Foster City, CA, USA). All reactions
were conducted in triplicate as described previously [17].
The obtained value was adjusted with a control gene (β-actin)
and expressed as a percentage of the value in normal control

extracts. The sequences of the primers were as follows (forward and reverse, resp.): 5′-CGT GAA TGA GGC TCT GAA
AGC-3′ and 5′-GAG CGG TCA CTA AGC GAA TAC G-3′
(klotho) and 5′CGTGAAAAGATGACCCAGATCA-3′ and
5′-TGGTACGACCAGAGGCATACAG-3′ (β-actin).
2.9. Statistical Analysis. Data are presented as the mean ±
standard error of the mean (SEM), and a one-way analysis
of variance with Duncan’s post hoc test was used. Data
were considered statistically signiﬁcant if p < 0 05. Statistical
analysis was performed using SPSS 12.0 software.

3. Results
3.1. SDX Reduced the Urinary Albumin and Protein Excretion
in Diabetic Rats. Food intake, fasting blood glucose, and
HbA1c levels were signiﬁcantly higher, whereas body weight
and plasma insulin levels were markedly lower in diabetic
rats compared with nondiabetic animals. SDX treatment
did not signiﬁcantly attenuate the changes (Table 1). Diabetic
rats exhibited increased urinary albumin and protein excretion, high serum creatinine, and blood urea nitrogen levels;
enhanced albumin/creatinine and kidney/body weight ratios;
and decreased creatinine clearance at week(s) 12 and/or 24.
24-week treatment with SDX, but not 12-week treatment
(from week 13 to 24), signiﬁcantly reduced the albuminuria, proteinuria, and albumin/creatinine ratio at both time
points (Table 2).
3.2. SDX Oﬀered Antioxidative and Antiaging Eﬀects on the
Kidney of Diabetic Rats. Firstly, we found that the SOD and
GPx levels were signiﬁcantly lower in the renal cortex of the
untreated diabetic group than in the renal cortex of the
normal control group. However, treatment with SDX for 24
weeks signiﬁcantly increased the antioxidant levels in
diabetic rats (Figures 1(a) and 1(b)). Accordingly, the ROS
and MDA levels were found to increase in the renal cortex
of diabetic rodents. The levels of oxidative stress markers
were notably reduced by 24-week SDX administration
(Figures 1(c) and 1(d)). Also, we found that DM induced a
marked decrease in renocortical protein and mRNA expression of klotho in DM rats. Either protein or mRNA level of
klotho was augmented by 24-week treatment with SDX
(Figures 1(e) and 1(f)). However, these actions were not
found when treated from week 13 to 24.
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Table 2: Eﬀects of sulodexide on renal functions in nondiabetic and diabetic rats.
Week

CON

SDX

DKD

DKD + 12SDX

DKD + 24SDX

12
24

0.47 ± 0.05
0.55 ± 0.06

0.44 ± 0.04
0.56 ± 0.05

0.95 ± 0.11##
1.35 ± 0.18###

1.01 ± 0.10
1.09 ± 0.10

12

27.1 ± 3.0

26.2 ± 3.6

54.3 ± 5.9##

55.2 ± 4.9

0.82 ± 0.11
0.94 ± 0.10
32.7 ± 4.2∗

24

33.6 ± 3.4

31.3 ± 3.4

63.8 ± 6.7##

59.8 ± 5.9

12

245 ± 24

261 ± 26

954 ± 119

938 ± 88

44.4 ± 4.4
518 ± 64∗∗

24

256 ± 22

245 ± 20

1344 ± 149###

1288 ± 134

788 ± 84∗∗

12

12.5 ± 1.4

11.8 ± 1.3

21.9 ± 2.1##

20.5 ± 1.9

13.7 ± 1.4∗

24

13.0 ± 1.7

13.4 ± 1.8

26.4 ± 2.3##

26.1 ± 2.7

16.0 ± 1.8∗

12

15.3 ± 1.4

16.2 ± 1.5

64.7 ± 6.9

###

65.7 ± 6.8

41.8 ± 5.0∗

24

19.5 ± 3.0

19.4 ± 2.6

84.1 ± 8.6###

80.8 ± 7.8

52.6 ± 5.3∗

12
24
24

1.65 ± 0.14
1.46 ± 0.11
4.86 ± 0.57

1.58 ± 0.14
1.49 ± 0.15
4.44 ± 0.58

0.99 ± 0.11
0.73 ± 0.09##
8.58 ± 0.75#

0.91 ± 0.09
0.72 ± 0.11
8.82 ± 0.81

1.34 ± 0.14
1.21 ± 0.14
7.82 ± 0.74

Serum creatinine (mg/dL)
Blood urea nitrogen (mg/dL)
Urinary albumin (μg)
Urinary protein (mg)
Albumin (μg)/creatinine (mg)
Creatinine clearance (mL/min)
Kidney/body weight × 1000

###

#

Data are expressed as mean ± SEM. #p < 0 05, ##p < 0 01, and ###p < 0 001 as compared with CON; ∗ p < 0 05 and ∗∗ p < 0 01 as compared with DKD.
CON = nondiabetic control; DKD = diabetic kidney disease control; 12SDX = treated with 10 mg/kg/day sulodexide from week 13 to 24; 24SDX = treated
with 10 mg/kg/day sulodexide from week 0 to 24.
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Figure 1: Eﬀects of SDX on oxidative stress biomarker and klotho expression in the kidney of nondiabetic and diabetic rats. (a–d) Bar graphs
show the changes of SOD (a), GPx (b), ROS (c), and MDA (d) levels in the renal cortex of each group. (e, f) Protein and mRNA levels of klotho
are analyzed by Western blot and real-time PCR in the rat renal cortex. Data are expressed as fold of control. CON = vehicle-treated
nondiabetic group; SDX = treated with 10 mg/kg/day sulodexide. #p < 0 05, ##p < 0 01, and ###p < 0 001 versus CON. ∗ p < 0 05 versus
vehicle-treated diabetic control (DM).
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Figure 2: Eﬀect of SDX on cellular apoptosis and interstitial ﬁbrosis in the kidney of nondiabetic and diabetic rats. (a) The protein levels of
cleaved caspase-3, α-SMA, and tubulin are analyzed by Western blot in the renal cortex of rats. (b, c) Densitometry is performed for
quantiﬁcation, and the ratio of cleaved caspase-3 or α-SMA to tubulin is expressed as fold of control. (d) TGF-β1 level is assayed in renal
cortex lysates. (e) Bar graph shows the fraction of the renal cortex occupied by interstitial tissue (INT%). CON = vehicle-treated
nondiabetic group; SDX = treated with 10 mg/kg/day sulodexide. #p < 0 05, ##p < 0 01, and ###p < 0 001 versus CON. ∗ p < 0 05 and
∗∗
p < 0 01 versus vehicle-treated diabetic control (DM).

3.3. SDX Attenuated Cellular Apoptosis and Interstitial
Fibrosis in the Kidney of Diabetic Rats. In our study, an
elevated cleaved caspase-3 protein level, as determined
by Western blot analysis, was noted in the renal cortex
of the diabetic group indicating increased cellular apoptosis (Figures 2(a) and 2(b)). Interestingly, this protein level
was signiﬁcantly lowered after 24-week treatment with
SDX. To evaluate the interstitial ﬁbrosis, the expression
of α-SMA and the fraction of the renal cortex occupied
by interstitial tissue were measured by Western blot and
Masson staining, respectively. As shown in Figures 2(a),
2(c), and 2(e), α-SMA protein level and INT% were
higher in the DM group than in the control group, which
could be markedly attenuated by SDX treatment for 24
weeks. Also, the similar pattern was obtained when assessing the renocortical TGF-β1 protein level, which had
been reported to link epithelial-mesenchymal transition
(EMT) and interstitial ﬁbrosis (Figure 2(d)). And the
renoprotection was also not observed when treated from
week 13 to 24.
3.4. SDX Reduced Urinary 8-OHdG and HAVCR1 Excretions
in Diabetic Rats. Urinary 8-OHdG and HAVCR1 excretions
were remarkably higher in diabetic rats than in controls
(Figures 3(a) and 3(b)). However, the increased urinary 8OHdG and HAVCR1 levels were signiﬁcantly suppressed
by 24-week SDX administration, but not by 12-week administration at the late stage of DKD.
3.5. AGE-BSA Triggered PTEC Senescence Partially via
Upregulating Oxidative Stress. Next, we studied the eﬀects
of diﬀerent concentrations of AGE-BSA on oxidative stress

and klotho expression. Exposure of PTECs to AGE-BSA
dose-dependently decreased SOD and GPx levels but
increased ROS level compared with the exposure to 0 μg/mL
AGE-BSA (Figures 4(a), 4(b), and 4(c)). And MDA level also
rose after treatment with 100 μg/mL AGE-BSA (Figure 4(d)).
Furthermore, we found that exposure to AGE-BSA led to a
decrease in the protein or mRNA expression of klotho, in a
dose-dependent manner (Figures 4(e) and 4(f)). These alterations were not observed when exposed to the same concentration of nonglycated control BSA (Co-BSA) (data not
shown). To explore the causal relationship between oxidative
stress activation and cellular senescence, klotho expression
was assessed after exposure of PTECs to hydrogen peroxide
(H2O2). Interestingly, we found that exposure to 0.3 or
0.4 mM H2O2 markedly decreased the protein and mRNA
levels of klotho (Figures 4(g) and 4(h)), suggesting that
AGE-BSA-triggered cellular senescence was at least partially
via activating oxidative stress.
3.6. Klotho Overexpression Protected PTECs from Injury
Induced by AGE-BSA. Next, we further demonstrated the
critical role of klotho on PTEC injury after exposure to
AGE-BSA by upregulating klotho expression. As expected,
transfection with klotho plasmid successfully increased
klotho expression as assessed by Western blot and real-time
PCR (Figures 5(a) and 5(c)). Exposure to AGE-BSA signiﬁcantly increased cellular apoptosis (p < 0 01, Figures 5(b)
and 5(d)) and inhibited cell viability (p < 0 05, Figure 5(e)),
characterized by an elevated cleaved caspase-3 protein level
and reduced absorbance in the MTT assay, respectively. Also,
AGE-BSA treatment enhanced the cellular HAVCR1
secretion (p < 0 001, Figure 5(f)). However, after klotho
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Figure 3: Eﬀect of SDX on 8-OHdG and HAVCR1 excretions in nondiabetic and diabetic rats. (a, b) Bar graphs show the changes of 8-OHdG
and HAVCR1 excretions in each group. Data are expressed as mean ± SEM. CON = vehicle-treated nondiabetic group; SDX = treated with
10 mg/kg/day sulodexide. ###p < 0 001 versus CON. ∗ p < 0 05 and ∗∗ p < 0 01 versus vehicle-treated diabetic control (DM).

transfection, such eﬀects were markedly attenuated in cultured PTECs.
3.7. Klotho Overexpression Protected PTECs from Injury
Induced by H2O2. Finally, we studied the potential renoprotection of klotho during the injury induced by H2O2.
PTEC apoptosis assessed by cleaved caspase-3 expression
was elevated, but cellular proliferation characterized by
the MTT assay was reduced after exposure to H2O2 compared with vehicle (Figures 6(a), 6(b), and 6(c), p < 0 001
and p < 0 01, resp.). However, these changes were alleviated in PTECs that overexpressed klotho (p < 0 05). Also,
exposure to H2O2 resulted in an obvious enhancement of
HAVCR1 excretion (Figure 6(d), p < 0 001). As expected,
transfection of PTECs with klotho plasmid attenuated
the HAVCR1 release (p < 0 05).

4. Discussion
Although current ﬁrst-line treatment for DKD is proposed
to inhibit the angiotensin-converting enzyme or block the
angiotensin II receptor, only an approximate 2-year reprieve
from ESRD is gained in type 2 diabetic patients with nephropathy [19, 20]. Since 1994, SDX and glycosaminoglycans
(GAGs) have long believed to reduce urinary proteins and
arrest DKD progression based on the clinical study of Solini
et al. [21]. After that, with small patients and short duration,
quite a few pilot studies indicate favourable results of SDX
and GAGs on both micro- and macroalbuminuria in DKD
[22]. In agreement with the previous reports, a multicenter
international trial also proved the hypoalbuminuric eﬀect of
SDX, which was not even hindered by the usage of the
angiotensin-converting enzyme inhibitor (ACEI), in the
Diabetic Nephropathy and Albuminuria Sulodexide (DiNAS)
Study published in 2002 [23]. However, in 2012, the Collaborative Study Group (CSG) demonstrated that sulodexide
failed to oﬀer renoprotection in DKD in 2 placebocontrolled double-blinded sulodexide trials with more patient
numbers (micro- and macroalbuminuria, Sun-MICRO and

MACRO) [24]. Could we sentence SDX for DKD to “another
one bites the dust” as suggested by the editorial [12]? Is there
any diﬀerence between Sun-MICRO/MACRO protocol and
previous clinical studies, and what inﬂuences the diﬀerence?
All of these await further investigation.
One of the striking diﬀerences is that the patients
enrolled in the Sun-MICRO/MACRO study have severer
nephropathy at baseline than those enrolled in previous
reports, since the patients recruited in the GSG trial were
most with chronic kidney disease (CKD) 3-4 even after the
use of ACEI or ARBs [12, 25], while the subjects in DiNAS
were mainly with CKD 2 [24]. It is also indicated that SDX’s
renoprotection only occurs at the early stage of CKD [26].
So, in this study, we diﬀerentiate SDX’s action in the early
stage of DKD from the late stage of DKD in experimental
rat models. Interestingly, early-12-week treatment with
SDX oﬀered hypoalbuminuric, hypoproteinuric, and urea
nitrogen-decreasing eﬀects, but nonrenoprotection was
observed when giving the agent in the onset phase of obvious proteinuria. Accompanying a decrease in urinary protein excretion, an alleviation of tubular cell apoptosis and
the prevention of EMT and tubulointerstitial ﬁbrosis were
also noted post early-12-week SDX treatment, suggesting
that SDX delays the disease progression at the early stage
of DKD but not at the late stage of DKD. On the other
hand, it also hints that TECs should be focused when
exploring the action of SDX, not only with an eye on glomerular cells (e.g., endothelial cell). Then, what is the
mechanism underlying SDX’s protection for TEC? It is
reported that SDX reduces senescence-related cellular
injury [13]. Notably, the expression of the antiaging gene
klotho is reduced in the onset of DKD, which exacerbates
the early nephropathy [5, 27]. Also, the soluble klotho is
decreased only in early-stage CKD since it would increase
thereafter [28], indicating that klotho deﬁciency mainly
results in the tubular alteration at the early stage of DKD.
Indeed, we found that the expression of tubular klotho
was decreased and upregulating klotho was one of the most
important mechanisms underlying SDX’s function only at
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GPx (b), ROS (c), and MDA (d) levels in PTECs after exposure to 0, 25, 50, or 100 μg/mL AGE-BSA. (e, f) Protein and mRNA levels of klotho
are measured by Western blot and real-time PCR in cultured PTECs after exposure to diﬀerent concentrations of AGE-BSA. (g, h) Protein
and mRNA levels of klotho are assessed by Western blot and real-time PCR in cultured PTECs after exposure to 0, 0.2, 0.3, or 0.4 mM
H2O2. Data are expressed as fold of control. ∗ p < 0 05 and ∗∗ p < 0 01 versus 0 μg/mL AGE-BSA.

Cleaved
caspase-3

Tubulin

Tubulin

0.4
0.2

(c)

⁎

10
5

AGE-BSA + KL

CON

(f)

(e)

(d)

AGE-BSA

0

0.0

CON

KL

0

#

KL

1

0.6

###

15

AGE-BSA + KL

0

⁎

⁎

AGE-BSA

1

2

0.8

KL

Relative ratio
of cleaved caspase-3

2

20

1.0

##

HAVCR1 (ng/mL)

3

##

3

(b)

Absorbance at 570 nm

4

CON

Relative ratio of klotho mRNA

(a)

KL

CON

KL

CON

Klotho

AGE-BSA + KL

Journal of Diabetes Research

AGE-BSA

8

Figure 5: Eﬀect of klotho overexpression on PTEC injury induced by AGE-BSA. (a, c) Protein and mRNA expression of klotho in PTECs
after transfection with klotho plasmid (KL) or the control vector (CON). (b, d) The protein levels of cleaved caspase-3 and tubulin are
analyzed by Western blot in PTECs exposed to 100 μg/mL AGE-BSA or vehicle after transfection with either KL plasmid or empty vector
control. Densitometry is performed for quantiﬁcation, and the ratio of cleaved caspase-3 to tubulin is expressed as fold of control. (e) Cell
viability was assessed by the MTT assay as described in (b). (f) Bar graphs show the HAVCR1 excretions as described in (b). #p < 0 05,
##
p < 0 01, and ###p < 0 001 versus CON. ∗ p < 0 05 versus AGE-BSA.
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Figure 6: Eﬀect of klotho overexpression on PTEC injury induced by H2O2. (a) The protein levels of cleaved caspase-3 and tubulin are
analyzed by Western blot in PTECs after exposure to 0.3 mM H2O2. (b) Densitometry is performed for quantiﬁcation, and the ratio of
cleaved caspase-3 to tubulin is expressed as fold of control. (c, d) Bar graphs show the changes of cell proliferation, characterized by the
MTT assay, and HAVCR1 excretions in PTECs after exposure to H2O2. CON = transfected with the control vector; KL = transfected with
klotho plasmid. ##p < 0 01 and ###p < 0 001 versus CON. ∗ p < 0 05 versus KL.

the early stage of DKD. In addition, our data suggested that
the oxidative stress had close relationship with and even
accounted for the tubular downregulation of klotho
in vivo and in vitro, respectively. However, the alteration

of klotho expression was likely inﬂuenced mainly by oxidative stress in the onset of DKD since its causality was not
observed at the late stage of DKD. More interestingly, in
addition to attenuating the TEC injury induced by AGE-
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BSA, klotho overexpression increased the cellular resistance
to H2O2 insult, indicating that klotho’s renoprotection was
partially through antioxidative action which agreed with
previous studies [29].
In addition, the patients enrolled in the Sun-MICRO/
MACRO study have already received maximal ACEI or
ARBs [24], which diﬀers from previous trials. Although a
further hypoalbuminuric eﬀect has been noted after adding
SDX therapy to ACEI in a subgroup in DiNAS [23], as well
as another GAG, enoxaparin cannot counter the renal hemodynamic changes including an increase in mean arterial pressure and a decrease in renal plasma ﬂow post angiotensin II
(AngII) infusion in DKD patients [30], suggesting the SDX
activity is partially independent of the ACEI/ARB eﬀects;
whether SDX and ACEI/ARB have totally diﬀerent pharmacological targets on hypoalbuminuria remains unclear.
Actually, the klotho gene is ﬁrst identiﬁed during the study
on spontaneous hypertension, and klotho deﬁciency has
close relationship with hypertension [31]. Importantly, ameliorating the klotho downregulation is one of the important
mechanisms for ACEI/ARB to retard the progression of
DKD [32, 33]. Furthermore, the antioxidative stress eﬀects
should be also considered when discussing the renoprotection
of ACEI/ARB in patients with DKD [34]. All of these pharmacological targets of ACEI/ARB treatment were addressed by
SDX therapy in our study, indicating that SDX and ACEI/
ARB regulate, at least partially, some mutual pathways to
treat DKD, which should be noted when demonstrating
nonrenoprotection of SDX in the GSG study.
In conclusion, we note that SDX oﬀers renoprotection at
the early stage of DKD rather than at the late stage of DKD.
The observed activity of SDX is probably attributable to
upregulation of klotho expression, which could further
increase the TEC response to oxidative stress in DKD. Therefore, the diﬀerent populations of DKD patients and the
addressed targets of pharmacological action should be
considered when exploring the clinical interest of SDX.
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Diabetic nephropathy (DN) together with glomerular hyperﬁltration has been implicated in the development of diabetic
microangiopathy in the initial stage of diabetic diseases. Increased amounts of urinary protein in DN may be associated with
functional and morphological alterations of podocyte, mainly including podocyte hypertrophy, epithelial-mesenchymal
transdiﬀerentiation (EMT), podocyte detachment, and podocyte apoptosis. Accumulating studies have revealed that disruption
in multiple renal signaling pathways had been critical in the progression of these pathological damages, such as adenosine
monophosphate-activated kinase signaling pathways (AMPK), wnt/β-catenin signaling pathways, endoplasmic reticulum stressrelated signaling pathways, mammalian target of rapamycin (mTOR)/autophagy pathway, and Rho GTPases. In this review, we
highlight new molecular insights underlying podocyte injury in the progression of DN, which oﬀer new therapeutic targets to
develop important renoprotective treatments for DN over the next decade.

1. Introduction

2. Proteinuria and Podocyte Injury in DN

Diabetic nephropathy (DN), as the primary cause of endstage renal failure, is one of the most serious complications in diabetic patients, which develops in up to 30%–
40% of patients with types 1 or 2 diabetes mellitus [1].
An early sign of DN is an increased amount of urinary
protein and characterized by mesangial nodular hyperplasia and thickening of the glomerular basement membrane
(GBM). Microalbuminuria plays an important role in the
change of the GBM. Additionally, a detailed renal biopsy
data analysis regarding diabetics showed that diabetic
kidney damage would include visceral epithelial cells and
sertoli cell dysfunction [2, 3]. Although some researches
demonstrated that podocyte injury had association with
the development of DN [4], the mechanisms underlying
this association are still not entirely understood and need
to be further investigated.

Glomerular epithelial cells, also called podocytes, are highly
specialized cells, which are composed of cytoskeletal structure, joint connection, and branching foot processes circling
the GBM. Podocytes, as terminal diﬀerentiation cells, are
important functional cells in the glomerulus and can not
regenerate when they suﬀer from injury. Their damage and
apoptosis could result in the destruction of the glomerular ﬁltration membrane and induce unfavorable factors in DN [5].
Foot processes are consisted of basal aspects, basolateral
region and parietal region, which ﬁrmly adhere to the GBM
through podoplanin protein. The basolateral region was
found interdigitating with the neighboring basolateral region
by slit diaphragm (SD) [6]. Furthermore, transmembrane
proteins connect adapter proteins with actin cytoskeleton to
maintain ﬁltration barrier structure and function. In the
podocyte parietal region, salivary proteins are used to
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maintain a ﬁltration way among adjacent foot processes in
the GBM through suﬃcient negatively charging [7]. Podocytes play an important role in pathological mechanisms
underlying DN. Imasawa et al. [8] declared that structure
and function in podocyte molecules transformed in highglucose conditions, which resulted from suppression of
myocyte-speciﬁc enhancer factor 2C (MEF2C) and myogenic
factor 5 (MYF5) expressions through using a conditionally
diﬀerentiating human podocyte cell line.

3. Pathomechanism of Podocyte Injury
3.1. Podocyte Hypertrophy. Although the pathophysiology of
podocyte hypertrophy in the initial stage of DN is still ambiguous, animal and human studies have established that glomerular podocyte hypertrophy was associated with the
development of DN [9, 10]. Previous researches indicated
that MAPK, TGF-β, and AngII had diﬀerent eﬀects on
mesangial matrices and cells, leading to glomerular hypertrophy in the progress of DN. However, elaborate mechanisms
underlying podocyte hypertrophy were less reported [11].
Romero et al. [12] concluded that AngII increased expressions of parathyroid hormone-related protein (PTHrP),
TGF-β1, and cell cycle regulatory protein-p27Kip, which
promoted the aggravation of podocyte hypertrophy in high
glucose. The mammalian target of rapamycin (mTOR) signaling mainly consisted of mTORC1 and mTORC2. Several
studies suggested that mTORC1 was closely associated with
the activation of podocyte hypertrophy which was induced
by high glucose [13]. In the early stage of diabetes, it was
obviously found that high ﬁltration of glomerular is accompanied with podocyte hypertrophy. In general, mature podocytes had to expand the size of themselves in order to
compensate for glomerular dilation, which contributed to
cover the denuded region of the GBM, because they were
terminal-diﬀerentiated cells, which no longer are proliferated
[14, 15]. Jo et al. [16] declared that interleukin 6 (IL-6) and its
downstream cascade signaling proteins, such as Gp130 signal
transducer and activator of transcription 3 (STAT3) signal
transducer, were key regulators related to podocyte hypertrophy in a high-glucose environment. In general, hyperglycemia induced the overexpression of nuclear STAT3 via the
activation of upstream signal transduction element Gp130,
which is eventually leading to podocyte hypertrophy. Kim
et al. [17] found that TCTP, as a mediating signal of cell
growth, was overexpressed with high percentage in the glomeruli of diabetic mice and gave rise to podocyte hypertrophy. Fluorescent double-labeling method indicated that
TCTP was mainly observed in podocytes. Studies showed
that TCTP could activate the mTORC1 signal pathway and
promote high expression of CKIs, which caused podocyte
cycle arrest and hypertrophy. On the contrary, overexpression of mTORC1 and CKIs could be inhibited by gene
knockout of TCTP, to make the podocyte bodies smaller.
Meanwhile, in vitro experiments indicated that TCTP inhibitor could downregulate the expression of CKIs, ameliorating
podocyte hypertrophy caused by high glucose. Kim et al. [18]
showed that AngII could also upregulate protein expressions
of kinases ERK1/2 and Akt/PKB, which contributed to
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podocyte hypertrophy. Hence, it has been shown that all
ERK1/2, Akt/PKB, IL-6/JAK2/STAT3, and mTOR signalpathway activities had important roles in podocyte hypertrophy (Figure 1).
3.2. Podocyte Epithelial-Mesenchymal Transition. Previous
studies have shown a connection between podocyte apoptosis and proteinuria. However, more and more studies have
demonstrated that normal epithelial cells showed phenotype
conversion of a variety of nephropathies [19]. Cells lost their
original features when the pathological process of EMT
occurred, which induced disappeared cell contact, damaged
cell polarity, and recaptured characteristics of the mesenchymal markers, such as vimentin, α-smooth muscle actin
(α-SMA), and ﬁbroblast-speciﬁc protein 1 (FSP1). FSP1 is
one of the important members of calcium-binding protein
S100 family and also a ﬁbroblast-speciﬁc protein without
epithelial cells [20]. Many studies showed that renal tubular
epithelial cells and podocytes were activated after acute (48–
72 h) exposure of cells to elevated glucose levels or other
stimulations of diabetes, which resulted in less protein
expressions of E-cadherin and ZO-1. Conversely, expressions
of transdiﬀerentiation proteins, such as α-SMA and vimentin,
were immediately increased after these stimulation [21–23].
In the initial stage of STZ-induced diabetes, morphology of
podocytes were damaged, accompanied with increased
expression of the podocyte marker, nephrin protein, and a fall
in the mesenchymal marker, desmin protein [24]. Yamaguchi
et al. [25] found that FSP1-positive cells were signiﬁcantly
increased in urinary sediment and approximately attached
to 86 percent of total podocytes in 109 type 2 diabetes
patients. 43 of these patients with massive proteinuria in this
study experienced kidney biopsy. The FSP1 positive cells
selectively expressed Snail and ILK preferentially, which
played pivotal roles in inducing EMT. Xing et al. [26] demonstrated that podocyte incubated in elevated glucose levels for
48 h could trigger activation of the PI3K/AKT pathway and
elevate protein expressions of α-SMA and desmin. Whereas,
protein expressions of podocalyxin and nephrin were
suppressed. Functionally, it is apparently speculated that
podocyte EMT may be tightly related to the PI3K/AKT signal
pathway. Li et al. [27] found that the elevated glucose level
upregulated protein expression of Snail and suppressed
protein expressions of P-cadherin and nephrin in vitro.
The change above decreased podocyte-related proteins of
nephrin and ZO-1, elevated expressions of desmin, MMP9,
and FSP1 in sequence. As shown in Figure 2, podocyte
EMT widely participated in the early stage of podocyte
deletion in diabetes mellitus via leading to podocyte detachment or podocyte apoptosis [28].
3.3. Podocyte Detachment. Podocytes and the glomerular
basement membrane (GBM) are closely connected and then
prevent the excretion of proteinuria via sustaining the glomerular ﬁltration barrier. Researches showed that not only
dead podocytes but also normal podocytes were found in
the urinary sediment of patients with kidney disease.
Furthermore, it had been concluded that podocytes could
be cultured from urine of a healthy person [22]. One study
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Figure 1: Podocyte hypertrophy. In elevated glucose levels, AngII could elevate protein expressions of kinases ERK1/2 and Akt/PKB through
ROS, trigger activation of p27Kip1 via TGF-β1 signal pathway, or upregulate protein expression of CKIs by activating mTORC1, which
eventually resulted in glomerular podocyte hypertrophy. Additionally, high glucose also induced podocyte hypertrophy via activation of
the IL-6/Gp130-JAK/STAT3 signal pathway.
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Figure 2: Podocyte EMT. In elevated glucose levels, the TGF-β1/Smad signal pathway resulted in increased protein expression of Snail in
cultured podocytes, which induced podocyte EMT. Additionally, AngII promoted translocation of β-catenin/LEF-1 complexes into the
nucleus through the enhancement of ILK in transitioning epithelia, where they downregulated CD2AP expression via promoting EMT
transcription in podocytes.
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Figure 3: Podocyte detachment. Some podocytes became hypertrophic and stripped from the basement membrane in sequence, while the
others tightly combined with basement membrane at the same stage of DN, which seems to be more related to podocyte EMT.

displayed that urinary podocyte might be used as an earlier
biomarker of DN than proteinuria albuminuria in respect
of renal injury [29]. It was generally known that integrin
α3β1 was an important receptor which could tightly connect
podocyte with the GBM [30]. Jim et al. [31] drew a conclusion that the expressions of podocyte marker proteins in
the diabetic kidney, such as synaptopodin, podocin, and
nephrin, were signiﬁcantly decreased, which could result in
podocyte cytoskeleton disorder, damaged suﬃcient adhesion, and separation between podocyte and the basement
membrane. Hyperglycemia could downregulate expression
of integrin α3β1 in both human and rat, as well as trigger
activation of integrin-linked kinase (ILK). In addition, recent
researches suggested that α3β1 participated in the adhesion
function of podocyte [32, 33]. Experimental researches on
animals displayed that podocytes could break away from
the glomerulus basement membrane in an artiﬁcial diabetic
rat induced by streptozotocin (STZ) [34]. It was also suggested that both podocyte detachment and podocyte early
changed in DN. However, whether podocyte detachment or
podocyte hypertrophy appeared earlier was still diﬃcult to
distinguish [35]. It was obviously found that podocyte loss
contributed to the development of DN. In the progression
of disease, we found that in the same stage of DN, some
podocytes became hypertrophy and detached from the basement membrane. Whereas, the others tightly combined with
the basement membrane [36] (Figure 3).
3.4. Podocyte Apoptosis. Apoptosis pathway is involved in
cellular growth and diﬀerentiation in many diseases, such
as DN and IgA nephropathy. There are some evidences that
podocyte apoptosis played a role in reduction in density and
number of glomerular. Susztak et al. [37] found that mitochondria could activate nicotinamide adenine dinucleotide

phosphate (NADPH) oxidase and reactive oxygen species
(ROS) in high glucose, improve the expressions of p38
protein kinase and caspase 3 at the same time, then led to
podocyte apoptosis, and produced much proteinuria. Glycosylation end products activated transcription factor FOXO4,
which also induced podocyte apoptosis via p38 protein kinase
signaling pathways [38]. In addition, the cytochrome P450
family raised hydroxyl and reduced coenzyme II twenty-four
carbon oleﬁne acid oxidase in high glucose, which increased
the active oxygen class produces and prompting podocyte
apoptosis [39]. Notch1 signal-dependent activation of p53 is
a new podocyte apoptosis pathway [40]. A recent study found
that podocyte apoptosis was closely related to the expression
level of Notch, which then induced proteinuria and glomerular sclerosis. The activation of Notch signaling pathway may
be included in DN all-acquired common mechanism of
kidney disease [41]. Experiment with STZ-induced diabetes
mouse displayed that the expressions of Jag, Notch, and
ICN1 were increased immediately and the downstream component, such as Hes1 and Hey1, were activated. It is also
shown that the expressions of Bcl-2 and p53 were provoked,
and the process eventually induced podocyte apoptosis [42].
Under normal circumstances, apoptosis-promoting and antiapoptosis signaling pathways coexisted in a same condition
which maintained dynamic balance and guaranteed the stability environment. In general, phosphatidylinositol-3 kinase/
protein kinase in podocyte plays a crucial role in inhibition
of podocyte apoptosis signaling pathways. The experiment
also suggested that protein kinase phosphorylation reduced
in db/db mice, which may be an important inducement for
podocyte apoptosis [43]. Liu et al. [44] found that podocyte
apoptosis was associated with the disorder of cytoskeleton.
Nestin is a VI intermediate ﬁlament protein related cell cytoskeleton which expressed in podocyte. The protein expression
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Figure 4: Podocyte detachment. In elevated glucose levels, TGF-β provoked p38 MAPK, Smad signal pathway and NADPH, and cytp450 to
increase the protein expressions of Bax, cytochrome C, and caspase-3, which resulted from overproduction of ROS. All of the above processes
could result in podocyte apoptosis. They also stimulated the Notch/Jag/ICN1 signal pathway, which activated the Bcl-2 and p53 apoptotic
pathways and induced podocyte apoptosis.

of nestin reduced in high glucose, however, podocyte apoptosis rate increased. TGF-β1 could directly activate Smad7,
which inhibit the activity of NF-kB and resulted in podocyte
apoptosis. It also could provoke p38 MAP kinase, enhance
the protein expressions of Bax and produce cytochrome C,
which activated caspase-3 apoptosis pathway in sequence
[45]. Liu et al. [46] demonstrated that metadherin was a potent
modulator of podocyte apoptosis, which represented the target
of miR-30 miRNAs, facilitating podocyte apoptosis via activating the HG-induced p38 MAPK-dependent pathway. Yao
et al. [47] concluded that AS-IV inhibited podocyte apoptosis
induced by high glucose, which reduced the expressions of
TRPC6 and impaired the crosstalk of intracellular Ca2+ in
podocytes. More and more evidences [48] indicated that
AS-IV could protect the kidney from DN, including
reduced podocyte damages and suppressed podocyte apoptosis
through antioxidative stress and anti-inﬂammatory signaling
pathways (Figure 4).

4. Main Signaling Pathways of Podocyte Injury
Mechanism in DN
Many studies [49] suggested that DN podocyte injury was
induced by the association of multiple factors, including
mechanical stress, inﬂammatory reaction, oxidative stress,
TGF-β1 induction, renin angiotensin aldosterone system
(RAAS) activation, and AGEs accumulation. And there are
lots of signaling pathways involved in the regulation mTOR
signaling pathways mediated by autophagy, adenosine

monophosphate-activated kinase (AMPK) signaling pathway, Wnt/β-catenin signaling pathway, and so on.
4.1. Adenosine Monophosphate-Activated Kinase Signaling
Pathways (AMPK) in DN. AMPK is not only a serine protein
kinase [50] playing a vital role in cells and tissues metabolisms of the diabetes progression but also one of the important metabolic emergency protein kinases. AMPK pathway
is an autophagy-related signaling pathway composed of subunit heterologous proteins α, β, and γ, which was activated as
lack of energy in cells [51]. In the activation process, it could
combine calmodulin-dependent kinase β (CaMKK) and
transform-activated kinase 1 (TAK-l). Then, it also eﬀectively
mediated intracellular calcium concentration and triggered
the activation of the AMPK pathway to induce autophagy
[52]. Conversely, AMPK could inhibit mTORCl activity
and induce autophagy through TSCl/2-Rheb signaling
pathways and/or phosphorus acidiﬁcation of raptorrelated regulatory protein [53]. Meanwhile, AMPK also
directly launch the phosphorylation of Ulkl/2 and induction of autophagy [54]. In addition, Sharma et al. [55]
reported that adiponectin attenuated the induction of oxidative stress, reduced the synthesis of NADPH in podocyte, and simultaneously reduced albuminuria excretion
in adiponectin-knockout mouse which could activate the
AMPK pathway.
4.2. Wnt/β-Catenin Signaling Pathways in DN. Wnt protein
is one kind of secreted glycoprotein, containing a signal peptide and 23 or 24 conserved cysteine residues. It was activated
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via binding to ligand proteins and the Frizzled protein family.
Wnts triggered a cascade of downstream reaction protein
including axin, Disheveled, adenomatous polyposis coli
(APC), and glycogen synthase kinase- (GSK-) 3β, which gave
rise to phosphorylation of β-catenin in nuclei [56].
Researches showed that Wnt signaling pathway had eﬀects
on the diﬀerentiation, hyperplasia, maturation, and viability
of cells [57]. It had been declared to be induced in DN, which
played a crucial role in apoptosis and EMT formation of
mesangial cells, podocyte, and tubular cells [58]. However,
Dickkopf-related protein 1 (DKK1) is a secreted protein consisted of two cysteine abundant regions, which could reduce
podocyte injury, decrease albuminuria, and protect the kidney by speciﬁc blocking Wnt/β-catenin signal pathways
[59, 60]. Liu et al. [61] found that curcumin could prevent
glomerular podocyte injury by inhibiting activated Wnt family members and β-catenin downstream eﬀectors in obesityrelated glomerular disease model. Zhang et al. [62, 63]
demonstrated that ubiquitin carboxy-terminal hydrolase-1
(UCH-L1) is abnormally expressed in injury podocytes,
especially in immune-mediated disease. They also proved
that the Wnt/β-catenin signal pathway is promptly activated
in podocyte, coinciding with overexpression of UCH-L1
induced by high glucose meanwhile [64]. Li et al. [65]
announced that podocyte incubated in high glucose underwent injury, which attributed to the upregulation of transient receptor potential cation channel 6 (TRPC6) protein
triggered by the classic Wnt/β-catenin pathway.
4.3. Endoplasmic Reticulum Stress-Related Signaling
Pathways in DN. Recent studies suggested that endoplasmic
reticulum stress was closely relevant to the injury of podocytes, endothelial cells, and mesangial cells in DN. It could
induce glomerular obstacle of podocyte structure and function, participate in a variety of kidney diseases, and also lead
to glomerular sclerosis [66]. Continuous endoplasmic reticulum stress had eﬀects on the function of endoplasmic reticulum and could launch apoptosis signaling pathways
which were mediated by endoplasmic reticulum stress at
the same time and then activated the downstream apoptotic
signaling molecules [67]. In patients with diabetes, hyperglycemia can motivate endoplasmic reticulum stress through a
variety of ways, then cause cellular damage [68]. As important factors of DN, advanced glycation end products
(AGE) could upregulate the protein expressions of glucoseregulated protein 78 (GRP78) and induce endoplasmic reticulum stress depending on its dosage and time, eventually
inducing apoptosis of podocyte [69]. In addition, high glucose and free fatty acids could induce endoplasmic reticulum
stress as well as the occurrence of apoptosis in podocyte of
rats, which could be inhibited via exogenous endoplasmic
reticulum molecular chaperone [70]. Endoplasmic reticulum
stress may aggravate podocyte dysfunction in the early stage
of DN [71]. The relationship between endoplasmic reticulum stress and podocyte injury could be summarized as
follows: both hyperglycemia and AGE could initiate endoplasmic reticulum stress and activate mTORC-1 protein.
Furthermore, continuous injury will contribute to podocyte apoptosis by the caspase-12 pathway, while AGE
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could act on collagen type IV, leading to podocytes loss
or dysfunction [15, 72].
4.4. mTOR Signaling Pathways Mediated by Autophagy in
DN. Studies have shown that intervention in the activity of
the mTOR signaling pathway is likely to aggravate podocyte
injury in DN renal tissue [73]. Activated podocytes in
mTORC1 could result in dislocation of nephrin protein,
ZO-1 (skeleton protein) disorders, and podocyte EMT,
which could eventually lead to podocyte detachment, foot
process fusion and disappearance, and other podocyte injuries in Inoki knockout PcKO Tsc1 mouse. In conclusion,
mTORC1 activity has a key regulatory role in podocyte
injury on the DN model of rats [15]. In addition, many pharmacological studies of mTOR inhibitors have further elucidated the importance of mTOR in mediating DN podocyte
injury from another perspective such as rapamycinprotected podocytes [15, 74]. Recent researches have indicated that autophagy, a protective mechanism of podocyte,
was used to against damage in a variety of pathological factors. On the contrary, autophagy defects not only led to
podocyte injury and proteinuria but also aggravated glomerular sclerosis [54, 75, 76]. Rapamycin, as the mTOR inhibitor, acted on the autophagy pathway and protected the
podocyte [55]. In conclusion, there were two kinds of defense
mechanism that the autophagy/mTOR signal pathway is
using to protect podocytes from further injury. The pathway
of mTORC1 is activated and the protective autophagy is
inhibited when podocyte is in a high-glucose environment.
Speciﬁcally, mTORC1 inhibited the autophagosome by initiating the activity of UNC-51-like kinase 1 (ULK1) [13, 77]. In
addition, rapamycin could upregulate the protein expression
of 1A/1B light chain 3 (LC3) in vitro and improved podocyte
autophagy disorders in sequence [78].
4.5. Rho/ROCK Signaling Pathway in DN. The Rho family is
mainly composed of RhoA, Rac1, and Cdc42. They were the
vital mediators of the actin cytoskeleton protein structure
[79]. RhoA/ROCK pathway was the important process in
the progression of DN and could induce downstream signaling element cell apoptosis, migration, and diﬀerentiation
[80]. Immoderate activities of Rac1, a key element in the
Rho GTPases family, could cause macroalbuminuria quickly
with focal foot process eﬀacement, indicating podocyte apoptosis and slit diaphragm protein expression reductions in
high glucose [81, 82]. Wang et al. [83] found that Drp1 at
serine 600, as a substrate of Rho signal pathway, not only initiated mitochondrial ROS and podocyte apoptosis in high
glucose but also was phosphorylated in ROCK1 knock-out
mouse. RhoA played an important role in glomerular ﬁltration barrier integrity, and its overexpression could damage
the structure and function of the barrier [84, 85]. Phosphatase and tensin homolog (PTEN) could inhibit the activation
of the RhoA/Rac1/Cdc42 signaling pathway, which contributed to reverse the cytoskeletal rebuilding and prevent the
development of DN [86, 87]. Previous studies demonstrated
that Rho-GTPase family elements were probably activated
to induce the downstream cascade reaction when they were
exposed in the environment of diabetics, such as AGEs,
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Figure 5: Signaling pathways underlying podocyte injury in DN. Hyperglycemia induced podocyte injury through the Rho/ROCK1 and
AMPK signal pathways. Part elements of the signal pathway initiated autophagy that protects from podocyte injury through ROS or
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hyperglycemia, oxidized LDL, and ROS [88, 89]. Xie et al.
[90] suggested that Berberine not only inhibited RhoA/
ROCK to improve DN but also regulated Rho GTPases to
reduce oxidative stress.
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5. Conclusion
Podocyte injury is an important factor in DN progression.
Several studies implied that the process of albuminuria development in DN was complicated, which presumably included
four phases in sequence as follows: podocyte hypertrophy,
podocyte EMT, podocyte detachment, and podocyte apoptosis, serving as the warning mark of GFR in DN [91]. More
and more signal pathways which induced podocyte injury
have been discovered [92], such as Wnt/β-catenin signaling
pathways, Rho-GTPase signaling pathways, mTOR signaling
pathways, and endoplasmic reticulum stress-related signaling pathways (Figure 5). People have understood the multiple pathogenesis mechanisms of podocyte injury in DN, but
the complex clinical manifestations of that tell us that there
is still potential knowledge required to study and discuss.
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Diabetic kidney disease (DKD) is the leading cause of end-stage kidney disease, and satisfactory therapeutic strategies have not yet
been established. The Shen-Yan-Fang-Shuai Formula (SYFSF) is a traditional Chinese formula composed of Astragali radix,
Radixangelicae sinensis, Rheum oﬃcinale Baill, and four other herbs. It has been widely used as an eﬀective treatment for DKD
patients in China. However, little is known about the molecular mechanisms underlying SYFSF’s renoprotection. In this study,
we compared the protective eﬀect of SYFSF to irbesartan on the histology and renal cells in type 2 DKD rat model and
high-glucose (HG) cultured mesangial cells, respectively. We found that SYFSF could signiﬁcantly decrease urinary albumin,
cholesterol, and triglyceride. And a decrease in serum creatinine was also found in SYFSF-treated group compared with
irbesartan-treated rats. In addition, SYFSF inhibited the interstitial expansion and glomerulosclerosis in diabetic rats. Notably,
SYFSF markedly downregulated the expression of MCP-1, TGF-β1, collagen IV, and ﬁbronectin in diabetic rat models
and HG-induced mesangial cell models. The renoprotection was closely associated with a reduced expression of TNF-α
and phosphorylated NF-κBp65. Our study suggests that SYFSF may ameliorate diabetic kidney injury. The observed
renoprotection is probably attributable to an inhibition of inﬂammatory response and extracellular matrix (ECM)
accumulation mediated by TNF-α/NF-κBp65 signaling pathway.

1. Introduction
Diabetic kidney disease (DKD) is one of the major microvascular complications of diabetes. It aﬀects around 30% of
diabetic patients, making it a leading cause of end-stage renal
failure (ESRD) in the Western world [1]. Numerous studies
have highlighted the critical role of inﬂammation in the
pathogenesis and progression of DKD [2]. The inﬂammation
is characterized by renal monocyte inﬁltration in kidney
tissue, high expression of proinﬂammatory cytokines, cell
adhesion molecules, and chemokines. The inﬂammation has
a strong relationship with the progression of DKD as indicated
by proteinuria, GFR decline, and interstitial ﬁbrosis [3, 4].
Many studies suggest that anti-inﬂammatory interventions

may slow the progression of diabetic kidney disease. The medicines targeting inﬂammatory molecules such as emapticap
pegol, CCR2 antagonist CCX140-B, and baricitinib are under
exploration, and many questions remain undetermined [5].
The medicine targeting the renin-angiotensin system (RAS)
such as ACEI and ARB is the most validated clinical strategy
for slowing DKD progression. The renoprotective eﬀects of
RAS inhibitors are probably mostly due to their hemodynamic
eﬀects, blood pressure control, and inﬂammation control [6].
However, the side eﬀects of RAS such as dry cough, hypotension, hyperkalemia, angioedema, and reduction in GFR
limit their use [7]. Therefore, the development of new therapeutic agents that prevent and eﬀectively attenuate the DKD
progression is most important.
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Traditional Chinese medicine (TCM) is widely used for
diabetes and its complications in China [8]. Shen-Yan-FangShuai-Formula (SYFSF) is based on the “ZhengJia” theory in
traditional Chinese medicine and is widely used in the clinic.
Its composition includes Astragali radix, Radix angelicae
sinensis, Rheum oﬃcinale Baill, and four other herbs. Cumulative evidence suggests that SYFSF constituents that include
emodin and ﬂavonoids have a beneﬁcial role in slowing the
progressive renal disease [9]. The mechanisms include antiinﬂammation and inhibition of ﬁbrosis. This formula showed
antiﬁbrosis and urinary albumin reduction eﬀects in UUO rat
model in our previous experiment [10]. However, little is
known about the underlying protective mechanisms of SYFSF
on DKD.
Nuclear factor-kappa B (NF-κB) is an ubiquitous and
well-known transcription factor responsible for regulating
the expressions of genes involved in inﬂammatory pathways such as proinﬂammatory cytokines, chemokines, and
adhesion molecules. Tumor necrosis factor-alpha (TNF-α)/
NF-κB signaling has been recognized as one of the key pathways in the development of inﬂammation in many kidney
diseases including DKD. It is well established that TNF-α
activates NF-κB by binding to TNF receptor 1 (TNFR1)
and initiates the transcription of a wide variety of target
genes. Overexpression of transforming growth factor-β1
(TGF-β1) promotes extracellular matrix (ECM) production
and renal ﬁbrosis [11]. In this study, we investigated the
anti-inﬂammatory and renal protective eﬀects of SYFSF on
type 2 DKD rat model.

(n = 47). The DKD model was induced according to an established protocol [13]. In order to induce type 2 diabetic rats,
the DKD model rats were ﬁrst treated with uninephrectomy
to induce hyperﬁltration and hyperperfusion and then developed by high-fat diet (67.5% standard fodder, 20% sucrose,
10% lard oil, and 2.5% cholesterol) for 4 weeks. In addition,
the DKD rats were treated with a single intraperitoneal injection of 1% streptozotocin (30 mg/kg, i.p.), while the normal
control rats received a standard rat chow and an equivalent
dose of citrate buﬀer.
The rats with tail-vein fasting blood glucose > 16 7 mmol/l
measured by One Touch UltraII glucometer (Johnson, USA)
in two consecutive measurements 72 hours after STZ injection
were then randomly divided into 3 subgroups: the DKD group
treated with saline water 3 ml/d (n = 9), DKD + S group treated
with SYFSF in the dose of 11.4 g/kg/d (n = 10), and DKD + I
group treated with irbesartan in the dose of 35 mg/kg/d
(n = 10). All drugs were administered via intragastric gavage
once per day for 8 weeks.
The 24-hour urine was collected by individual metabolic
cages at the 8th week. The quantiﬁcation of urinary albumin
level was measured by Bradford assay according to the
manufacturer’s instructions (Bradford kit, Nanjing Jiancheng
Bioengineering Institute, China). Rats were sacriﬁced and
aortic blood was collected without anticoagulant and centrifuged at 3000g/min, 4°C for 15 min at the end of the 8th
week. Serum cholesterol, creatinine, and triglyceride levels
were measured using the Olympus AU5800 Hematology
analyzer (Olympus, Japan).

2. Material and Methods

2.3. Cell Culture. Rat renal mesangial cell line (HBZY-1)
was purchased from China Infrastructure of Cell Line
Resource. Cells were cultured in DMEM medium (containing
5.6 mM D-(+)-glucose, 10% FBS, 100 mg/ml streptomycin,
100 mg/ml penicillin) at 37°C. The 7th to 10th passages of
the cells were used for experiments. The cells were divided
into four groups cultured in medium with diﬀerent glucose
concentrations: (1) 5.6 mM glucose DMEM medium; (2)
30 mM glucose DMEM medium; (3) 30 mM glucose DMEM
medium with serum from rats fed with irbesartan (the ﬁnal
concentration was 10%); and (4) 30 mM glucose DMEM
medium with serum from rats fed with SYFSF (the ﬁnal
concentration was 10%).

2.1. Herbal Formation and Components. SYFSF was extracted
from seven natural herbs: Astragali radix (Huang Qi), Rheum
oﬃcinale Baill (Da Huang), Radix angelicae sinensis (Dang
Gui), sargassum (Hai Zao), Carapax Trionycis (Bie Jia),
Concha Ostreae (Mu Li), and Radix rehmanniae preparata
(Shu Di). The herbs were boiled into decoction and the ﬁnal
concentration was extracted into 1 g/ml. The raw materials of
herbs were bought from Tongrentang Company which is well
recognized in China for its high quality-control standards.
Quality control and the ﬁnal extraction were performed
according to established guidelines in the Pharmacopoeia of
The People’s Republic of China, 2010 [12]. The irbesartan
was purchased from Sanoﬁ (Hangzhou, Zhejiang, China).
The ﬁnal concentration was 0.1 mg/ml in ddH2O.
2.2. Animals and Experimental Design. 60 male Wistar rats
(6–8 weeks old, 180–200 g) were purchased from the Beijing
Viltariver LLC. The rats were housed in an air-conditioned
room at 22–24°C and humidity of 65–69% and were subjected to a 12-hour light/dark cycle with food and water ad
libitum. Experimental procedures were approved by the
Ethics Committee of Beijing University of TCM and performed in accordance with The National Academies Guiding
Principles for the Care and Use of Laboratory Animals,
8th edition.
After one week adaptation, the rats were randomly
divided into normal control group (n = 10) and DKD group

2.4. Histology and Immunohistochemistry. Kidneys and cells
were ﬁxed in 4% polyformaldehyde for 24 h and then embedded in paraﬃn, and 4 μm sections were cut. Sections were
stained with HE, periodic acid-Schiﬀ (PAS), and Masson.
Glomerulosclerosis was deﬁned as the percentage of extracellular matrix (ECM) deposition and mesangial expansion;
all these sores were evaluated at 400 × power in a blinded
manner for 50 full-size glomeruli. The tubulointerstitial
damage including tubular dilation and atrophy, cast formation, interstitial mononuclear cell, and ECM accumulation
(interstitial volume) was scored in 20 cortical ﬁelds each
group at 200 × power. The semiquantitative scoring was as
follows: 0 = almost normal; 1 = less than 10%; 2 = 10%~25%;
3 = 25%~50%; and 4 = more than 50%. The averages of the
glomerulosclerosis and tubulointerstitial injury scores were
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Figure 1: SYFSF attenuated renal injury in DKD rats. (a) Blood glucose was signiﬁcantly increased after uninephrectomy, STZ-injection, and
high-fat-diet induction. The glucose level in the SYFSF group was lower compared with that in the DKD and irbesartan groups. (b) Compared
with the normal rats, the diabetic rats developed signiﬁcant emaciation. (c) The 24-hour urinary protein in the DKD group increased
markedly which was signiﬁcantly suppressed by SYFSF treatment. (d) The levels of serum creatinine between the SYFSF group and the
irbesartan group had statistical signiﬁcance. (e, f) Serum cholesterol and triglyceride levels obviously increased in the diabetic groups, and
SYFSF obviously decreased the levels of cholesterol and triglyceride. DKD + S represents the DKD rats treated with SYFSF. DKD + I
represents the DKD rats treated with irbesartan. ∗ P < 0 05, ∗∗ P < 0 01, and ∗∗∗ P < 0 001.

calculated from the total evaluated glomeruli or tubulointerstitial lesions in each section.
A heat-based antigen retrieval method was applied to
conduct immunohistochemistry. The primary antibodies
against TNF-α (ab4418), TGF-β1 (ab169771), collagen IV
(ab6586), and NF-κBp65 (ab7970) were purchased from
Abcam. And the secondary antibody and DBA including
Dako REAL™ EnVision™ Detection System peroxidase/
DAB+ were purchased from Dako. After primary and

secondary antibody staining, sections were developed with
diaminobenzidine to produce a brown product. The sections
were then counterstained with hematoxylin. The images with
30 seperate glomeruli were collected by Anymicro DSSTM
system, and the degree of TNF-α, NF-κBp65, TGF-β1, collagen IV, and ﬁbronectin deposition was rated as grades 1
(none), 2 (minor), 3 (moderate), 4 (severe), and 5 (most
severe). The data were expressed as fold change of control.
All counts were performed on blinded slides.
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Figure 2: Histological study. (a) HE, PAS, and Masson staining was shown. (b, c) Semiquantiﬁcation of the mesangial matrix score and the
tubular interstitial injury score is presented. DKD + S represents the DKD rats treated with SYFSF. DKD + I represents the DKD rats treated
with irbesartan. ∗∗ P < 0 01.

2.5. Western Blot Analysis. Proteins for western blot analysis
were extracted from the renal cortex by lysing with NETN150
(0.5% NP-40, Tris PH 8.0 50 mM, NaCl 150 mM). The
proteins were quantiﬁed by Bradford, and the samples were
separated by SDS PAGE. Gels were transferred to the nitrocellulose membrane (Axygen, Union City, CA) and then
blocked with 5% nonfat milk for 1 hour at room temperature,
the membrane was incubated with primary antibodies overnight at 4°C, followed by horseradish peroxidase- (HRP-)
linked secondary antibody. The antibodies against TGF-β1
(ab169771) and NF-κBp65 (ab7970) were purchased from

Abcam, and phospho-NF-κBp65 (Ser536) was bought from
Cell Signaling. After usage of Immobilon Western Chemiluminescent HRP Substrate kit (Millipore Corporation,
Billerica, MA), the band was quantiﬁed with ImageJ (National
Institutes of Health, Bethesda, MD, USA).
2.6. Statistical Analysis. All of the statistical tests were
performed using SPSS 16.0. Data are expressed as the
means ± SEM. Multiple-group comparisons were performed
using ANOVA followed by Bonferroni or Dunnett’s post hoc
tests. P < 0 05 was considered to be statistically signiﬁcant.
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Figure 3: SYFSF serum inhibited renal inﬂammation in DKD rats. (a) Immunohistochemical staining of MCP-1, TNF-α, and NF-κBp65 is
shown. (b, c) The expression of MCP-1, TNF-α, and NF-κBp65 was scored. SYFSF inhibited the expression of MCP-1 and TNF-α. (d) There
was no signiﬁcant diﬀerence in NF-κBp65 expression. (e, f) The expression of phosphorylated NF-κBp65 was obviously increased in the DKD
group in western blot. SYFSF and irbesartan had almost similar eﬀects on the inhibition of NF-κBp65 phosphorylation. DKD + S represents
the DKD rats treated with SYFSF. DKD + I represents the DKD rats treated with irbesartan. ∗ P < 0 05, ∗∗ P < 0 01, and ∗∗∗ P < 0 001.

3. Results
3.1. SYFSF Decreased Urinary Albumin, Serum Cholesterol,
and Triglyceride Levels in DKD Rats. After uninephrectomy
and STZ injection, rats fed with high-fat diet developed
hyperglycemia at the ﬁrst week (week 0) and maintained at
high levels of blood glucose over the 8-week study period.
And the serum glucose level in SYFSF group was lower compared with DKD and irbesartan group, especially in the 4th
week. However, there was no statistical signiﬁcance in the
8th week (Figure 1(a)). Compared to the age-matched normal rats, the diabetic rats developed signiﬁcant weight loss.
The kidney weight/body weight was increased in diabetic
groups (Figure 1(b)). 24-hour urinary albumin in the DKD
group increased markedly which was signiﬁcantly reduced
in the diabetic rats treated with SYFSF (Figure 1(c)). There
was no diﬀerence of serum creatinine between the DKD
model rodents and the normal rats. This ﬁnding may be
due to the model in the early stage of DKD. Interestingly,
compared to the control group, the serum creatinine level
in SYFSF group was a little lower than the irbesartan
group. And these two groups had statistical signiﬁcance
(Figure 1(d)). Meanwhile, the serum cholesterol and triglyceride level increased in DKD compared to the control group,
and SYFSF could decrease the cholesterol and triglyceride
levels, while irbesartan had no eﬀects on lipid control
(Figures 1(e) and 1(f)).
3.2. SYFSF Attenuated the Renal Injury in DKD Rats. The
kidneys from early-stage diabetic rats showed a moderate
mesangial matrix expansion, thickening of the glomerular
basement membrane, tubular atrophy, and extracellular
matrix deposition (Figure 2(a)). Treatment with SYFSF,
as well as irbesartan, could ameliorate the mesangial
matrix expansion and tubulointerstitial injury (Figures 2(b)
and 2(c)).
3.3. SYFSF Treatment Inhibited the Inﬂammation in
Mesangial Cells Treated with High Glucose and Kidneys of

DKD Rats. Immunohistochemistry revealed that the rats
with type 2 diabetes developed moderate renal inﬂammation, including many macrophage inﬁltration and a significant upregulation of proinﬂammatory cytokines including
TNF-α and monocyte chemoattractant protein-1 (MCP-1)
(Figure 3(a)), which was attenuated by treatment with SYFSF.
SYFSF showed better anti-inﬂammatory eﬀect than
irbesartan (Figures 3(b) and 3(c)). In addition, the
expression of phosphorylated NF-κBp65 was obviously
increased in the DKD group as shown in western blot.
SYFSF and irbesartan had almost equal eﬀects on the
inhibition of NF-κBp65 phosphorylation (Figures 3(e)
and 3(f)), although there was no marked diﬀerence in
NF-κBp65 expression (Figure 3(d)). Similar results were
obtained in cultured mesangial cells. The expression of
inﬂammatory cytokines such as MCP-1 or TNF-α was
increased after exposure to high glucose. SYFSF serum
could decrease the expression of MCP-1 and TNF-α as
shown by immunocytochemistry (Figure 4).
3.4. SYFSF Treatment Inhibited Renal Fibrosis in Mesangial
Cells Treated with High Glucose and Kidneys of DKD Rats.
The expression of TGF-β1, collagen IV, and ﬁbronectin was
increased in the diabetic kidney compared with the control.
SYFSF could downregulate the ﬁbrotic cytokines, as shown
in immunohistochemistry. Interestingly, SYFSF worked better on the inhibition of collagen IV expression compared
with irbesartan (Figure 5). TNF-α/NF-κB signaling pathway
had been recognized as one of the key pathways in the
development of inﬂammation in DKD. It was well established
that TNF-α activates NF-κB by binding to TNF receptor 1
(TNFR1) and initiates the transcription of a wide variety of
target genes. Overexpression of TGF-β1 promoted extracellular matrix production and at the same time inhibits its
degradation, resulting in progressive renal ﬁbrosis [14]. We
thus investigated the potential mechanisms by which SYFSF
treatment attenuated diabetic renal ﬁbrosis and inﬂammation
by examining the TGF-β1 expression in protein level. We
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Figure 4: SYFSF inhibited the expression of inﬂammatory cytokine in high-glucose-treated mesangial cells. High glucose induced
upregulation of MCP-1 and TNF-α which were suppressed by SYFSF serum in mesangial cells. There was no obvious change of
NF-κBp65 expression. HG + S represents the mesangial cells treated with high-glucose medium and serum from rats treated with SYFSF.
HG + I represents the mesangial cells treated with high-glucose medium and serum from rats treated with irbesartan.

found that SYFSF and irbesartan signiﬁcantly suppressed the
expression of TGF-β1 (Figures 5(e) and 5(f)). Meanwhile, in
immunocytochemical study, the similar results were gotten.
Exposure to high glucose upregulates the expression of
TGF-β1, collagen IV, and ﬁbronectin, which were blocked
by SYFSF treatment (Figure 6).

4. Discussion
The results in the present study provided evidences that
the Chinese herbal medicine SYFSF signiﬁcantly decreased
the urinary albumin, serum cholesterol, and triglyceride
levels, as well as alleviated the renal lesions in a rat model
with type 2 diabetes. The therapeutic eﬀect of SYFSF
was associated with the inhibition of TNF-α/NF-κB pathway
mediated inﬂammatory response and ECM accumulation.
And SYFSF likely played a better role in decreasing urinary
albumin, inﬂammation, and dyslipidemia than irbesartan.
In this study, we successfully developed an experimental
animal model with early-stage diabetic kidney disease by
uninephrectomy, high-fat diet, and low-dose intraperitoneal
injection of streptozotocin. Compared to normal rats, the
blood glucose, urinary albumin, and serum cholesterol
levels were signiﬁcantly increased, while the body weight
was markedly decreased in DKD animals throughout this
experiment. The histological study showed that the excessive mesangial matrix deposition and tubular atrophy, as

well as an accumulation of inﬂammatory cells, were developed in the early stage of DKD rats. For the 8-week
treatment, SYFSF could decrease the urinary albumin level,
serum cholesterol, and triglyceride levels in comparison to
irbesartan. Interestingly, there was no signiﬁcant diﬀerence
of serum creatinine between the normal control and DKD
model groups. The expression of ﬁbrosis marker increased
in immunohistochemistry, which may be attributed to the
glomerular hyperﬁltration occurred in the early stage of
DKD. The increased creatinine level post irbesartan treatment may be related to its side eﬀects when the emaciation
temporarily exacerbated the blood volume deﬁciency. The
results suggest that SYFSF are much safer than irbesartan,
especially when some dangerous factors occur during
kidney injury.
It has been suggested that there is glomerular inﬁltration
of monocytes/macrophages in early-stage DKD patients,
accompanied by mild and moderate glomerulosclerosis. In
addition, tubulointerstitial injury triggers mononuclear cell
inﬁltration as an inﬂammatory response that is strongly
related to disease progression [15]. In the present study, our
ﬁndings were consistent with this claim. Meanwhile, SYFSF
and irbesartan could inhibit these histological change and
mesangial cell injuries. And SYFSF tends to decrease the
tubulointerstitial injury score compared with irbesartan.
Inhibition of NF-κB-driven renal inﬂammation may be one
important mechanism associated with the renoprotective
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Figure 5: SYFSF inhibited renal ﬁbrosis in DKD rats. (a–d) Immunohistochemical staining of TGF-β1, collagen IV, and ﬁbronectin is shown.
(e, f) Western blot and quantitative analysis of TGF-β1 in the cortex. SYFSF and irbesartan inhibited the expression of TGF-β1 in DKD rats.
DKD + S represents the DKD rats treated with SYFSF. DKD + I represents the DKD rats treated with irbesartan. ∗ P < 0 05, ∗∗ P < 0 01, and
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Figure 6: SYFSF serum inhibited ﬁbrotic cytokine expression in high-glucose-treated mesangial cells. SYFSF inhibited the expression of
TGF-β1, collagen IV, and ﬁbronectin in high-glucose-treated mesangial cells. HG + S represents the mesangial cells treated with high-glucose
medium and serum from rats treated with SYFSF. HG + I represents the mesangial cells treated with high-glucose medium and serum from
rats treated with irbesartan.

eﬀects of SYFSF on DKD. NF-κB is a transcription factor
broadly expressed in tissues, which is the key molecule in
inﬂammation reaction in DKD [16]. Many proinﬂammatory
cytokines such as TNF-α can activate the NF-κB signaling
pathway to aggravate the renal inﬂammatory response
resulting in the progression of DKD [17]. And the activation of NF-κB will promote the hyperplasia of mesangial
cells and matrix accumulation [18] which will lead to

sclerosis and ﬁbrosis. Although there is no big change of
NF-κBp65 expression, the phosphorylated NF-κBp65 obviously increased in the DKD model group. Interestingly,
SYFSF could signiﬁcantly decrease the phosphorylation of
NF-κBp65.
More important, we also found that SYFSF oﬀered a
greater eﬀect on lipid and urinary albumin control than on
irbesartan. Some studies have shown that irbesartan can
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Figure 7: Schematic representation of the mechanism underlying SYFSF’s renoprotection which is likely associated with an inhibition of TNFα/NF-κBp65-mediated signaling pathway. SYFSF probably decreases the expression of TNF-α to prevent the phosphorylation of NF-κBp65
induced by high glucose and then alleviates the inﬂammatory response and ECM accumulation and normalizes the dyslipidemia.

be a beneﬁt to lipid metabolism [19]. However, this action
was not found in the present experiment. A number of
studies have shown that DKD is a chronic inﬂammatory
disease accompanied with diﬀerent degrees of lipid disorders, and the glomerulosclerosis seems similar to the
atherosclerosis [20, 21]. It is suggested that the low-density
lipoprotein may increase the expression of TNF-α in
mesangial cells, while the inﬂammatory cytokines contribute to lipid-mediated renal damage [22]. Some studies
have also shown that the inﬂammation will induce lipid
accumulation which contributed to podocyte injury and
accelerate the progression of DKD [23]. Therefore, the
renoprotective eﬀect of SYFSF is at least partially attributed to breaking the vicious circle between inﬂammatory
response and dyslipidemia by inhibiting the TNF-α/NFκB pathway.
SYFSF is composed of Astragali radix (Huang Qi),
Rheum oﬃcinale Baill (Da Huang), Radix angelicae sinensis
(Dang Gui), sargassum (Hai Zao), Carapax Trionycis (Bie
Jia), Concha Ostreae (Mu Li), and Radix rehmanniae preparata (Shu Di). The main active metabolites in SYFSF probably
include astragaloside IV [24], ferulic acid [25], emodin [26],
angelica [27], and astragalus polysaccharide (APS) [28, 29],
which have showed anti-inﬂammation, antioxidant, and controlling lipid eﬀects in many studies, respectively. Therefore,
SYFSF likely works through polypharmacology and network
pharmacology to produce an overall systemic eﬀect. Moreover, SYFSF did not cause side eﬀects in our study (data
not shown). And all these herbs have been safely used in clinical practice in China for thousands of years, indicating the
good security and practicability.
In conclusion, the present study demonstrates that SYFSF
exerts renoprotective eﬀects in a rat model with type 2
diabetes and mesangial cell model after exposure to high
glucose. The renal protective eﬀect may be associated with
the inhibition of TNF-α/NF-κB-dependent renal inﬂammation and dyslipidemia, as well as TGF-β1-mediated renal
ﬁbrosis (Figure 7).
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One of the commonest causes of end-stage renal disease is diabetic kidney disease (DKD). Renal ﬁbrosis, characterized by the
accumulation of extracellular matrix (ECM) proteins in glomerular basement membranes and the tubulointerstitium, is the ﬁnal
manifestation of DKD. The TGF-β pathway triggers epithelial-to-mesenchymal transition (EMT), which plays a key role in the
accumulation of ECM proteins in DKD. DCCT/EDIC studies have shown that DKD often persists and progresses despite
glycemic control in diabetes once DKD sets in due to prior exposure to hyperglycemia called “metabolic memory.” These imply
that epigenetic factors modulate kidney gene expression. There is evidence to suggest that in diabetes and hyperglycemia,
epigenetic histone modiﬁcations have a signiﬁcant eﬀect in modulating renal ﬁbrotic and ECM gene expression induced by
TGF-β1, as well as its downstream proﬁbrotic genes. Histone modiﬁcations are also implicated in renal ﬁbrosis through its
ability to regulate the EMT process triggered by TGF-β signaling. In view of this, eﬀorts are being made to develop HAT,
HDAC, and HMT inhibitors to delay, stop, or even reverse DKD. In this review, we outline the latest advances that are being
made to regulate histone modiﬁcations involved in DKD.

1. Introduction
One of the main causes of end-stage renal disease is diabetic
kidney disease (DKD) [1]. Approximately 20% to 40% of diabetic patients eventually develop DKD. Although the exact
cause of DKD is unknown, several factors including genetic,
environmental, and hemodynamic factors; high blood
glucose; high blood lipids; hypertension; and proteinuria contribute to its development [2]. All these factors appear to modulate the production and action of various growth factors/
cytokines and reactive oxygen species (ROS), which will give
rise to podocyte damage and interstitial inﬂammation that
participate in the pathogenesis of DKD. This complex set
of events ultimately leads to glomerular dysfunction and
renal failure due to the deposition of excess extracellular
matrix (ECM) proteins and increase in renal glomerulosclerosis [2, 3]. Chronic and relentless ﬁbrosis in both glomerular
and tubulointerstitial compartments are characterized by
ECM accumulation and an increase in the deposition of

collagen, ﬁbronectin, and laminin in mesangial matrix, glomerular basement membranes, and tubulointerstitium, which
are pathologic manifestations of DKD [4]. It is known that
even after control of hyperglycemia, diabetic patients may continue to develop renal complication with glomerular and tubulointerstitial ﬁbrosis, eventually leading to renal failure [5].
These evidences suggest that epigenetics may have a signiﬁcant
role in the pathobiology of DKD [6].

2. Role of Renal Fibrosis in Diabetic Kidney
Disease
The accumulation of ECM proteins is the hallmark of DKD
[4, 7]. This is supported by observation that collagens, ﬁbronectin, and laminin are deposited in increased amounts in
the glomerular basement membrane and mesangial extracellular matrix, even in the early stages of DKD (microalbuminuria stage), leading to the occurrence of diabetic diﬀuse
glomerulosclerosis [4, 8–10]. In the late stages of diabetic
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glomerulosclerosis, which is called Kimmelstiel-Wilson
lesion, the deposition of type I and III collagens increase
severely [11, 12]. Type IV collagen in both serum and urine
have been demonstrated to increase in the early and established stages of DKD [13–15]. Thus, it can be seen that accumulation of ECM proteins work throughout the whole
process of the renal ﬁbrosis in DKD.
TGF-β1, a broad-spectrum cytokine [16, 17], which
could be induced by hyperglycemia, advanced glycation
end-products, mitogen-activated protein kinase (MAPK),
and protein kinase C (PKC) pathway [18], plays a crucial role
in the progression of glomerular enlargement and the excess
deposition of ECM in DKD [19, 20]. Hyperlycemia-induced
increase in the deposition of matrix proteins that result in
glomerulosclerosis is due to the increased expression and
activation of TGF-β1 in glomerular cells, podocytes [21],
and mesangial cells [22]. In addition, it can also stimulate
α-smooth muscle actin (α-SMA), collagen type I expression,
and cell hypertrophy [23, 24]. Connective tissue growth
factor (CTGF) appears to be a downstream molecule of
TGF-β1, ultimately leading to renal ﬁbrosis after activation
[25–27]. It has been shown that the proﬁbrotic action of
TGF-β1 could be blocked by CTGF antisense oligonucleotides [28]. It is investigated that after activation, CTGF can
increase the expression of ﬁbronectin and collagens IV, III,
and I and facilitate the deposition and assembly of ECM
proteins [29, 30].
It has been shown that activated myoﬁbroblasts are the
principal eﬀector cells, and its number could be correlated
with the excess deposition of interstitial ECM in DKD
[31]. However, the precise origin and activation procedure
of myoﬁbroblasts in ﬁbrotic kidneys remains unclear.
Studies by Galichon and Hertig [32] revealed that myoﬁbroblasts might arise from tubular epithelial cells through
epithelial-to-mesenchymal transition (EMT) in the process
of renal ﬁbrosis. In general, it is believed that the transformation of impaired tubular epithelial cells into mesenchymal cells is the most probable mechanism associated with
the development of ﬁbrosis in DKD [31]. Both in vitro
and in vivo studies revealed that EMT could be triggered
by a number of agents, in which proﬁbrotic element transforming growth factor-β1 (TGF-β1) appears to be a major
player [33, 34].

3. Diabetes Nephropathy and Metabolic
Memory
It is known that despite achieving glycemic control, patients
with diabetes, who experienced prior exposure to high
glucose levels, continue to develop diabetic complications
including DKD. This manifestation is known as “metabolic
memory.” In the Diabetes Control and Complications Trial
(DCCT), wherein conventional versus intensive insulin
therapy were compared in type I diabetic patients, it was
observed that intensive insulin regimen reduced the incidence or severity of diabetic renopathy, peripheral neuropathy, and retinopathy compared to patients who were on
nonintensive insulin therapy [35]. When the DCCT cohort
was examined annually for the next eight years, as part of
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the follow-up to understand the long-term consequences of
therapies instituted, referred to as Epidemiology of Diabetes
Interventions and Complications (EDIC) study, it was noted
that patients who maintained strict glycemic control during the DCCT had a sustained beneﬁt in postponing the
advancement of DKD. It was also observed that DKD progression was much less aggressive in the strict glycemic
control group compared to the conventional group, even
though HbA1c levels did not substantially diﬀer between
these two groups during the EDIC phase [36]. In support
of these results, it was reported that type 2 diabetic
patients, who were under intensive glycemic control,
exhibited long-term beneﬁts in the form of a decrease in
both macro and microvascular complications, which was
referred to as the “legacy eﬀect” [37].
Furthermore, studies performed in experimental animal models also provided additional support to this concept of “metabolic memory.” For instance, Li et al. [38]
manifested that vascular smooth muscle cells obtained
from the aortas of db/db mice (type 2 diabetes) exhibited
upregulated proinﬂammatory responses compared to controls (db/+ mice that were nondiabetic). Similarly, type 1
diabetic rats that had hyperglycemia for several weeks
prior to inducing normoglycemia revealed the progression
of DKD [39]. Homologous evidence with diabetic rats
conﬁrmed that despite islet transplantation (that lasted
for at least 12 weeks), which had their hyperglycemia
reverted to normoglycemia after six weeks of diabetes,
progression of diabetic retinopathy is continuously shown
[40]. Previous observations conﬁrm that “metabolic memory” plays a key role in the development of diabetic complications, which calls for more in depth and intense
studies to determine the molecular mechanisms underlying
this process. These evidences led to the belief that epigenetic factors may have an eﬀect in the pathobiology of
“metabolic memory” and diabetic complications.

4. Epigenetics and Histone Modifications
Waddington [41] originally deﬁned epigenetics as being
responsible for programmed changes during embryonic
development, as a result of “the causal interaction(s) between
genes and their products that brings in a change in phenotype.” The epigenome acts as a bridge between genetics and
the environment, and the epigenetic code modiﬁes gene
expression to determine the ﬁnal phenotype without alterations in DNA sequences [42]. Epigenetic modiﬁcations
could change disease phenotype by aﬀecting the target gene
directly, as a reply to environmental signals and pathologic
states such as diet, exercise, toxins, oxidative stress, inﬂammation, and metabolic changes [43]. Epigenetic alterations
of gene(s) have an important eﬀect in the formation and
development of embryo, X-chromosome inactivation, genomic imprinting, cell diﬀerentiation and identity, stable inheritance of gene expression, function of immune cells, plasticity
of stem cells, and cellular responses to environmental signals
[44, 45]. Histone modiﬁcations and DNA methylation, along
with noncoding RNAs, are collectively known as epigenetic
modiﬁcations that contain the epigenetic information needed
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for the stable heredity of gene expression prototypes in diﬀerentiated cells [45]. Recent investigations have revealed that
epigenetic mechanisms play a signiﬁcant role in the pathobiology of diabetes mellitus and DKD.
Histone modiﬁcations, in essence termed posttranslational modiﬁcations of histone in chromatin, are an important part of the epigenetic layer that maintains normal
cellular transcriptional patterns [46]. Histone modiﬁcations
mostly occur in the exposed histone amino-terminal tails
such as lysine acetylation (Kac), lysine methylation (Kme),
and ubiquitination, as well as threonine and serine phosphorylation and arginine methylation [47]. These produce
modiﬁcations in histone tails and chromatin structure
changes that lead to changes in the binding of transcription
agents to their respective core promoter elements, resulting
in the activation or suppression of special genes [48].
Recently, it was reported that histone modiﬁcations, especially histone acetylation and histone methylation modiﬁcations, seem to be important in the pathobiology of DKD,
which would be discussed in this review.
Histone acetylation, the acetylation of the N-terminal
tails of H3K and H4K, is a reversible dynamic process [49].
In general, histone acetylation of the lysine site (such as
H3K14ac, H3K9ac, and H4K5ac) of gene promoters
stimulates transcriptional activation, while the removal of
acetylation is relevant to gene repression [50] (Figure 1). Histone acetylation states are determined both by histone acetyltransferases (HATs) and histone deacetylases (HDACs).
P300/CBP (CREB-binding protein), one of the predominant
histone acetyltransferases catalyzed lysine acetylation, is a
chromatin marker that results in gene activation. In another
way, HDACs modulate the removal of acetylation and act as
a repressor of gene transcription [45] (Figure 1). Furthermore, HDACs can be assorted into four classes, depending
on their sequence similarity and cofactor interactions: class
I (HDACs 1, 2, 3, and 8) is nuclear enzymes, extensively
expressed in diverse tissue types; class II (HDACs 4, 5, 6,7,
9, and 10) and class IV (HDAC 11), which are chieﬂy located
in the cytoplasm, are expressed in speciﬁc tissues; and class
III embraces the sirtuin family (SIRT1–7) [51, 52]. The
expression of the diﬀerent family members of HDACs varies
from tissue to tissue and exhibits diﬀerent biological eﬀects.
In adult kidneys, all of class I and II HDAC members are
expressed [52].
Histone methylation, in contrast to acetylation, is more
constant and long-standing [48]. Histone methylation takes
place on both arginine and lysine residues, which may be
mono-, di-, or trimethylated. Histone methylation could be
manifested as gene repression or activation depending upon
the residue modiﬁed [53]. In general, H3K36me2/3,
H3K4me1/2/3, and H3K79me2 are relevant to the activation
of gene transcription. However, H3K9me2/3, H3K27me3,
and H4K20me3 are considered as repressive chromatin
markers [54] (Figure 1). Despite being relatively stable, histone methylation could be dynamically modiﬁed through
the concerted action of histone methyltransferases (HMTs)
and histone demethylases (HDMs) [55]. Due to varying speciﬁcities of numerous HDMs, their potential role in various
diseases is currently being evaluated.
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5. Histone Modifications Participate in the
Progression of Diabetic Kidney Disease
Accumulating evidences show that epigenetic histone modiﬁcation plays a signiﬁcant role in modulating kidney gene
expression under diabetic circumstances (Figure 1). In both
in vitro and in vivo investigations related to diabetes, it has
been demonstrated that histone lysine methylation and acetylation patterns changed, along with the recruitment of
HATs/HDACs or HMTs at gene promoters [6, 48, 56, 57].
Histone hyperacetylation and increased H3K4me are implicated in the modiﬁcation of islet-speciﬁc insulin gene expression in response to changing glucose levels, which correlated
with p300 HAT and HMT SET7/9 recruitment [58, 59].
Knockdown of Jhdm2a gene, the H3K9me2 demethylase,
has been reported to lead to obesity and hyperlipidemia,
implying an important role of histone modiﬁcations in diabetes [60]. Monocytes from T1D and T2D patients have been
found to have increased H3K9/14Ac in company with the
recruitment of HAT p300/CBP at promoters of inﬂammatory genes TNF-α and COX-2, which resulted in the upregulation of the expression of these inﬂammatory genes [61]. It
was reported that renal mesangial cells induced the transcription of ﬁbrotic genes in reply to TGF-β1, and high glucose is
due to the enrichment of active chromatin marks
(H3K4me1/2/3, H3K9/14Ac) and the decrease of repressive
markers (H3K9me2/me3) at promoters of these genes, along
with the histone lysine acetyltransferase (p300/CBP) and histone lysine methyltransferase (SET7) occupancies at ﬁbrotic
gene promoters [62, 63]. On the other hand, these eﬀects
were signiﬁcantly reversed by the HAT domain mutations
of p300/CBP or SET7/9 gene silencing. Studies in animal
models have also revealed epigenetic histone modiﬁcations
in DKD. Global histone changes associated with the transcription of ﬁbrotic genes related to DKD have also been
described [44]. In type 1 diabetic mice, diabetes-induced
increases in histone acetylation and HAT activity, as well as
the enrichment of H3K9/14Ac and HAT p300/CBP at the
ﬁbrotic gene promoters contributed to the upregulation of
the expression of ﬁbrotic genes that were signiﬁcantly and
persistently attenuated by a novel curcumin analog C66
treatment [64]. These studies emphasize the critical role
played by epigenetic histone modiﬁcations in the pathogenesis of diabetic kidney disease. A better apprehension of these
variations in histone lysine acetylation and methylation may
aid in the identiﬁcation of new biomarkers and signiﬁcant
therapeutic targets for DKD.

6. Histone Modifications Involve Renal Fibrosis
of DKD
A key element in DKD is the excess accumulation of ECM
proteins comprising ﬁbronectin, collagens, and laminin in
the kidney [65]. It has been widely believed that EMT is
triggered by TGF-β1, which is an outstanding mechanism
in the progression of ﬁbrosis due to DKD [66], and this
can be countered and reversed by BMP-7 [34]. It has been
demonstrated that the TGF-β1 has an important role in
triggering EMT and the accumulation of ECM proteins
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Figure 1: Histone modiﬁcations stimulate the gene expressions in diabetic conditions. In normal conditions, histone deacetylases (HDACs)
and histone methyltransferases (HMTs)/histone demethylases (HDMs) recruit at the gene promoters, leading to the removal of acetylation
and the accumulation of repressive chromatin markers (such as H3K9me2/3, H3K27me3, and H4K20me3) at the gene promoters and
inhibiting the initiation of genetic transcriptions. While in diabetic conditions, the repressive histone modiﬁcations are cleared away and are
replaced by the enrichment of active chromatin marks (histone acetylations and H3K36me2/3, H3K4me1/2/3, and H3K79me2), resulting in
the upregulation of the expression of inﬂammatory and ﬁbrotic genes and ultimately promoting the progress of diabetic renal
complications. HDACs, histone deacetylases; HATs, histone acetyltransferase; HMTs, histone methyltransferase; HDMs, histone demethylases.

in DKD [18, 67]. Histone modiﬁcations also inﬂuence the
expression and regulation of pathways known to mediate
renal ﬁbrosis in DKD.

7. Histone Modifications Promote the
Expression of Profibrotic Factors
The proﬁbrotic cytokines such as plasminogen activator
inhibitor 1 (PAI-1), connective tissue growth factor (CTGF),
and p21 play a signiﬁcant role in the progression of excess
deposition of ECM in DKD. A lot of studies demonstrated
that the expressions of proﬁbrotic cytokines were regulated
by the histone modiﬁcations in diabetic condition
(Figure 2). In cultured rat mesangial cell, high glucose and
TGF-β1 induced elevation of active Kme marks (H3K4me1,
2, and 3) and decrease of inhibitive marks (H3K9me2 and
3) at PAI-1 and CTGF gene promoters, accompanied with
the accumulation of HMT SET7/9 to ﬁbrotic and ECM gene
promoters, resulting in the increased expression of these
proﬁbrotic proteins [63]. Similarly, in TGF-β1 and highglucose-treated rat mesangial cells, the enrichment of
H3K9/14Ac and HAT p300/CBP at promoters of PAI-1
and p21 gene promoted the facilitation of PAI-1 and p21
production [62]. In a study using type 1 diabetic mice, renal
CTGF and PAI-1 gene expressions were augmented by the
activation of histone acetylation and HAT activity, as well
as the enrichment of H3K9/14Ac and HAT p300/CBP at
the promoters of CTGF and PAI-1 gene [64].

8. Histone Modifications Accelerate the
Accumulation of ECM Proteins
ECM proteins such as collagen, laminin, and ﬁbronectin,
accumulated in mesangial matrix, glomerular basement
membranes, and the tubulointerstitium, are pathologic features of DKD. Epigenetic histone modiﬁcations may involve
in the progression of renal ﬁbrosis of DKD by means of regulating the gene transcription of ECM proteins (Figure 2).
In both in vitro and in vivo diabetic kidney disease,
collagen gene expressions can be regulated by histone modiﬁcations through the recruitment of HATs/HDACs and
HMTs at collagen gene promoters, and histone lysine
methylation and acetylation patterns changed. Several studies
revealed that histone acetyltransferase p300 accelerates
COL1A1/COL1A2 expression in numerous physiological
and pathological cellular processes [57, 68–70]. Cultured
tubular epithelial cells in diabetic conditions and kidneys of
diabetic mice revealed an increased expression of
myocardin-related transcription factor A (MRTF-A), which
led to the recruitment of p300 and WDR5 to collagen promoters, resulting in transcriptional activation [71]. In contrast,
MRTF-A silencing notably resulted in the disappearance of
acetylated histone H3K18/K27 and trimethylated histone
H3K4 indicative of transcriptional activation. Sun et al. [63]
found that in mesangial cells of rat, TGF-β1 and highglucose treatment increased the levels of positive chromatin
marks, such as H3K4me1, H3K4me2, and H3K4me3, and
reduced the levels of inhibitive marks including H3K9me2
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Figure 2: Histone modiﬁcations regulate gene transcription involving renal ﬁbrosis of diabetic kidney disease. TGF-β signaling pathway,
activated by high glucose, will stimulate two types of epigenetic histone mechanisms including histone acetylation and histone
methylation. TGF-β1 activates the histone acetyltransferase (HAT) p300/CBP, followed by the enrichment of H3K9/14Ac and HAT p300/
CBP at the promoters of renal ﬁbrotic genes, and then increases the transcriptions of ﬁbrotic genes and EMT progress. After induced by
TGF-β1, the methyltransferase SET7/9 enriches at ﬁbrotic gene promoters, leading to increases of positive chromatin marks, such as
H3K4me1, H3K4me2, and H3K4me3, and reductions of inhibitive marks including H3K9me2 and H3K9me3, at promoters of ﬁbrotic
genes. Eventually, the expressions of renal ﬁbrotic genes are upregulated, which will result in the progression of DKD. Another pathway,
myocardin-related transcription factor A (MRTF-A), also can be activated by high glucose. MRTF-A can regulate the histone acetylation
and histone methylation of renal ﬁbrotic genes by accelerating the recruitment of HAT p300/CBP and HMT WDR5 to ﬁbrotic gene
promoters, resulting in transcriptional activation. DKD, diabetic kidney disease; TGF-β, transforming growth factor β; MRTF-A,
myocardin-related transcription factor A; HAT, histone acetyltransferase; HDAC, histone deacetylase; HMT, histone methyltransferase;
Smad, mothers against decapentaplegic homologue; ECM, excess extracellular matrix; EMT, epithelial-to-mesenchymal transition.

and H3K9me3, at collagen-α1 gene promoters. These changes
were found to be associated with the recruitment of H3K4
methyltransferase SET7/9 to collagen-α1 gene promoters,
which eventually led to the upregulation of collagen-α1
gene expression. Through siRNA studies, it has been shown
that SET7/9 gene silencing attenuates collagen-α1 gene
expression induced by TGF-β1. In rat mesangial cells
cultured in diabetic conditions or pretreated with TGF-β1,
expressions of a methyltransferase SET7 increased, along
with the enrichment of SET7 at ﬁbrotic gene Col1a1/Col4a1
promoters. Contrarily, SET7 gene silencing suppressed
Col1a1/Col4a1 gene expression [72].
In addition, in high-glucose-treated mesangial cells and
diabetic animals, histone modiﬁcations stimulated the
transcription of ﬁbronectin gene and ECM accumulation,
ultimately promoted the progression of renal ﬁbrosis. This is

supported by the observation that in rat mesangial cells pretreated TGF-β1 and high glucose, the H3K9/14Ac and HAT
p300/CBP assembled at promoters of ﬁbronectin-1 (FN-1)
gene, which will bring about the facilitation of FN-1 expression
[62]. In another study, it was noted that renal ﬁbronectin-1
(FN-1) gene expression in type 1 diabetic mice was augmented
by the enrichment of H3K9/14Ac and HAT p300/CBP at the
promoters of the FN-1 gene, which would lead to the development of renal ﬁbrosis and expression of DKD [64].
Both cell culture and animal studies lent support to the
eﬀect for HDACs in the regulation of ECM collection and
renal ﬁbrosis in DKD [73]. Moreover, a recent study revealed
the expression of various HDACs in kidneys of patients with
diabetes and streptozotocin- (STZ-) induced diabetic rats,
which prove that HDAC4 plays a considerable role in the
progression of DKD [74].
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9. Histone Modifications Stimulate EMT
Progress
EMT is widely recognized as an important mechanism that
could result in the transformation of injured renal tubular
cells into mesenchymal cells. This transition from renal
tubular cells to mesenchymal cells may result in the renal
dysfunction all throughout the nephron in chronic renal
failure including DKD [18, 31]. Histone modiﬁcation is similarly involved in kidney ﬁbrosis through the progression of
EMT. Yoshikawa et al. [75] reported the global reduction of
heterochromatin marker H3K9Me2, increase of euchromatin
marker H3K4Me3, and increase of the transcriptional
marker H3K36Me3 during the EMT progress, which are
mostly dependent upon lysine-speciﬁc deaminase-1 (Lsd1).
Studies in a unilateral urethral obstruction model revealed
that TGF-β1-induced EMT in rat tubular epithelial cells
could be blocked by trichostatin A (TSA), a nonselective
HDAC inhibitor, leading to the suppression of ﬁbronectin
and α-SMA gene expression in the kidney [76]. Additionally,
TSA inhibited TGF-β1-stimulated EMT in human proximal
convoluted epithelial cells [75]. Similar results have also been
reported in STZ-induced diabetes and TGF-β1-intervened
tubular epithelial cells from normal rat kidney (NRK52-E),
indicating that HDAC-2 has an important role in the
progression of DKD [77].

10. TGF-β Signaling Pathway Regulates the
Histone Modifications
TGF-β signaling is considerable in the stimulation of the
expression of ﬁbrotic and ECM genes associated with
changes in posttranscriptional histone modiﬁcations in diabetes or hyperglycemia conditions. TGF-β1 regulates ﬁbrotic
gene expression by activating transcription factors including
Smad2, Smad3, and Smad4, collaborating with HATs and
chromatin remodeling factors. This viewpoint is supported
by the observation that TGF-β1 and high-glucose treatment
led to the enrichment of H3K9/14Ac and HAT p300/CBP
interaction with Sp1 and Smad binding sites at promoters
of PAI-1 and p21 gene in rat mesangial cells, along with the
enhancement of the interaction between p300 and Smad2/3
and Sp1, as well as the increase of Smad2/3 acetylation,
followed by the facilitation of PAI-1 and p21 production
[62]. In a rat mesangial cell culture model, the increased
expression of Col1a1, PAI-1, and CTGF genes induced by
TGF-β1 was associated with elevated levels of active Kme
marks (H3K4me1, 2, and 3) and reduced levels of inhibitive
marks (H3K9me2 and 3) at their promoters and was accompanied with the accumulation of HMT SET7/9 to ﬁbrotic and
ECM gene promoters [63]. Conversely, increased ﬁbrotic and
ECM levels induced by hyperglycemia and changes in promoter H3Kac and H3Kme, as well as SET7 recruitment, were
signiﬁcantly blocked by TGF-β1 antibody treatment, emphasizing the signiﬁcant role of TGF-β1 in hyperglycemiainduced epigenetic histone modiﬁcations [62, 63]. A
signiﬁcant increase in HDAC-2 activity has been reported
in kidneys of diabetic rats induced by STZ and db/db mice,
as well as TGF-β1-treated NRK52-E cells [77]. In addition,
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MS-275, a selective inhibitor of class I HDAC, reversed to a
signiﬁcant degree of ﬁbrosis in DKD by inhibiting TGF-β
signaling and renal ﬁbroblast activation [78]. Thus, TGFβ1-induced EMT progress and histone modiﬁcation seem
to have a signiﬁcant role in the accumulation of ECM and
tubular interstitial ﬁbrosis [75–77, 79]. These indicate that
histone modiﬁcation modulates renal ﬁbrotic and ECM gene
expression under diabetic conditions through TGF-β signaling (Figure 2).

11. Epigenetic Therapies in Diabetic Kidney
Disease to Suppress Renal Fibrosis
In view of the evidences discussed in the preceding
section, attempts are being made to inhibit the activities
of HAT, HDAC, and HMT, in order to suppress DKD
(Table 1). Curcumin, a HAT p300 inhibitor, prevented
high-glucose-induced changes in gene transcription levels
associated with the downregulation of histone acetylation
[80, 81], although further studies revealed that curcumin
failed to attenuate albuminuria associated with diabetes
mellitus [82]. In contrast, curcumin analog C66 signiﬁcantly
and persistently prevented renal ﬁbrotic gene expression in
diabetic mice by inhibiting diabetes-associated increases in
p300/CBP expression, HAT activities, and histone acetylation [64]. Furthermore, emerging evidences have shown that
HDAC inhibitors with protective eﬀects on kidneys could
serve as potential antiﬁbrotic molecules in DKD (Table 1).
However, it remains unclear whether the eﬀects of HDACs
are due to the inhibition of epigenetics or nonepigenetics
[73]. Valproic acid (VPA), an antiepileptic and antimigraine
drug, is a nonspeciﬁc HDAC inhibitor. A recent study
revealed that VPA treatment signiﬁcantly suppressed histological alterations and ﬁbrosis in diabetic rat kidneys and
decreased the ﬁbrotic gene expression and accumulation of
ECM proteins [83]. In kidneys of STZ-induced diabetic rats,
TSA suppressed the mRNA and protein expression of the
constituents of the ECM and ameliorated the EMT progress
[77]. Similar beneﬁcial actions were observed in NRK52-E
cells in vitro with VPA and class I HDAC-selective inhibitor
SK-7041. Due to the complexity of histone methylations and
the multiplicity of HMTs, the eﬀects of HMT inhibitors in
the renal ﬁbrosis of DKD remain unclear. However, a recent
study revealed that histone demethylase JMJDA2A inhibition
achieved by chemical inhibitor 2,4-PDCA and siRNA suppressed VSMC migration, proliferation, and inﬂammation
caused by hyperglycemia in vitro and mitigated neointimal
formation in balloon-injured diabetic rats [84].

12. Conclusion
The pathogenesis of DKD is complex, in which interactions
among injury factors, growth factors/cytokines, ROS, inﬂammation and ﬁbrosis participate in several signal transduction
pathways. Chronic, relentless renal ﬁbrosis and ECM
accumulation are pathologic features of DKD. At present, it
is widely believed that the TGF-β pathway, which triggers
EMT progress, plays a signiﬁcant role in the accumulation
of ECM proteins in DKD. A number of investigations have

Selectivity

HDAC I/II

HDAC I/II

HDAC I

HDAC I/II

Pan HDAC
inhibitor

HDAC inhibitors

Valproic acid

TSA

SK7041

Vorinostat

Sodium butyrate
(NaB)

Suppresses TGF-β1-induced
activation of HDAC-2
Further ampliﬁed TGF-β1-motivated
H3K9/14Ac levels

Decreases ECM components and
prevents EMT
Further increased TGF-β1-stimulated PAI-1
gene transcriptional capability and expression

STZ-induced diabetic rat kidneys
and
TGF-β1-treated NRK52-E cells
TGF-β1-treated RMCs

STZ-induced diabetic kidneys

STZ-diabetic mice

Attenuated cellular proliferation, suppressed
glomerular hypertrophy
Decreased oxidative stress, albuminuria, and
collagen IV deposition
Ameliorated renal function and relieved
histological
alterations, apoptosis, ﬁbrosis, and DNA
damage

NA

Interplay between eNOS activity
and oxidative stress

Downregulated EGFR expression

Suppresses TGF-β1-induced
activation of HDAC-2

Repressing the myoﬁbroblast
transformation and ﬁbrogenesis

Alleviates the renal damage and ﬁbrosis

STZ-induced diabetic kidneys

Decreases ECM components and prevents EMT

Suppresses TGF-β1-induced
activation of HDAC-2

Decreases ECM components and
prevents EMT

STZ-induced diabetic rat kidneys
and
TGF-β1-treated NRK52-E cells
Cultured proximal tubule cells and
STZ-induced diabetic kidneys

Mechanism

Eﬀects

Experimental model
STZ-induced diabetic rat kidneys
and
TGF-β1-treated NRK52-E cells

Table 1: Eﬀects of HDAC inhibitors on diabetic kidney disease.
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conﬁrmed the presence of “metabolic memory” in the progression of diabetic complications including DKD. Over the
past years, epigenetic factors have been implicated in “metabolic memory” and diabetic complications, as described
above. Accumulating evidence suggests that in diabetes and
hyperglycemia conditions, epigenetic histone modiﬁcations
play a considerable role in modulating kidney gene expression, which contributes to renal ﬁbrosis and ECM accumulation. Histone modiﬁcation is likewise involved in kidney
ﬁbrosis through the regulation of EMT progress. In addition,
TGF-β signaling can stimulate the expression of ﬁbrotic and
ECM genes correlated with changes in posttranscriptional
histone modiﬁcations induced by diabetes or hyperglycemia.
As histone modiﬁcations are implicated in the progression of
kidney ﬁbrosis, several HDAC, HAT, and HMT inhibitors
are currently being advanced for the management of DKD,
which could attenuate ﬁbrogenesis. Hence, it is imperative
to understand the consequences of variations in histone
lysine acetylation and methylation, in order to explore novel
biomarkers and therapeutic directions for DKD.
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Diabetic nephropathy (DN) is the leading cause of end-stage renal disease (ESRD) worldwide. DN typically manifests by glomerular
hyperﬁltration and microalbuminuria; then, the disease progresses to impaired glomerular ﬁltration rate, which leads to ESRD.
Treatment options for DN include the strict control of blood glucose levels and pressure (e.g., intraglomerular hypertension).
However, the search for novel therapeutic strategies is ongoing. These include seeking speciﬁc molecules that contribute to the
development and progression of DN to potentially interfere with these “molecular targets” as well as with the cellular targets
within the kidney such as podocytes, which play a major role in the pathogenesis of DN. Recently, podocyte membrane protein
urokinase receptor (uPAR) and its circulating form (suPAR) are found to be signiﬁcantly induced in glomeruli and sera of DN
patients, respectively, and elevated suPAR levels predicted diabetic kidney disease years before the occurrence of
microalbuminuria. The intent of this review is to summarize the emerging evidence of uPAR and suPAR in the clinical
manifestations of DN. The identiﬁcation of speciﬁc pathways that govern DN will help us build a more comprehensive
molecular model for the pathogenesis of the disease that can inform new opportunities for treatment.

Diabetes mellitus (DM) is a disorder of glucose metabolism that occurs due to either defect in insulin production
by the pancreatic beta cells (type 1 DM) or resistance to
insulin in the peripheral tissues (type 2 DM). With the
increasing prevalence in obesity and metabolic syndrome,
incidence of type 2 DM has been increasing worldwide,
including the United States, where approximately 29.1
million people or 9.3% of the population are aﬀected [1].
It is estimated that more than 400 million people will be
aﬀected with DM by 2030 [2]. Urinary albumin excretion
ranging between 30 and 300 mg/24 h (microalbuminuria)
is the earliest sign of diabetic kidney disease (DKD) [3].
Along with microalbuminuria, DN is also characterized
by the increased levels of plasma creatinine and the
decreased estimated glomerular ﬁltration rate (eGFR) [4]
since almost one third of type 2 diabetes patients have
renal insuﬃciency without microalbuminuria [5]. This alone

questions the assumption that microalbuminuria could be
used as a marker rather than a predictor of DN [6]. Diabetic
nephropathy (DN) is the major microvascular complication
of diabetes and is one of the leading causes of end-stage renal
disease (ESRD) aﬀecting one third of all diabetic individuals
in the United States [7]. Persistently high albumin excretion
(≥300 mg/24 h), a condition known as macroalbuminuria,
increases the chances of progressing to ESRD by 10 times
compared to patients with normal urine albumin levels [8].
Many factors including diet, lifestyle, chronic blood glucose
levels (HbA1C), blood pressure (BP), smoking, serum cholesterol, and genetic predisposition together play a crucial
role in the progression of DN to ESRD.
Since the renin–angiotensin system (RAS) plays an
important role in regulating systemic BP, blockade of its
activation by either angiotensin-converting enzyme inhibitors (ACEIs) or angiotensin II type 1 receptor blockers
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(ARBs) are standard treatments for lowering the BP as well as
slowing the progression of DN [9] and chronic renal failure
[10]. Cumulative evidence has demonstrated that these
ﬁrst-line agents have represented a signiﬁcant beneﬁt in
regard to partial renal protection in patients with diabetes
and proteinuria [11–13]. However, antihypertensive therapy
with RAS blockers contributes to the hyperkalemia (high
potassium level in the blood) [14] especially when the
patients treated with a combined therapy utilizing both
an ACE inhibitor and an ARB together [15]. Other concerns of the RAS blockade include the potential longterm adverse eﬀects and the need for dose optimization
or individualization [16].
Recently, soluble urokinase receptor (suPAR) has been
associated with podocytopathy, FSGS, and systemic levels
of suPAR which are increased in patients with DM. Elevated
suPAR levels predict incident chronic kidney disease also in
patients with DM [17]. Furthermore, elevated suPAR in
healthy people with predisposition for DM predicts microalbuminuria, an established early sign of DN by several years
[18]. Podocytes have a major role in the pathogenesis of
DN and its progression to ESRD [19, 20]. Podocytes are the
important components of the glomerular ﬁltration barrier
that prevents the excretion of albumin into the urine [21].
These visceral epithelial cells of the glomerular tuft are a
highly specialized structure containing a cell body, major
processes that extend outward, and distal foot processes
(FPs) that surround the glomerular capillaries [22]. Podocyte
FPs are interconnected by a tiny multiprotein complex, slit
diaphragm (SD), which regulates this active contractile
structure ([23]). Podocytes sit on the glomerular basement
membrane (GBM) [24], face the urinary space of Bowman’s
capsule, and form a unique ﬁltration apparatus by interdigitating with the neighboring FPs. GBM separates podocytes
from the innermost component of the glomerular ﬁltration,
endothelial cells, which are perforated by pores (“fenestrae”
or “fenestrations”) to enhance the permeability of water
and small solutes while still restricting the free passage of cellular components of blood to Bowman’s (urinary) space [25].
Damage to the structural and functional components of
podocytes results in the eﬀacement of FPs (also referred to
as “podocyte fusion” or “retraction”) and detachment of
podocytes from the GBM causing the leak of serum proteins
into the urine, a condition known as “proteinuria” [26, 27].
Proteinuria is a predictor of glomerular damage and hallmark of many renal disorders, including human and experimental DN. In various diabetic animal studies, it has been
observed that there is podocyte hypertrophy (increase in
the mean podocyte volume) [28, 29], cytoskeleton abnormalities [30, 31], and aberrant decrease in the density of
podocytes [29, 32, 33]. Clinical studies were able to conﬁrm
the correlation between the podocyte loss and the disease
progression in type 1 [34, 35] and type 2 diabetic patients
[36–39] or in obesity-related glomerulopathy [40], which
shares common pathophysiological factors relevant to glomerular damage with DN. Since podocytes have a limited
capacity to divide [41], detached podocytes cannot be
replaced by the adjacent podocytes; instead, surviving podocytes demonstrate an adaptation process called hypertrophy,
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where FPs of these residual podocytes enlarge to cover the
surface of the glomerular capillary loops [22, 42]. Urinalysis
of diabetic patients has shown that podocytes were seen in
the urine of 53% and 80% of microalbuminuria and macroalbuminuria patients, respectively [43]. It should also be noted
that podocytes remain viable after detachment and can be
recovered in the urine pellets [44, 45]. Therefore, it comes
as little surprise that podocytes are the key determinants of
outcome for DKD and draw increased attention in diabetes
research [46–51].
Owing to its complex architecture and dynamic movements, podocyte function is dependent on its abundantly rich
actin cytoskeleton and ability to maintain diligently orchestrated interactions with the other members of the ﬁltration
barrier, that is, GBM and endothelial cells. The glomerular
ﬁltration barrier is permanently exposed to hydrostatic
pressure gradient across the capillaries, and therefore, the
integrity of the interaction between the podocytes and the
GBM is essential for the ﬁltration to occur. Podocytes, which
are the most vulnerable components of the glomerular
ﬁltration, adhere to the underlying GBM via cell-matrix
adhesion receptors, including α-dystroglycan; syndecan-4;
type XVII collagen; integrins α3β1, α2β1, and αvβ3; and a
variety of other linker, scaﬀolding, and signaling proteins
[52]. Among those, integrin family of cell adhesion receptors
are of signiﬁcant interest since they facilitate the interaction
of podocytes with the extracellular matrix (ECM) at focal
adhesions (FAs) and, as a separate regulatory function,
transduce signals to the inside of the podocytes (outside-in
signaling) to activate intracellular signaling events [53, 54].
The latter happens upon interaction of integrins with their
respective ligands such as ﬁbronectin, vitronectin, collagen,
and laminin. This ligand binding process is not strictly receptor-speciﬁc, that is, each of these cell adhesion proteins can
bind to more than one type of integrin. This receptor versatility generates a venue for a wide variety of intracellular
signals required for development, growth, proliferation,
diﬀerentiation, motility, cellular metabolism, and survival.
In order to propagate intracellular signaling cascades, integrins need to connect actin cytoskeleton by recruiting a small
repertoire of linker proteins such as paxillin, talin, vinculin,
and α-actinin [55, 56] as the short cytoplasmic tails of these
multi-subunit proteins lack actin-binding capacity [57], the
only exception being integrin β4, which has ~1000 amino
acids in its cytoplasmic tail (compared to that of a typical
integrin β subunit, which is less than 75 amino acids long)
and connects to the keratin cytoskeleton speciﬁcally [58].
The interaction with the adaptor proteins is mainly regulated
by β subunits, whereas α subunits usually mediate the
binding to ECM [59]. Given the emphasis on signaling,
it is anticipated that integrins undergo signiﬁcant conformational changes upon intracellular signaling leading to
“integrin activation” that alters its ligand binding activity
(inside-out signaling) [60, 61]. This mechanism highlights
the bidirectional control of integrins’ signaling [57, 62].
In humans, 24 αβ transmembrane heterodimers have
been identiﬁed, making the integrin superfamily one of the
most structurally diverse molecules of cell adhesion [63, 64].
α3β1 is the most highly expressed integrin in the kidney
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and the major regulator of the cell-matrix adhesion in
podocytes [65, 66]. Mice deﬁcient of α3β1 integrin failed to
have the normal network of FPs; instead, displayed ﬂattened
podocyte processes that were still attached to GBM leading
to decreased capillary loop formation [67] suggesting that
α3β1 is needed for the proper rearrangement of podocyte
cytoskeleton. A recent study showed that integrin α3β1
expression was upregulated in podocytes of patients with
early DN [68] as opposed to the previous ﬁndings reporting
a decrease in α3β1 expression in podocytes cultured under
high-glucose conditions [69, 70] as well as in podocytes of
animal models of DN [71–73] and DN patients [72]. On the
other hand, expression of another member of integrin family,
αvβ3, increases in the setting of DN [74–76]. Taken together,
these papers present a panoramic picture suggestive of the
contribution of altered interaction of podocytes with GBM
proteins to diabetic renal pathology. Major gaps in our
understanding remain, particularly the molecular mechanisms by which hyperglycemia suppresses or upregulates
the expression of these transmembrane receptors.
Our group recently reported that the β3 subunit of
integrin was essential for the action of podocyte membrane
protein urokinase plasminogen activator receptor (uPAR),
which eventually led to eﬀacement of the FPs and proteinuria
[77]. uPAR lacks transmembrane and intracellular domains,
and it is associated with the external surface of the plasma
membrane by a glycosylphosphatidylinositol (GPI) anchor
[78]. uPAR regulates the plasminogen activation system by
binding urokinase (uPA) and its zymogen form, pro-UPA
[79]. The ECM protein vitronectin is another immediate
binding partner of uPAR and interacts with integrin coreceptors to activate integrin signaling and promote cell–ECM
interactions [80, 81]. The resulting changes in expression or
regulation of ECM receptors further instigate downstream
signaling events that facilitate cell migration through activation of Rho family small GTPase Rac1 [77, 82, 83]. Interestingly, uPAR is not expressed in normal kidneys [84], and
both uPA and uPAR expression is signiﬁcantly upregulated
in kidney cortex [85] and in all types of glomerular cells
including podocytes [86, 87] in the animal models of DN.
Cell surface uPAR can be shed by several proteases,
leaving it devoid of the GPI anchor, to generate a soluble
form of uPAR (suPAR) [88, 89]. suPAR is a stable threedomain (D1, D2, and D3) protein that retains most of uPAR
activities; both uPAR and suPAR are involved in the cell
attachment, motility, and migration through their interaction with the integrins [90, 91]. Further cleavage through
the linker connecting D1 and D2 domains generates a soluble
D1 fragment and the residual D2-D3 fragment, which may
remain membrane-bound or detach from the membrane
[92, 93]. suPAR circulates in blood and other body ﬂuids
and has been identiﬁed in various pathological conditions:
elevated plasma suPAR levels are predictive of cancer
[94–96], cardiovascular disease (CVD) [94, 97–99], chronic
kidney disease (CKD) [17], and type 1 [100] and type 2 diabetes [94, 101, 102]. In patients with type 2 DM, suPAR levels
are increased with decreasing GFR, increasing proteinuria
and can be a potential biomarker for staging of DN in type
2 DM patients [103]. Serum suPAR levels are also elevated
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in type 1 diabetic patients with DKD [104]. RAS blockade
is an established treatment shown to decrease the progression
of DN. Diabetic rats treated with ACEI resulted in inhibition
of expression of uPAR in the kidneys [86]. In a randomized
control study, RAS blockade in patients with DN showed
decreased urinary suPAR levels compared to the group
treated with placebo, but no diﬀerence is found in the plasma
suPAR levels between the two groups [105]. This indicates
that RAS blockade might decrease the renal suPAR production in vivo and can be the reason for decreased urinary
suPAR levels in the treatment group compared to the placebo. With suPAR aﬀecting the structure and functional
aspects of podocytes resulting in FP eﬀacement and proteinuria as well as decrease in the urinary level of suPAR by the
treatment of renoprotective drugs like RAS blockers, there
is a possibility that suPAR might have a major role in the
pathogenesis and progression of DN. It remains to be determined what is the mechanism by which suPAR exerts its
pathologic eﬀects.
Our studies have demonstrated that, in LPS-treated mice,
suPAR activates integrin αvβ3 present on podocyte cell
membrane in a similar manner to uPAR [77] and results in
the podocyte FP eﬀacement and podocyte migration leading
to glomerular focal segmental glomerulosclerosis (FSGS) and
proteinuria [106]. We recently reported that suPAR also
activates integrin αvβ3 when added to cultured human
podocytes either in the form of suPAR-rich FSGS patient
sera [106] or as a recombinant protein [104]. Of note,
the pathological suPAR is originating from the bone marrow
(BM) Gr-1lo immature myeloid cells [107]. The suPARmediated podocyte injury can be prevented if suPAR activity
is blocked by an uPAR-speciﬁc monoclonal antibody or by a
small molecule that blocks β3 integrin activity, cycloRGDfV.
It has been reported that eﬀorts to inhibit uPA-uPAR protein
interaction with a small molecule promotes conformational
states of uPAR and weakens or even inhibits its interaction
with vitronectin, a ligand of β3 integrin [108]. The functional
relationship between αvβ3 and uPAR/suPAR can also be
interfered by acid sphingomyelinase-like phosphodiesterase
3b (SMPDL-3b) in the setting of DKD, where αvβ3 integrin
is not activated in the presence of high suPAR and increased
SMPDL-3b, but the diﬀerential expression of these proteins rather causes podocyte motility and apoptosis [104].
Recently, blocking αvβ3 integrin ligand occupancy by a
monoclonal antibody that binds to β3 subunit of αvβ3
integrin has been oﬀered as a potential solution to prevent
and reverse proteinuria associated with hyperglycemia in
back-to-back studies [109, 110]. In these studies, it has
been shown that targeting αvβ3 with the monoclonal
antibody alleviated several histological changes associated
with DN in hyperglycemic pigs [109] and resulted in the
reversal of proteinuria and inhibition of the synthesis of
DN-related proteins in diabetic rat kidneys [110]. In the
earlier related in vitro studies, the same group found out
that the inhibition of ligand occupancy of αvβ3 inhibited
pathophysiologic (i.e., proliferative or migratory) responses
of retinal endothelial [111], vascular endothelial, and smooth
muscle cells [112] through a series of signaling pathways
stimulated by insulin-like growth factor 1 (IGF-1) when
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Figure 1: Schematic depiction of uPAR/suPAR-αvβ3 integrin signaling at the glomerular ﬁltration level in health and diabetic disease. In
resting podocytes, uPAR interacts with uPA and anchored to the outer plasma membrane with GPI. This complex is connected to αvβ3
integrin through vitronectin, a β3 integrin ligand. This leads to the initiation of “outside-in” signaling events, which requires the
recruitment of linker proteins (paxillin, talin, and vinculin) by integrins for actin involvement. This signaling pathway is responsible for
proper actin cytoskeleton assembly, lamellipodia formation, growth, proliferation, diﬀerentiation, and cell survival. ECM proteins such as
ﬁbronectin, collagen, and laminin are also involved in many cellular activities including ECM organization, cell adhesion and migration.
Three homologous domains of uPAR are denoted by D1, D2, and D3, respectively (left panel). In the hyperglycemic state, αvβ3 integrin
activity increases causing altered adhesion, migration, and proliferation. These intracellular changes might initiate an “inside-out”
signaling aﬀecting integrin’s binding aﬃnity. Soluble uPAR also increases in circulation and probably contributes to the pathology of the
diabetic kidney disease, which can be characterized as impaired cytoskeletal organization and podocyte FP eﬀacement. The pathogenic
suPAR is mainly generated by bone marrow-immature myeloid cells. Podocyte-speciﬁc expression of SMPDL-3b, which is elevated during
the course of diabetic kidney disease, prevents αvβ3 integrin activation by interacting with suPAR. This eventually increases RhoA activity
and podocyte susceptibility to apoptosis. αvβ3 integrin receptors are also expressed in glomerular endothelium and exposure of
endothelial cells to hyperglycemia leads to pathologic outcomes in these cells such as endothelial permeability, migration, and proliferation
in response to the ligand occupancy of αvβ3 and concomitant stimulation of IGF-1 (middle panel). Targeting uPAR and suPAR with an
uPAR-speciﬁc monoclonal antibody can attenuate the adverse eﬀects of uPAR/suPAR-dependent integrin signaling. Using antibodies that
bind preferentially to the activated and/or ligand-occupied forms of β3 integrin and β3 integrin small molecule inhibitor, cycloRGDfV,
oﬀer alternative ways to disentangle its interactions with uPAR/suPAR. Blocking the ligand occupancy of αvβ3 inhibits the pathogenic
mechanisms stimulated by IGF-1 (right panel).

the cells are exposed to the high glucose. Knowing that
αvβ3 integrin receptors are expressed in glomerular endothelium [75], similar events might occur in the glomeruli
leading to endothelial permeability and proteinuria, which
can be reversed by blocking αvβ3 integrin.
In a recent prospective long-term cohort study of
patients at risk for type 2 diabetes, it has been observed
that higher baseline suPAR is independently associated
with an increased risk of new-onset microalbuminuria and

prediabetes [18]. The association of suPAR with incident
microalbuminuria was reported to be independent from
baseline eGFR. Importantly, the onset of microalbuminuria
preceded the decline in GFR in this cohort. Moreover, suPAR
predicted microalbuminuria irrespective of the baseline
blood pressure and glycemia (e.g., baseline HbA1c). By these
results, it can be hypothesized that suPAR can be an
upstream biomarker for type 2 diabetes and also for DN even
before the microalbuminuria. In another cross sectional
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Figure 2: Schematic depiction of suPAR as a predictor for future
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study of patients with manifest type 2 diabetes, higher suPAR
level is associated with high urinary albumin indicating that
suPAR might be involved in the pathogenesis and progression of DN [18].
Overall, the transmembrane partnership between uPAR/
suPAR and αvβ3 integrin (as summarized in Figure 1) is an
attractive target for the treatment of DKD. There are numerous studies dedicated to identify novel therapies eﬃciently
targeting this delicate interaction with the use of antibodies,
peptides, and small molecules. These eﬀorts improve our
understanding of the mechanism behind DN and our ability
to predict the incidence of diabetic kidney disease (Figure 2),
which will eventually advance the use of these agents toward
clinical practice.
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Diabetic nephropathy (DN) is manifested as increased urinary protein level, decreased glomerular ﬁltration rate, and ﬁnal renal
dysfunction. DN is the leading cause of end-stage renal disease worldwide and causes a huge societal healthcare burden. Since
satisﬁed treatments are still limited, exploring new strategies for the treatment of this disease is urgently needed. Oxidative stress
takes part in the initiation and development of DN. In addition, nuclear factor erythroid 2-related factor 2 (Nrf2) plays a key
role in the cellular response to oxidative stress. Thus, activation of Nrf2 seems to be a new choice for the treatment of DN. In
current review, we discussed and summarized the therapeutic eﬀects of Nrf2 activation on DN from both basic and clinical studies.

1. Introduction
According to the data from the International Diabetes
Federation, the number of individuals who suﬀered from
diabetic mellitus was 285 million in 2010, and this number
will increase to 439 million in 2030. Diabetic nephropathy
(DN), a serious complication of diabetic mellitus, is manifested as increased urinary protein level, decreased glomerular ﬁltration rate (GFR), and ﬁnal renal dysfunction
[1]. DN is the leading cause of end-stage renal disease
worldwide. Additionally, DN reduces patient’s quality of
life and increases the societal healthcare burdens. Various
therapeutic approaches, such as glucose, lipid, and blood
pressure control; renin-angiotensin system inhibitor application; and lifestyle changes, have been tried to slow the
progression of DN [2]. However, the curative eﬀect is
not satisfactory, and the developing speed of DN is still
the fastest among chronic kidney diseases (CKDs). Therefore, novel strategies for ﬁghting against this disease are
urgently needed.
The pathogenesis of DN is complicated. It is suggested
that hemodynamic changes, genetic susceptibility, hyperglycemia, dyslipidemia, and oxidative stress take part in the

progress and development of DN [3]. Among these issues,
oxidative stress and its related inﬂammation and ﬁbrosis
have been reported to aggravate DN in recent years [4]. In
our body, mechanisms maintaining the balance between
oxidation and reduction are complicated. Nuclear factor erythroid 2-related factor 2 (Nrf2)/antioxidant-responsive element (ARE) pathway is proven to be crucial in this process
[5, 6]. Therefore, activation of Nrf2/ARE pathway seems to
be a potentially eﬀective method for the treatment of DN.
Here, we seek to review the contribution of Nrf2/ARE pathway activation to DN.

2. Oxidative Stress and DN
The nature of oxidative stress is the disproportionate generation of reactive oxygen species (ROS) and endogenous antioxidants. Low ROS level in body is crucial for survival and
proliferation. High level of ROS leads to cellular apoptosis.
Extremely high level of ROS gives rise to the damage of cellular macromolecules, including DNA [7], lipid [8], and protein [9]. It will cause mutations and followed by tissue
injury or even necrotic cell death if those damages were not
repaired [10].
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Figure 1: Molecular structure of Nrf2 (a) and Keap1 (b) proteins. (a) There are seven domains in the Nrf2 molecule, and a brief explanatory
note for the main function of each domain was given. (b) There are ﬁve domains in the Keap1 molecule, and a brief explanatory note for the
main function of each domain was given.

Under diabetes condition, oxidative stress is triggered
through a variety of ways, such as advanced glycation endproduct accumulation and activation of polyol pathway, protein kinase C pathway, and renin angiotensin-aldosterone
system. It is well accepted that oxidative stress takes part in
the pathogenesis of DN. A large number of excellent reviews
have shown that oxidative stress accelerates the progress of
experimental DN [4, 11, 12]. For example, in type 1 diabetes
rats, kidney expression of superoxide dismutase together
with glutathione was obviously decreased, while restoring
these two enzymes inhibited the progression of DN [13].
For type 2 diabetes rats, similarly, upregulation of malondialdehyde and downregulation of antioxidant enzymes, such as
superoxide dismutase and glutathione, were observed in
diabetes rat kidney. And, restoration of these enzymes halted
hyperglycemia-induced oxidative stress and maintained
renal function [14]. Moreover, it is not diﬃcult to obtain similar evidence from clinical studies [15–17]. For example, in
new published clinical trials, individuals who suﬀered from
DN were enrolled. Kidney injury was attenuated accompanied by improving oxidative stress biomarkers (nitric oxide,
glutathione, and malondialdehyde) after short-term supplementation of selenium or vitamin E [15, 16]. Taken together,
antioxidative stress therapy might bring favorable outcomes
to patients with DN.

3. Oxidative Stress and Nrf2/ARE Pathway
3.1. Components of Nrf2/ARE Pathway. Nrf2 is a smart transcription factor with a basic leucine zipper motif [18]. It has
seven highly conserved Nrf2-ECH homology domains, Neh1
to Neh7 [19, 20]. Neh1 domain includes a basic leucine zipper
structure, which facilitates dimerization with small musculoaponeurotic ﬁbrosarcoma (sMaf) protein and binding to
ARE [21]. Besides, Neh1 also promotes the cytoplasmic-tonuclear translocation of Nrf2 [22]. Neh2 domain is highly
conserved between species [23] and enables Nrf2 to combine
with Kelch-like ECH-associated protein 1 (Keap1) [24, 25].

Additionally, the presences of lysine residues and a serine residue in Neh2 domain are involved in the suppression of
proteasome-mediated Nrf2 degradation [26] and Nrf2Keap1 complex structure modulation, respectively. The functions of Neh3–Neh6 domains are relatively simple. Brieﬂy,
Neh3–Neh5 domains are essential for Nrf2 transcriptional
activity [27], and Neh6 domain is associated with Nrf2 degradation [28]. Neh7 domain, which has been identiﬁed recently,
suppresses Nrf2 downstream gene expression through binding to the retinoic acid receptor α [29]. Nrf2 molecular structure is given in Figure 1(a).
Keap1 was ﬁrst recognized in 1999 with the application of
the Neh2 domain of Nrf2 [25]. The Keap1 molecules from
diﬀerent species are slightly diﬀerent. The number of cysteine
residues in the Keap1 molecule from mouse and human
beings is 25 and 27, respectively. To be noticed, cysteine residues are sensors for Nrf2 activation [30]. Five domains have
been discovered in the Keap1 molecule. They are NTR, BTB,
IVR, DGR, and CTR [23]. The BTB domain is required for
the homodimerization of Keap1 [31] and the interaction
between Keap1 and Cullin3-Rbx1E3 ubiquitin ligase (Cul3E3-ligase) [32]. The cysteine-rich IVR domain is sensitive
to oxidation [33]. Three important cysteine residues
(Cys151, Cys273, and Cys288) were identiﬁed to be crucial
for maintaining the structural integrity of Keap1 [34–36].
The DGR domain is where Keap1 binds to the Neh2 domain
of Nrf2 [37]. The Keap1 molecular structure is given in
Figure 1(b).
3.2. Working Model of Nrf2/ARE Pathway. Nrf2/ARE pathway plays a crucial role in cellular resistance to oxidative
stress [5]. Under rest conditions, Keap1 interacts with Nrf2
to form a complex [38, 39]. At this situation, Keap1 acts as
an inhibitor of Nrf2. Moreover, this Nrf2 inhibitor can also
interact with Cul3-E3-ligase, which mediates Nrf2 degradation in ubiquitin-proteasome system. After that, the transcription function of Nrf2 is repressed [40] (Figure 2(a)).
During oxidative stress, Nrf2 is activated. By modifying the
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Figure 2: Working model of Nrf2/ARE pathway. (a) Working model of Nrf2/ARE pathway under rest conditions. (b) Working model of
Nrf2/ARE pathway during oxidative stress.

three important cysteine residues of Keap1, conformational
changes occur in the Nrf2/Keap1 complex [30, 35], leading
to Nrf2 liberalization, followed by Nrf2 translocation. In the
nucleus, Nrf2 binds to ARE with the help of sMaf protein
[21]. Then, Nrf2 triggers the transcription of phase II detoxiﬁcation enzymes and antioxidants, such as heme oxygenase1 and superoxide dismutase 1 [41–43] (Figure 2(b)).
3.3. Nrf2/ARE Pathway Regulation. As an executor, Nrf2/
ARE signaling pathway is regulated by complex mechanisms
[44]. The regulation models include transcriptional level,
translational level, and posttranslational level. To examine
the mechanisms of Nrf2 transcriptional activation, Kwak
et al. found that Nrf2 could autoregulate itself via a speciﬁc
element of its own promoter [45]. Nowadays, microRNAs
are thought to take part in the regulation of oxidative stress
[46]. It was suggested that Nrf2 gene could be directly downregulated by miR-28 [47], miR-34a [48], and miR-144 [49].

Additionally, Nrf2 gene could be indirectly regulated by
miR-200a-driven Keap1 gene downregulation [50]. Moreover, it is suggested that both DNA methylation [51, 52]
and histone modiﬁcation [53, 54] can regulate Nrf2/ARE
pathway. Such information about the epigenetic regulation of Nrf2 and Keap1 was well summarized in a review
article [55].
As we talked above, Nrf2 is degraded in ubiquitinproteasome system. This process keeps Nrf2 protein at a
low level and maintains cellular redox homoeostasis by preventing transcription of undesired genes. Therefore, protein
level of Nrf2 can be controlled by both regulation of ubiquitin
ligases [56] and proteasome activity [57]. In addition to
ubiquitin-proteasome system, other proteins can regulate
Nrf2 by interacting with the Nrf2-Keap1 complex. For example, autophagy pathway inhibition leads to excessive p62
accumulation. By directly interacting with Keap1, p62 blots
Keap1-mediated Nrf2 degradation [58].
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Besides regulating transcription and translation, Nrf2
pathway can also be regulated after translation. For example,
protein kinase C catalyzes Nrf2 phosphorylation at serine 40
residue, which is critical for promoting Nrf2 separation from
Keap1 [59]. Interestingly, p66Shc which takes part in cellular
stress response is transcriptionally regulated by Nrf2. However, p66Shc also controls the expression of several Nrf2
downstream genes, like NAD(P)H:quinone oxidoreductase
1 [60]. Taken together, all these signaling pathway regulation methods have the potential to be used for antioxidative
stress strategies.

4. Role of Nrf2/ARE Pathway in DN: Evidences
in Basic Research
The eﬀects of Nrf2/ARE pathway activation on DN in different experimental models were well documented in the
past ten years [61]. Sun et al. revealed proper time nodes
of Nrf2 signaling pathway in diﬀerent processes of DN
in rats [62]. In addition, hyperglycemia-induced oxidative
stress and accelerated renal injury were more serious in
streptozotocin-treated Nrf2 knockout mice than those in
wild-type controls [63–65], indicating a beneﬁcial eﬀect
of Nrf2 on DN. With the expectation that Nrf2-targeted
genes would be increased, Keap1 knockout and knockdown mice were generated. However, Keap1 knockout
mice died early because of severe defects [66], and Keap1
knockdown mice show diﬀerent impact eﬀects on metabolic homeostasis [67–69]. The possible reasons for the
discrepancy could be the component and content of the
diet and the length of high-fat feeding. To be noticed,
genetic and pharmacological activation of Nrf2 is constitutive and intermittent, respectively, and the levels of Nrf2
downstream genes in the genetically modiﬁed mice were
higher than those induced by pharmacological Nrf2
inducers [70]. Moreover, aberrant Nrf2 activation causes
unexpected side eﬀects, which will be discussed at the
end of this review. Therefore, either pharmacologically
activating Nrf2 pathway or inhibiting Nrf2 degradation
intermittently might be considered as potential strategies
for treating DN.
Recently, a mount of Nrf2 activators have been applied to
explore the therapeutic potential of Nrf2 in experimental DN
models. In these studies, Nrf2 activators acted upon a series
of targets via diﬀerent mechanisms. The information of these
articles was summarized and listed in Table 1 [57, 71–106].
4.1. Nrf2-Keap1 Complex Modulation. As a novel Nrf2 activation strategy, directly destroying Nrf2-Keap1 complex
has been proved to be eﬀective. For example, under diabetes
condition, miR-29 was downregulated. Because miR-29
directly targeted to Keap1 mRNA, Nrf2 content was indirectly reduced [81]. Our previous study demonstrated that
C66 (a novel curcumin analogue) ameliorated DN by miR200a-mediated Nrf2 activation [93]. This method of Nrf2
regulation by miR-200a was conﬁrmed by another study
from Wei et al. [107]. Taken together, miR-29 activator and
miR-200a activator have the potential to be used in the treatment of DN.
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Huang et al. claimed that, in HepG2 cells, PKC promoted
Nrf2 phosphorylation at Ser-40. This modulation broke the
Nrf2-Keap1 complex and promoted the division between
Nrf2 and Keap1 [59]. Therefore, developing medicines inhibiting the interaction between Nrf2 and Keap1-Nrf2 will be a
valuable topic.
4.2. Reduction of Nrf2 Degradation. The degradation of Nrf2
occurs in the proteasome system. Thus, suppressing the degradation of Nrf2 via inhibiting proteasome activity seems to
be a reasonable strategy for DN. Studies from both other
and our groups revealed that low dose of MG132, a proteasome inhibitor, had preventive and therapeutic eﬀects on
the development and progression of DN in rodents [57, 106].
In addition, minocycline which has been widely used in
clinical research is beneﬁcial to the stabilization of endogenous Nrf2 in the kidneys of db/db mice, followed by the
reduction of glomerular ROS generation. The underlying
mechanism might be minocycline could reduce Nrf2 ubiquitination and then decrease its degradation. However,
minocycline-mediated amelioration of DN disappeared in
diabetic Nrf2 knockout mice [92].
4.3. Cytoplasm-to-Nuclear Shuttling of Nrf2. Under certain
condition, Nrf2 shuttles from cytoplasm to nucleus. Nucleus
accumulation of Nrf2 was proven to be eﬀective against
diabetes-induced kidney injury [94]. Using human renal
tubular cells, our previous study claimed that Zinc increased
the Nrf2 protein level in nucleus and upregulated the expression of Nrf2 downstream enzymes through promoting Akt/
GSK-3β-mediated inhibition of Fyn, which is a Nrf2 nuclear
exporter [98]. Following studies conﬁrmed our viewpoint in
type 1 diabetic rodents by using fenoﬁbrate [95] and sulforaphane [96], respectively. Interestingly, it was suggested
that sulforaphane mainly induced Nrf2 via modiﬁcation of
Keap1 Cys151 [36]. However, Shang et al. demonstrated
that sulforaphane attenuated experimental DN partially
through GSK-3β/Fyn/Nrf2 pathway [96]. This study provided another possible mechanism underlying the regulation
of Nrf2 by sulforaphane. Additionally, Chen et al. found that
connexin43 might hinder the nuclear export of Nrf2 by inhibiting c-Src activity and then attenuate renal ﬁbrosis in high
glucose-treated glomerular mesangial cells [91]. All these
Nrf2 activators promoted Nrf2 nucleus accumulation by
blocking Nrf2 export.
Moreover, beneﬁcial eﬀects of facilitating the nuclear
import of Nrf2 by other Nrf2 activators, such as hydrogen
sulﬁde [100], hepatocyte growth factor [103], and tertbutylhydroquinone [105], were proved in many experimental DN models, indicating the importance of the regulation
of cytoplasm-to-nuclear shuttling of Nrf2 in the treatment
of DN.
4.4. Other Underlying Mechanisms for Nrf2 Activation. In a
recent study, streptozotocin-treated Nrf2 knockout mice
and wild-type controls were administrated with or without
sodium butyrate for twenty weeks. Data showed that Nrf2
played a key role in the process of sodium butyrate protection
against DN. Additionally, sodium butyrate might upregulate
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Table 1: Beneﬁcial eﬀect of Nrf2 activators on experimental DN.

Nrf2 activator

DN model

Results
Sulforaphane alleviates renal inﬂammation, oxidative stress, ﬁbrosis, and
T1DM mice; human renal
dysfunction in DN mice via activation of Nrf2/ARE pathway (HO-1,
Sulforaphane
tubular cells
SOD1, etc.); beneﬁcial eﬀects disappeared when Nrf2 siRNA was applied
Sulforaphane normalizes diabetes-induced kidney oxidative damage,
T1DM mice; human renal
ﬁbrosis, and apoptosis, which is mediated by Nrf2/ARE pathway (NQO1,
Sulforaphane
mesangial cells
rGCS, and MRP2) activation; beneﬁcial eﬀects disappeared in Nrf2
knockout mice
Sulforaphane improves kidney oxidative damage, inﬂammation, and
ﬁbrosis in diabetic mice, accompanied by increasing kidney Nrf2 and its
Sulforaphane
T2DM mice
downstream gene metallothionein; beneﬁcial eﬀects disappeared in Nrf2
knockout mice
Sulforaphane ameliorates DN through GSK3β/Fyn/Nrf2 signaling pathway
Sulforaphane
T1DM rats
(prevents nuclear export of Nrf2)
Resveratrol and
Resveratrol combined with rosuvastatin treatment normalizes the TGF-β1,
T1DM mice
rosuvastatin
FN, and NF-κB/p65 and restores Nrf2 in renal tissues of diabetic rats
Resveratrol reduces albuminuria and mesangial matrix expansion in DN
Resveratrol
T1DM rats; rat mesangial cells rats and attenuates mesangial cell proliferation, which is associated with
upregulation of Nrf2 and glutathione S-transferases Mu
Resveratrol protects against DN by alleviating oxidative damage and
Resveratrol
T1DM rats
inﬂammation through Nrf2/ARE pathway (SOD, CAT, etc.)
Rat primary glomerular
Resveratrol inhibits AGE-induced FN and TGF-β1 in glomerular
Resveratrol
mesangial cells
mesangial cells through Sirt1/Nrf2 signaling pathway activation
Polydatin (resveratrol
T1DM rats; rat glomerular
Polydatin inhibits AGE-induced FN and TGF-β1 in glomerular mesangial
analogue)
mesangial cells
cells is associated with activation of Sirt1/Nrf2 pathway
Curcumin ameliorates albuminuria, kidney pathophysiologic changes, and
Curcumin
T2DM rats
urinary MDA, accompanied by increasing Nrf2, HO-1, and urinary SOD
Curcumin protects renal tubular cells from high glucose-induced EMT
Rat kidney tubular epithelial
Curcumin
through upregulating Nrf2 and HO-1; beneﬁcial eﬀects disappeared when
cells
Nrf2 siRNA was applied
C66 protects against DN by upregulating Nrf2 via both increasing
C66 (curcumin
T1DM mice
miR-200a and inhibiting miR-21; beneﬁcial eﬀects were partially
analogue)
abolished in Nrf2 knockout mice
Zn sensitizes Nrf2 by facilitating Akt-associated Fyn inhibition
Zinc
Human renal tubular cells
(prevents Nrf2 nuclear export) and thus alleviates kidney oxidative
and inﬂammatory damage and ﬁbrosis
Zinc ameliorates high glucose-mediated apoptosis in rat kidney
Rat kidney tubular
Zinc
tubular cells through Akt/ERK/Nrf2 signaling pathway activation
epithelial cells
(promotes Nrf2 accumulation in nuclear)
MG132 sensitizes Nrf2 by inhibiting proteasome activity and thus
attenuates hyperglycemia-induced kidney oxidative and inﬂammatory
T1DM mice; human renal
MG132
damage, ﬁbrosis, and eventual dysfunction; beneﬁcial eﬀects
tubular cells
disappeared when Nrf2 siRNA was applied
Low dose of MG132 prevents diabetes-induced kidney damage by
MG132
T1DM rats
Nrf2/ARE pathway activation
Human renal glomerular
Rutin signiﬁcantly prevents hyperglycemia-induced glomerular endothelial
Rutin
endothelial cells
barrier disruption by decreasing ROS through the activation of Nrf2
Berberine ameliorates high glucose-induced EMT and oxidative stress
by Nrf2/ARE pathway (HO-1 and NQO1) activation and TGF-β/EMT
T1DM mice; rat renal tubular
Berberine
pathway inhibition; beneﬁcial eﬀects disappeared when Nrf2 siRNA
epithelial cells
was applied
Casein kinase 2
Casein kinase 2 interacting protein-1 downregulates ICAM-1 and FN by
Rat glomerular mesangial cells
interacting protein-1
Nrf2/ARE pathway (SOD1 and HO-1) activation
Salvianolic acid A protects DN via Nrf2/ARE pathway
Salvianolic acid A
T1DM mice
(HO-1, NQO1, and GPx-1)

Ref.
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[86]

[89]

[96]
[74]
[84]
[87]
[101]
[97]
[78]
[80]

[93]

[98]

[99]

[57]

[106]
[71]

[72]

[73]
[75]
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Table 1: Continued.

Nrf2 activator

DN model

Results
Sinomenine reduces ROS level and exerts renal protective eﬀect by
Human renal glomerular
activating Nrf2 in high glucose-treated human renal glomerular
Sinomenine
endothelial cells
endothelial cells
Momordica charantia
Momordica charantia polysaccharides attenuate type 1 DN in rats by
T1DM rats
polysaccharides
upregulating Nrf2, CAT, GSH, and SOD
Digitoﬂavone minimizes pathological changes, decreases oxidative and
inﬂammatory damage as well as ﬁbrosis in DN mice, which is mediated by
Digitoﬂavone
T1DM mice
Nrf2 pathway (GCLC and HO-1) activation; beneﬁcial eﬀects disappeared
in Nrf2 knockout mice
Thrombomodulin
Thrombomodulin domain 1 improves DN by suppressing inﬂammation,
T2DM mice
domain 1
activating the Nrf2 pathway, and inhibiting apoptosis in the mouse kidney
Maxacalcitol alleviates DN by suppressing kidney oxidative and
Maxacalcitol
T2DM mice
inﬂammatory damage as well as ﬁbrosis, which is mediated by Nrf2
pathway (GCLC and HO-1) activation
Treatment with 4-phenylbutyric acid attenuates oxidative damage in DN
4-Phenylbutyric acid
T1DM rats
rats via Nrf2 facilitation
Sodium butyrate protects against DN through Nrf2 upregulation, which is
Sodium butyrate
T1DM mice
mediated by suppressing HDAC function; beneﬁcial eﬀects disappeared in
Nrf2 knockout mice
Connexin43 activates Nrf2/ARE pathway by means of inhibiting c-Src
Primary glomerular mesangial activity to hinder the nuclear export of Nrf2 and then downregulates FN,
Connexin43
cells; type 2 diabetic mice
ICAM-1, and TGF-β1 expression and ultimately attenuates renal ﬁbrosis in
diabetic mice
Minocycline stabilizes endogenous Nrf2 by reducing its ubiquitination and
T1DM/T2DM mice;
Minocycline
reduces markers of oxidative damage, thus alleviated DN; beneﬁcial eﬀects
human/mouse podocytes
disappeared in Nrf2 knockout mice
Mycophenolate
Mycophenolate mofetil attenuates DN at least in part by upregulating Nrf2
T1DM rats
mofetil
pathway (increases the nuclear accumulation of Nrf2)
Fenoﬁbrate attenuates DN via increasing FGF21 and activating
Fenoﬁbrate
T1DM mice
Akt/GSK-3β/Fyn/Nrf2 pathway (prevents Nrf2 nuclear export)
Hydrogen sulﬁde alleviates DN by suppressing oxidative stress
(promotes Nrf2 accumulation in nuclear), inﬂammation, and
T1DM rats; rat glomerular
Hydrogen sulﬁde
renin-angiotensin system activity, as well as by reducing mesangial
mesangial cells
cell proliferation
Prevention of low-dose radiation against DN is associated with Akt
Low-dose radiation
T1DM mice
phosphorylation and Nrf2 upregulation
Hepatocyte growth factor ameliorates high glucose-induced oxidative
Hepatocyte growth
Rat mesangial cells
damage in rat mesangial cells by upregulating 8-nitro-cGMP production,
factor
accompanied by nuclear accumulation of Nrf2
Telmisartan inhibits NAD(P)H oxidase and upregulates Nrf2 and SOD,
Telmisartan
T2DM mice
leading to the attenuation of diabetes-induced renal damage
terttert-butylhydroquinone reduces renal damage through nuclear
T1DM mice
butylhydroquinone
accumulation of Nrf2 as well as its target genes in type 1 diabetic mice

Nrf2 at the transcriptional level possibly by inhibiting histone
deacetylase activity [90]. As a NAD-dependent histone deacetylase in the nucleus, Sirt1 takes part in many biological
processes [108] through working on a battery of transcription factors, including Nrf2 [109–111]. Studies revealed that
both resveratrol [101] and its analogue (polydatin) [97]
activated Nrf2/ARE pathway through upregulating Sirt1 in
glomerular mesangial cells and attenuated high glucose
caused ﬁbrosis.
Moreover, Nrf2-dependent beneﬁcial eﬀects on the prevention of DN were observed in low dose of radiationtreated mice [102] and high glucose-treated NRK-52E cells

Ref.
[76]
[77]

[78]

[82]
[83]
[88]
[90]

[91]

[92]
[94]
[95]

[100]

[102]
[103]
[104]
[105]

[99], respectively. Activation of Nrf2 in these two studies
was reported to be responsible to Akt activation; however,
whether Fyn was involved in this process was not mentioned
[99, 102].
Oxidative stress aggrieves all kinds of kidney resident
cells, including epithelium (podocyte), endothelium, glomerular mesangial cell, and tubular cell. According to Table 1,
available evidences support that activation of Nrf2/ARE
pathway not only attenuates high glucose-induced podocyte
[82, 92, 112, 113], endothelium [71, 76], and mesangial cell
[73, 86, 91, 97, 101, 103, 105, 107] injury in glomeruli but also
alleviates renal tubular cell [72, 80, 81, 98, 99] damage. In
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addition, sulforaphane [85, 86, 89, 96] and resveratrol [74, 84,
87, 97, 101] are the most well-studied ones among those Nrf2
activators. Besides, curcumin and its analogues (C66) were
also introduced in three studies [78, 80, 93] and have
emerged to be a potential therapeutic choice, which will be
discussed later in this review.
Taken together, breaking the Nrf2-Keap1 complex, blocking Nrf2 degradation, and promoting Nrf2 cytoplasmic-tonuclear translocation are valuable strategies to increase antioxidant generation. These basic evidences provide us with
new ideas for the treatment of oxidative stress-associated
kidney injury under diabetes condition.

5. Role of Nrf2/ARE Pathway in DN: Evidences
in Clinical Research
Beneﬁcial eﬀects of Nrf2/ARE pathway activation on DN can
be observed in not only basic researches but also clinical
researches. Additionally, the relationship of genetic variants
of Nrf2 (rs2364723, rs10497511, rs1962142, and rs6726395)
and diabetes complications in Han descents of Northeast
China has been conﬁrmed recently by our group [114].
Moreover, dysregulation of Nrf2 signaling was also observed
in human diabetes kidney [64]. Thus, Nrf2 activators began
to be used in patients with DN in clinical trials.
The most well-studied promising candidate Nrf2 activator is bardoxolone methyl (BM), which has been used not
only for cancer [115] but also for many other oxidative
stress and inﬂammation-involved chronic diseases [116].
BM was ﬁrst introduced to clinicians because it possesses
anticancer eﬀects. When treating patients who suﬀered
from malignant diseases, the investigators surprisingly
found that BM could raise estimated GRF (eGFR), accompanied by increasing NQO1 mRNA in peripheral blood
mononuclear cells. Interestingly, these improvements were
more likely to be observed in a subset of patients with
CKD [117, 118]. Based on these observations, this multifunctional medicine was thought to ameliorate renal damage in type 2 diabetes patients.
With the encouraging idea, BM was further studied in a
phase 2a clinical trial to evaluate its renoprotective eﬃcacy
and safety [119]. In this multicenter clinical trial, shortterm (8 weeks) eﬀects of BM on kidney function was evaluated in type 2 diabetes patients and moderate to severe
CKD (baseline serum creatinine level ranged from 1.3 to
3.0 mg/dl). All enrolled patients were administrated with
25 mg BM for 4 weeks and 75 mg BM for next 4 weeks. Data
showed that the administration of BM obviously increased
eGFR and creatinine clearance while decreased serum creatinine and blood urea nitrogen. These results seemed very
optimistic; however, two major limitations in this study
should not be ignored. First, this was a self-control study
and a placebo control group was needed to obtain a more
convincing result. Second, the treatment course was not long
enough to observe side eﬀects.
Attempting to further verify the beneﬁcial eﬀects of BM
in patients who suﬀered from diabetes and CKD, the BEAM
study with a larger sample size was conducted [120]. To overcome the limitations in the previous phase 2a clinical trial,
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227 patients who suﬀered from diabetes mellitus and CKD
were enrolled in the BEAM study. Participants were administrated with either placebo or diﬀerent doses (25, 75 or
150 mg/day) of BM for 52 weeks. Data showed that BM ameliorated eGFR, which persisted during the 52-week treatment
period. Moreover, adverse events reported in the BEAM
study were moderate and manageable.
After obtaining these exciting results, the BEACON study
was performed in June 2011 [121]. The purpose of this study
was further conﬁrming the beneﬁcial eﬀects of BM on safely
reducing renal and cardiac morbidity and mortality among
patients who suﬀered from diabetes mellitus and CKD. More
than two thousands patients who suﬀered from type 2 diabetes mellitus and stage 4 CKD were recruited and randomly
administrated with either placebo or BM (20 mg/day) for 52
weeks. However, the BEACON study was stopped prematurely in October 2012 due to safety concerns about considerable adverse events as well as high mortality rates. Heart
failure events (hospitalization or death) occurred in 96 from
1088 patients and 55 from 1097 patients in the BM group and
placebo group, respectively. Moreover, composite outcome
events (including nonfatal stroke and myocardial infarction,
hospitalization because of heart failure, and death because
of cardiovascular diseases) occurred in 139 from 1088
patients and 86 from 1097 patients in the BM group and placebo group, respectively. Compared to the placebo group,
although eGFR was improved, urinary protein level and
blood pressure were also obviously increased in the BM
group during the study period.
The main reason for the termination of the BEACON
study was high rates of heart failure, and many occurred early
after BM initiation. Analyses aiming to ﬁnd the reasons for
heart failure events in the BEACON study were conducted
[122, 123]. Chin et al. claimed that both high B-type natriuretic peptide level and heart failure-caused hospitalization
before were risk factors of heart failure [122]. Another mechanism underlying cardiovascular events in the BEACON
study was also revealed by Chin et al. It was suggested that
BM might pharmacologically lead to acute water-sodium
retention and hypertension by modulating the endothelin
pathway [123]. Besides heart failure events, hypertension
was also more likely to happen in patients from the BM
group than from the placebo group. There were two possible
reasons to explain this phenomenon. First, endothelin pathway regulation by BM leads to sodium and volume retention
as we described above. Second, by binding to the promoter
of intrarenal angiotensinogen gene, Nrf2 stimulates its
expression and then activates the renin-angiotensin system
[124]. Therefore, BM might lead to hypertension by both
sodium and volume retention and renin-angiotensin system activation.
In the BEACON study, investigators did observed elevated eGFR in the BM group. This phenomenon was possibly
due to a similar structure between BM and cyclopentenone
prostaglandins, which can cause renal vasodilatation. To be
noticed, eGFR was calculated by serum creatinine in the
BEAM study and muscle mass will inﬂuence the level of
serum creatinine [125, 126]. Compared to those in the placebo group, the degree of weight loss and muscle wasting in
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the BM group was higher, which might cause an overestimation of eGFR in the BM group [127].
Although some adverse events occurred in BM-treated
patients, it cannot stop us from exploring new medicines for
the treatment of DN. Diﬀerent to BM, curcumin was proven
to be eﬀective in a DN experiment model [78, 80, 93]. In a
recent clinical trial with small sample size, 14 patients with
diabetic kidney disease were given curcumin (500 mg/day)
for 2–4 weeks. It was claimed that short-term curcumin intervention attenuated kidney damage partially by activating
Nrf2 pathway [128], which enhanced our conﬁdence.

6. Other Mechanisms of Nrf2 in the Treatment
of DN
6.1. Eﬀects of Nrf2 Activation on Anti-Inﬂammation. Besides
having an antioxidant property, Nrf2 was proven to alleviate
inﬂammation, which is also involved in the progression of
DN. Alleviation of kidney damages accompanied by downregulation of inﬂammatory cytokines (monocyte chemotactic protein-1, intercellular cell adhesion molecule-1) was
observed in digitoﬂavone-treated wild-type diabetic mice
instead of Nrf2 knockout diabetic mice [79]. However, the
mechanism under which Nrf2 regulated these two proinﬂammatory mediators was not mentioned. Another study revealed
direct evidence of inﬂammation suppression by Nrf2. Kobayashi et al. demonstrated that Nrf2 interfered with transcriptional upregulation of IL-6 and IL-1b by binding to these two
genes and inhibiting RNA polymerase II recruitment [129].
6.2. Eﬀects of Nrf2 Activation on Antiﬁbrosis. Fibrosis is an
ultimate pathway in the pathogenesis of DN, and TGF-β1
advances kidney ﬁbrosis. It was suggested that Nrf2 ameliorated DN by transcriptional repression of TGF-β1 directly.
Gao et al. found that Nrf2 inhibited TGF-β1 through binding
to the speciﬁc region in TGF-β1 promoter with the help
of c-Jun as well as SP1 [130]. This study provided a novel
clue for DN prevention and intervention.

7. Side Effects of Nrf2 Activation
Considerable evidence showed beneﬁcial eﬀects of Nrf2 on
DN. However, side eﬀects of this molecule should also be
noticed. Zoja et al. treated type 2 diabetic rats with a synthetic
triterpenoid analogue of BM (RTA405). They demonstrated
that RTA405 elevated mortality, aggravated proteinuria, dyslipidemia, kidney function, and liver function [131]. These
ﬁndings indicated the toxicity of this molecule. In addition,
by using another BM analogue (dh404), the deleterious
and salutary actions of Nrf2 activation in the treatment
of DN were reported to be dose-dependent. Low dose of
dh404 might alleviate kidney damage, while high dose of
dh404 might lead to deterioration of the kidney function
[132, 133]. Therefore, consideration of the appropriate
dose is necessary when applying the BM analogues.
Dural roles of Nrf2 in cancer have also been reported
[134, 135]. Some studies suggested that aberrant Nrf2 activation was correlated with cancer progression. For example,
one important mechanism of hereditary leiomyomatosis
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and renal cell carcinoma is fumarate hydratase inactivationinduced fumarate accumulation. Sustained fumarate accumulation leads to aberrant Nrf2 activation and then gives rise
to fatal consequences [136]. Nrf2 contributes to cancer cell
survival not only by upregulating the expression of Bcl-xl
and Bcl-2 to inhibit apoptosis [137] but also by raising the
rate of glycolysis to promote cell proliferation [138].
Intrarenal renin-angiotensin system causes blood pressure elevation and kidney damage. Another side eﬀect of
Nrf2 activation that should be noticed is that Nrf2 can activate the renin-angiotensin system directly [139]. For example, Abdo et al. found that overexpression of Nrf2 promoted
angiotensinogen gene transcription in high glucose-treated
renal proximal tubule cells. Moreover, application of Nrf2
siRNA reduced angiotensinogen mRNA and protein expression [124].

8. Conclusions
In summary, oxidative stress is an important pathogenesis of
DN. As the center of the body antioxidant system, Nrf2/ARE
pathway is of great value in the treatment of DN. Modulating
Nrf2/ARE pathway through diﬀerent mechanisms provides
new approaches for future clinical research studying the
treatment of DN. It was worth noting that there was no evidence to support the application of BM in animal DN before
the BEACON study. Therefore, before designing a new clinical trial, investigators should make sure that preliminary
studies have been done and should not ignore any negative
outcome. Moreover, in order to avoid the occurrence of a
large number of serious adverse events, possible side eﬀects
of Nrf2 activation need to be monitored during the period
of trial conduction.
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Purpose. In this study, we investigated the effect of PGC1𝛼 activators on mitochondrial fusion, fission, and autophagic quality control
in renal tubular cells in a diabetic environment in vivo and in vitro. We also examined whether the upregulation of PGC1𝛼 attenuates
diabetic tubulopathy by normalizing mitochondrial homeostasis. Methods. HKC8 cells were subjected to high-glucose conditions
(30 mM D-glucose). Diabetes was induced with streptozotocin (STZ, 50 mg/kg i.p. for 5 days) in male C57/BL6J mice. AICAR
or metformin was used as a PGC1𝛼 activator. Results. Treatment with the PGC1𝛼 activators AICAR and metformin improved
functional mitochondrial mass in HKC8 cells in high-glucose conditions. Moreover, in renal proximal tubular cells, increased
PGC1𝛼 activity correlated with the reversal of changes in Drp1, Mfn1, and LC3-II protein expression in a high-glucose environment.
Normalized mitochondrial life cycles resulted in low ROS production and reduced apoptosis. AICAR and metformin treatment
effectively mitigated albuminuria and renal histopathology and decreased the expression of TGF𝛽1 and 𝛼SMA in the kidneys of
diabetic mice. Conclusions. Our results demonstrate that increases in PGC1𝛼 activity improve diabetic tubulopathy by modulating
mitochondrial dynamics and autophagy.

1. Introduction
The global prevalence of diabetes among adults over 18 years
of age has rapidly risen from 4.7% in 1980 to 8.5% in 2014 [1].
Diabetic kidney disease (DKD) is the leading cause of endstage renal disease, which requires renal replacement therapy,
and approximately 30% of diabetic patients have decreased
renal function as a long-term complication of diabetes [2].
Moreover, DKD accounts for a significant increase in morbidity and mortality in patients with diabetes, and care for these
patients is associated with substantial costs to society [3].
Although the roles of the glomerular filtration barrier
in the development of albuminuria, which is a cardinal
feature of DKD, are known, recent data have shown that
only selective defects in tubular transport processes result in
albuminuria or proteinuria [4]. Furthermore, it is clear that
tubular epithelial cells under high-glucose conditions show

elevated activation of proinflammatory and profibrotic signal
transduction pathways, which contribute to progressive interstitial fibrosis [5]. Given that the extent of renal dysfunction
correlates well with the degree of interstitial fibrosis [6],
diabetic tubulopathy must be considered and explored as
much as diabetic glomerulopathy in the pathogenesis of
DKD.
Mitochondrial dysfunctions or abnormalities are associated with DKD, but the mechanistic nature of this association needs to be elucidated [7–12]. PGC1𝛼 (peroxisome
proliferator-activated receptor gamma coactivator 1-alpha)
is a transcriptional coactivator that regulates the genes
involved in energy metabolism, including mitochondrialassociated proteins and transcriptional factors [13]. Interestingly, reduced PGC1𝛼 expression in diabetic kidneys indicates that PGC1𝛼 may mediate mitochondrial abnormalities
during the development and progression of DKD [13].
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In this study, we demonstrate that reduced PGC1𝛼 expression in renal proximal tubular cells is related to abnormal
dynamics and quality control of mitochondria under highglucose conditions and that PGC1𝛼 activation attenuates the
effect of high-glucose conditions on kidney tubules in vivo
and in vitro.

2. Materials and Methods
2.1. Cell Culture. The human renal proximal tubular epithelial
cell line HKC8 was obtained from Dr. L. Rausen (Johns Hopkins University, Baltimore, MD) and was maintained in Dulbecco’s Modified Eagle Medium supplemented with Ham’s
F12 medium (DMEM/F12; Invitrogen). DMEM/F12 was supplemented with 10% fetal bovine serum and 1% penicillin/
streptomycin (WelGENE, Daegu, Republic of Korea). Before
experiments, cells were maintained in medium containing
5–30 mM D-glucose. To increase PGC1𝛼 activity, 1 mM
5-aminoimidazole-4-carboxamide ribonucleotide (AICAR;
Sigma-Aldrich St. Louis, MO, USA) or 1 mM metformin
(Sigma-Aldrich, St. Louis, MO, USA) was added to the culture
media.
2.2. Animal Studies. Diabetes was induced in eight-week-old
male C57/BL6J mice (Center for Research Animals, Seoul,
Korea) by intraperitoneal injection of streptozotocin (STZ;
Sigma Chemicals, Missouri) at a dose of 50 mg/kg for 5
consecutive days. In the intervention study, four groups of
mice (𝑛 = 5) were used for three separate experiments: (1)
normal control, (2) diabetic control, (3) diabetes + AICAR
(300 mg/kg), and (4) diabetes + metformin (150 mg/kg).
AICAR (Toronto Research Chemical Inc., Toronto, Canada)
and metformin (Sigma-Aldrich, St. Louis, MO, USA) were
dissolved in PBS and administered to mice via daily intraperitoneal injection with the indicated dose from 2 weeks after
STZ administration for a period of 14 weeks. All mice were
sacrificed 16 weeks after STZ administration, and their kidney
tissues were collected for analyses.
During the experiments, body weights and serum glucose
concentrations were measured weekly. All experiments were
performed according to the guidelines of the Gangdong
Animal Research Ethics Committee of Kyung Hee University
Hospital.
2.3. Isolation of Total RNA, Real-Time Polymerase Chain
Reaction (PCR). Total RNA was extracted from kidney tissue
using the Total RNA Isolation Kit (Macherey-Nagel, Duren,
Germany) according to the manufacturer’s instructions. Realtime PCR was performed using SYBR Green PCR Master
mix (Fast Start Universal SYBR Green Master; Roche). To
quantify the mtDNA/gDNA ratio, qPCR was used to amplify
one gene from the mitochondrial genome (Nd1 in humans)
and one gene from the nuclear genome (𝛽-globin in humans).
Primer sequences were as follows: Nd1 forward 5 -CAA ACC
GGG CCC CCT TCG AC-3 ; Nd1 reverse 5 -CGA ATG GGC
CGG CTG CGT AT-3 ; 𝛽-globin forward, 5 -GAG AAT GGG
AAG CCG AAC ATA-3 ; 𝛽-globin reverse 5 -CCG TTC TTC
AGC ATT TGG ATT T-3 .
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2.4. Western Blot Analysis. Cells and kidney tissues were
washed with PBS and lysed in ice-cold lysis buffer containing
a protease inhibitor cocktail (Roche Diagnostics, Mannheim,
Germany). Proteins were separated with 8–15% SDS-PAGE
and then transferred onto a polyvinylidene difluoride membrane (Millipore, Madrid, Spain) by electroblotting. The
membrane was blocked for 1 h at room temperature and
then incubated overnight at 4∘ C with anti-PGC-1𝛼, anti-Bax,
anti-cytochrome C, anti-E-cadherin (1 : 1000, Santa Cruz,
USA), anti-phospho-PGC-1𝛼 (R&D system Inc. Minneapolis,
MN), anti-AMPK, anti-phospho-AMPK, anti-TGF-𝛽, antiBcl2 (1 : 1000, Cell Signaling Technology, MA, USA), and 𝛼SMA (1 : 1000 Abcam Inc. Cambridge, UK) primary antibodies. Subsequently, the membranes were stained with
horseradish peroxidase-conjugated goat anti-rabbit or mouse
immunoglobulin G (1 : 2,000, Santa Cruz CA, USA). The
immunoreactive bands were detected by chemiluminescence
(enhanced chemiluminescence; BioFX Laboratories, Inc.,
Maryland). GAPDH (1 : 2,000, Santa Cruz, CA, USA) was
used as an internal control.
2.5. Measurement of Reactive Oxygen Species (ROS). To
assess intracellular and mitochondrial ROS production, cells
were incubated with H2-DCFDA and MitoSOX (Life Technologies, Seoul, Republic of Korea), after which they were
examined by confocal microscopy (LSM-700; Carl Zeiss,
Jena, Germany). Flow cytometry was performed to quantify
the amount and change of ROS production according to
manufacturer’s instruction. Briefly, prepared HKC8 cells were
incubated with MitoSOX Red (3 𝜇M, Life Technologies,
Seoul, Republic of Korea) at 37∘ C for 10 minutes. Using a
flow cytometer, MitoSOX Red was excited at 488 nm and
fluorescence emission at 575 was measured. The cells were
analysed with a FACSCalibur flow cytometry system (BD
Biosciences, CA, USA), and data analysis was performed
using FlowJo software version 10 (TreeStar, OR, USA). Relative fluorescence intensity was used as measurement of
mitochondrial superoxide production.
2.6. Immunofluorescence. Cells were fixed with paraformaldehyde, permeabilized, blocked with bovine serum albumin
(BSA), and incubated with primary antibodies. After washing
with PBS, the samples were reincubated with secondary
antibodies conjugated with Alexa Fluor 488 or 594 (Life
Technologies, Korea).
For immunofluorescence of kidney tissues, 4 𝜇m thick
cryostat sections were prepared, mounted on glass slides,
air-dried, and rehydrated with PBS. Similarly, 3 𝜇m thick
paraffin-embedded sections were prepared, dewaxed, and
rehydrated. After blocking with BSA, sections were incubated
with primary antibodies and then Alexa Fluor-conjugated
secondary antibodies.
Cells and tissues were counterstained with DAPI to
delineate the nuclei, and the sections were examined by
confocal microscopy (LSM-700; Carl Zeiss, Jena, Germany).
2.7. Assessment of Renal Tissue Morphology. Four-micrometer-thick paraffin-embedded sections of kidneys from the
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four mouse groups were dewaxed in xylene and rehydrated.
For the histological assessment of tubulointerstitial injury
and fibrosis, the sections were stained with Periodic acidSchiff or Masson’s trichrome reagents. Twenty high-power
fields of corticomedullary areas in each section were
randomly selected for analysis of tubulointerstitial injury
and fibrosis, respectively, and were blindly scored by an
independent pathologist. The total tubular injury was graded
on a scale of 0 to 3 based on the percentage of normal tubules
and the amount of tubular dilatation and tubular epithelial
cell destruction as follows: 0, absent; 1, 1–25%; 2, 26–50%;
3, >50% of the tubular area affected [14, 15]. Fibrosis was
expressed as a percentage of positive area (twenty) among
total field using computer-assisted image analysis [16].
2.8. Electron Microscopy Analysis. Renal cortices were
minced into 1 mm3 pieces and processed for electron
microscopy. Thin sections were prepared for electron
microscopy to delineate the extent of mitochondrial fragmentation in the tubules [17]. Mitochondria longer than 2 𝜇m
were considered filamentous, and those shorter than 0.5 𝜇m
with a spherical configuration were considered fragmented.
2.9. Statistics. The data are expressed as the means ± SEMs.
The results were analysed using a Kruskal-Wallis nonparametric test for multiple comparisons. Significant differences
in the Kruskal-Wallis test were confirmed by the Wilcoxon
rank-sum and Mann–Whitney U tests (used to compare
mean differences). 𝑝 values < 0.05 were considered to be
statistically significant. All of the analyses were completed
using SPSS software (version 22; SPSS, Chicago, IL, USA) for
Windows.

3. Results
3.1. Decreased Expression of PGC1𝛼 and AMPK in Renal
Proximal Tubular Cells Subjected to High-Glucose Conditions.
We studied the effect of a high-glucose environment on the
expression of the key transcriptional coactivator of mitochondrial proteins, PGC1𝛼, in human renal proximal tubular
cells after treatment with 5 mM (low) or 30 mM (high)
D-glucose for 24 h. Immunohistochemistry revealed that
PGC1𝛼 expression after high-glucose treatment was lower
than that observed after low-glucose treatment in HKC8
cells (Figure 1(a)). Consistently, Western blot analysis showed
decreased PGC1𝛼 expression and phosphorylation, as well as
decreased expression of phosphorylated AMP-activated protein kinase (AMPK) and total AMPK, in samples subjected to
high-glucose conditions (Figure 1(b)). AMPK is an important
regulator of cellular metabolism, and direct phosphorylation
of PGC1𝛼 by AMPK increases PGC1𝛼 transcriptional activity
[18]. These findings suggest that suppression of AMPK activity is linked with low PGC1𝛼 expression levels in response
to high concentrations of glucose in human renal proximal
tubule cells.
3.2. Alterations in Mitochondrial Dynamics, Autophagy, ROS
Production, and Apoptosis in Renal Proximal Tubular Cells
Subjected to High-Glucose Conditions. We hypothesized that
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the suppression of PGC1𝛼 in human renal proximal tubular
cells by a high-glucose environment (30 mM) would change
mitochondrial homeostasis.
MitoTracker Red labels functioning mitochondria
with intact membrane potentials within cells. Confocal
microscopy indicated a decreased amount of MitoTracker
Red-positive, functioning mitochondria in cells exposed to a
high-glucose environment (Figure 2(a)(A)). Mitochondrial
content was also estimated based on the ratio of
mitochondrial to genomic DNA (mtDNA/gDNA). These
analyses showed significantly reduced mitochondrial content
in HKC8 cells exposed to high-glucose concentrations
(Figure 2(b)).
Immunoblot analyses revealed upregulation of mitochondrial profission protein Drp1, whereas profusion protein Mfn1 was downregulated in HKC8 cells in a highglucose environment (Figure 2(c)). Drp1 is a member of
the dynamin family of large GTPases and controls the
final step in mitochondrial fission [19]. Therefore, increased
expression of Drp1 protein indicates excessive mitochondrial
fragmentation, which could occur before cell injury [20].
LC3 was used as an autophagy marker, and after exposure
to the high-glucose environment, the intensity of LC3 fluorescence was reduced (Figure 2(a)(B)). When autophagy is
initiated, a cytosolic form of LC3 (LC3-I) is converted to
LC3-II through conjugating to phosphatidylethanolamine;
then elongated double membranes can encase cytoplasmic
component forming autophagosome. Therefore, the amount
of LC3-II implicates autophagosomal activities. As detected
by immunoblot analyses, the expression level of LC3-II
was lower in a high-glucose environment (Figure 2(c)).
Moreover, confocal microscopy analysis of a combination of
LC3 and MitoTracker Red staining revealed that the removal
of damaged or redundant mitochondria by autophagy was
reduced in the high-glucose environment (Figure 2(a)(C)).
In addition, the apoptogenic proteins cytochrome C (Cyt
C) and Bax were upregulated and the antiapoptotic protein
Bcl2 was downregulated in human renal proximal tubular
cells exposed to high concentrations of glucose (Figure 2(d)).
Increased mitochondrial and cytosolic ROS generation was
observed in cells subjected to high-glucose conditions as
determined by a higher intensity staining with MitoSOX and
H2-DCFDA probes (Figure 2(a)(D and E)).
These data suggest that renal proximal tubular cells
exposed to a high-glucose environment experience a decrease
in the amount of functional mitochondria and impaired
mitochondrial dynamics and quality control. Concomitantly,
increased ROS leakage from dysfunctional and fragmented
mitochondria contribute to increased apoptosis in cells
exposed to high-glucose environments.
3.3. AICAR or Metformin Attenuates the Effect of High-Glucose
Concentrations on Mitochondrial Dynamics and Autophagy
in Renal Proximal Tubular Cells by PGC1𝛼 Activation. To
examine whether changes in PGC1𝛼 expression restore the
mitochondrial functionality in renal proximal tubular cells
exposed to high-glucose concentrations, we treated HKC8
cells with AICAR or metformin (PGC1𝛼 activators through
AMPK phosphorylation) for 24 h. Figures 3(a) and 3(b) show
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Figure 1: PGC1𝛼 and AMPK expression in human renal proximal tubular cells (RPTCs) under high-glucose conditions. (a) Representative
confocal fluorescence images of PGC1𝛼 indicate that high-glucose conditions suppress PGC1𝛼 expression in human RPTCs. (b) Western blot
analyses reveal downregulation of PGC1𝛼 and AMPK under high-glucose conditions (∗ 𝑝 < 0.05 compared with the 5 mM glucose condition,
scale bar 10 𝜇m).

that increased AMPK activity restores PGC1𝛼 expression in
the human renal proximal tubular cells exposed to highglucose concentrations after either AICAR or metformin
treatment.
Confocal microscopy also showed an increase in the
number of functioning mitochondria (Figure 4(a)(A)). The
ratio of mtDNA to gDNA in cells treated with metformin or
AICAR in a high-glucose environment was increased, suggesting the restoration of mitochondrial mass (Figure 4(b)).
Autophagic activity for the removal of dysfunctional mitochondria, detected by a combination of LC3 and MitoTracker
staining, also showed recovery upon treatment with either
AICAR or metformin in the high-glucose environment (Figure 4(a)(C)).
Restoration of PGC1𝛼 expression by AICAR or metformin treatment is accompanied by decreased expression
of Drp1, whereas the levels of Mfn1 were increased even in
high-glucose conditions (Figure 4(c)), suggesting reduced
mitochondrial fission. During autophagy, LC3-I is converted
to LC3-II, and the amount of LC3-II correlates with the
number of autophagosomes. Figure 4(c) showed increased

LC3-II protein expression following the treatment with high
glucose implicating recovery of autophagic activities.
Excessive mitochondrial fission and decreased removal
of damaged mitochondria can have negative effects on
mitochondrial function and are related to Parkinson’s disease
and acute kidney injury [20, 21]. Our results suggest that
stimulating mitochondrial biogenesis via PGC1𝛼 may compensate for the deleterious effects on mitochondrial dynamics
and quality control under high-glucose conditions in renal
proximal tubular cells.
3.4. AICAR and Metformin Reduce ROS Production, Apoptosis, and Expression of TGF𝛽1 and 𝛼SMA in Renal Proximal Tubular Cells in a High-Glucose Environment. Next,
we examined mitochondrial ROS production and apoptosisrelated protein expression to explore the effect of recovered mitochondrial homeostasis in renal proximal tubular
cells treated with high-glucose concentrations. We identified decreased mitochondrial ROS production as suggested by the reduced intensity of MitoSOX staining in
HKC8 cells after AICAR and metformin treatment in the
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Figure 2: Effect of high-glucose (HG) conditions on mitochondrial dynamics, autophagy, apoptosis, and ROS production in human renal
proximal tubular cells (RPTCs). (a, A, B, and C) Under high-glucose conditions, the number of MitoTracker Red-labeled mitochondria
and the expression of LC3, an autophagy marker, decrease. (a, D and E) However, mitochondrial and cytosolic ROS increase, as detected by
MitoSOX (red) or H2-DCFDA (green) staining. (b) Decreased mitochondrial mass, as assessed by the mtDNA/gDNA ratio, in human RPTCs
under high-glucose condition. (c) Western blot analyses reveal upregulation of the mitochondrial profission protein Drp1; the profusion
protein Mfn1 and the autophagy-related protein LC3II were downregulated. (d) Bax and cytochrome C, apoptosis regulatory proteins, were
upregulated in a HG environment, whereas Bcl2, an antiapoptotic protein, was downregulated (∗ 𝑝 < 0.05 versus the 5 mM glucose condition;
scale bar 10 𝜇m).

presence of high-glucose concentrations (Figure 5(a) and
supplementary Figure 1 in Supplementary Material available online at https://doi.org/10.1155/2017/6483572). Concurrently, immunoblot analysis showed that expression of Bcl2
was higher and the expressions of Bax and Cyt C protein
were lower in renal proximal tubular cells incubated with
PGC1𝛼 activators than those in cells subjected to highglucose conditions (Figure 5(b)).
Notably, AICAR and metformin each induced the downregulation of TGF𝛽1, whereas TGF𝛽1 expression was upregulated in response to high-glucose concentrations (Figure 5(c)). TGF𝛽1 is a central cytokine in renal fibrosis and
has multiple functions in renal inflammation and apoptosis
[22]. PGC1𝛼 activator treatment decreased the expression of
𝛼SMA induced by high-glucose concentrations. Instead, Ecadherin expression, which is a marker of epithelial phenotype, was restored by PGC1𝛼 activators (Figure 5(c)).
These data show that increased PGC1𝛼 activation in
cells exposed to high-glucose concentrations restores mitochondrial abnormalities, including disturbed mitochondrial
dynamics and autophagic removal. In addition, treatment of
renal proximal tubular cells exposed to a high-glucose environment with PGC1𝛼 activators reduced mitochondrial ROS
generation, apoptosis, and TGF𝛽1 and 𝛼SMA expression.
3.5. Ameliorative Effect of AICAR or Metformin on Albuminuria and Renal Morphologic Characteristics by PGC1𝛼 Activation in STZ-Induced Diabetes in Mice. To determine the effect
of AICAR or metformin on DKD in vivo, we administered
AICAR or metformin to STZ-induced diabetic mice for a
period of 14 weeks. AICAR or metformin treatment in STZinduced diabetic mice did not lower blood glucose levels

(Figure 6(a)). In addition, STZ-induced diabetic mice had
lower body weights compared with normal mice regardless of
AICAR or metformin treatments (Figure 6(b)). However, the
STZ-induced diabetic mice exhibited a significant reduction
in the rate of urine albumin excretion (Figure 6(c)).
Morphology studies using PAS staining revealed tubular
dilatation and tubular epithelial disruption in the diabetic
control group. However, the diabetic mice treated with
AICAR or metformin showed improvements in the tubular
compartment with less cellular disruption (Figure 6(d),
supplementary Figure 2). Semiquantitative analysis based on
damage scores indicated that both AICAR and metformin
treatment groups had significant decreases in tubular damage
compared with the STZ group (Figure 6(e)). Analysis of
Masson’s trichrome staining showed a decrease in the number
of renal fibrotic lesions in the AICAR and metformintreated group compared with the diabetic group (Figure 6(f),
supplementary Figure 2). Semiquantitative analysis of Masson’s trichrome-stained kidneys revealed significantly lower
fibrosis scores in the kidneys from diabetic mice treated with
AICAR or metformin (Figure 6(g)).
Restored PGC1𝛼 activity in the kidneys from diabetic
mice treated with AICAR or metformin was confirmed by
immunofluorescence and immunoblot analyses (Figures 6(h)
and 6(i) and supplementary Figure 3).
As illustrated by these results, AICAR and metformin
ameliorate tubular injury and interstitial fibrosis in STZinduced diabetic kidneys in vivo.
3.6. AICAR and Metformin Ameliorate Abnormal Mitochondrial Dynamics and Increase the Autophagic Removal of Mitochondria in the Tubules of STZ-Induced Diabetic Mice. We
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Figure 3: AICAR and metformin protect against the decrease in AMPK and PGC1𝛼 expression under high-glucose (HG, 30 mM)
concentrations in human renal proximal tubular cells. (a) Representative confocal fluorescence images of PGC1𝛼 indicate that AICAR or
metformin restore PGC𝛼 activity in human RPTCs subjected to HG concentrations. (b) Immunoblotting results show that increased AMPK
activity and restored PGC1𝛼 expression are observed in human RPTCs subjected to high glucose and AICAR or metformin treatment
(∗ 𝑝 < 0.05 versus 5 mM glucose treatment; # 𝑝 < 0.05 versus 30 mM glucose treatment; scale bar 10 𝜇m).

assessed the effect of AICAR and metformin on mitochondrial homeostasis and quality control in diabetic kidneys. The
expression of Drp1, a profission protein, was increased, and
the expression of Mfn1, a profusion protein, was decreased in
kidneys from diabetic mice that were not treated with PGC1𝛼
activator (Figure 7(a)). AICAR or metformin treatment
restored the expression of these mitochondrial fusion/fission

proteins to levels similar to those in kidneys from the control
group of mice (Figure 7(a)) accompanied by alterations in the
mitochondrial morphology in the renal tubules as observed
by electron microscopy (Figure 7(b)). Elongated mitochondria were observed in renal tubular cells from the control
group, whereas most mitochondria from the STZ group
showed short or spherically shaped mitochondria. AICAR
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Figure 4: AICAR and metformin ameliorate the effect of high-glucose (HG) concentrations on mitochondrial dynamics and autophagy in
human renal proximal tubular cells (RPTCs). (a, A, B, and C) Representative confocal fluorescence images of MitoTracker and LC3 show
an increase in functional mitochondria and autophagic activity after exposure to HG and treatment with AICAR or metformin in human
RPTCs. (b) Increased mtDNA to gDNA ratio was observed in human RPTCs treated with metformin or AICAR in the presence of HG. (c)
Western blot analyses showed the reversal of alterations in the expression levels of profission (Drp1), profusion (Mfn1), and autophagy-related
proteins (LC3-II) in the presence of HG after treatment with AICAR or metformin. (∗ 𝑝 < 0.05 versus 5 mM glucose; # 𝑝 < 0.05 versus 30 mM
glucose; scale bar 5 𝜇m).

or metformin treatment markedly attenuated mitochondrial
fragmentation in renal tubular cells in the diabetic group
(Figure 7(b)).
In addition, the restoration of autophagic activity was
noted in the kidneys of diabetic mice treated with either
AICAR or metformin as evidenced by an increase in the
intensity of LC3 immunofluorescence (Figure 7(c)).
AICAR and metformin exerted an inhibitory effect
against the disruption of mitochondrial dynamics and

homeostasis in the renal tubules of mice with STZ-induced
diabetes.
3.7. AICAR and Metformin Improve Renal Expression of Apoptogenic and Fibrotic Proteins in STZ-Induced Diabetic Mice.
Improvement of mitochondrial quality control as a result
of treatment with PGC1𝛼 activators may provide favorable
conditions to renal tubular cells under diabetic conditions
with low apoptogenic protein expression [23]. Consequently,
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Figure 5: AICAR and metformin reduce ROS production and apoptosis and decrease TGF𝛽1 and 𝛼SMA expression in human renal proximal
tubular cells (RPTCs) exposed to high glucose (HG). (a) Representative confocal images of MitoSOX indicate a reduction in mitochondrial
ROS production after treatment with AICAR or metformin in human RPTCs subjected to HG. (b) Western blot analyses reveal decreased
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metformin treatment under HG conditions. (c) Western blot analyses show that AICAR or metformin treatment induces the downregulation
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30 mM; scale bar 10 𝜇m).
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Figure 6: AICAR and metformin increase PGC1𝛼 expression and ameliorate albuminuria and renal morphologic characteristics in kidneys
of streptozotocin- (STZ-) induced diabetic mice. (a and b) The STZ-induced diabetes group had higher blood glucose levels and reduced
body weights compared with the normal control group. (c) The STZ-induced diabetic mice treated with AICAR or metformin exhibited
a significant reduction in urine albumin excretion rate (UAER). (d and e) Tubular dilatation (asterisk) and tubular epithelial disruption
(arrow) were observed in the diabetic control group. Treatment of STZ-induced diabetic mice with AICAR or metformin resulted in less
cellular disruption. (f and g) Representative photographs of Masson’s trichrome-stained kidneys showed decreased renal fibrotic lesions in
both AICAR and metformin-treated groups compared with the diabetic control group. (h and i) Restored PGC1𝛼 activity was confirmed by
immunofluorescence and immunoblot analysis in diabetic kidneys treated with AICAR or metformin (∗ 𝑝 < 0.05 versus normal; # 𝑝 < 0.05
versus diabetic control; scale bar 10 𝜇m).

Journal of Diabetes Research

11
250

Normal

DM
AICAR

—

Relative band intensity

∗

Met

DRP1
Mfn1
GAPDH

200
150

#

#

100
50
0

#

∗
Normal

—

AICAR
DM

Met

Drp1
Mfn1
(a)

Normal

DM
AICAR

Met

EM

—

1 휇m

1 휇m

1 휇m

1 휇m

0.25 휇m

0.25 휇m

0.25 휇m

0.25 휇m

(b)

Normal

DM
AICAR

Met

LC3

—

10 휇m

10 휇m

10 휇m

10 휇m

(c)

Figure 7: Restoration of altered mitochondrial dynamics and autophagy in STZ-induced diabetic mice after treatment of AICAR or
metformin. (a) Western blot analysis revealed that AICAR or metformin treatment reverses the changes in the expression of Drp1 and Mfn1
in diabetic kidneys. (b) Electron micrographs of mitochondria in renal tubular cells. The control group displayed elongated mitochondria,
whereas the diabetic group displayed short or spherical shaped mitochondria. The administration of AICAR or metformin markedly
attenuated mitochondrial fragmentation in the renal tubular cells of diabetic kidneys. (c) The basal level of autophagy, indicated by punctate
LC3 staining, was seen in the renal tubules of the control group and was decreased in the tubules of the diabetic group. Notably, autophagic
activity was restored in the AICAR and metformin groups (∗ 𝑝 < 0.05 versus normal; # 𝑝 < 0.05 versus diabetic control).

AICAR or metformin treatment could prevent the progression of chronic kidney disease in diabetes. Stimulated renal
tubule cells release the profibrotic cytokine TGF𝛽1, and the
activation of 𝛼SMA-positive myofibroblasts results in matrix

production, culminating in interstitial fibrosis, which was
seen in all progressive kidney diseases, including DKD [22].
To explore whether AICAR or metformin treatment
could affect the expression of apoptosis-related proteins in
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Figure 8: PGC1𝛼 activators attenuate renal expression of apoptogenic and fibrotic proteins in STZ-induced diabetic mice. (a) In diabetic
kidneys, the protein expression of the antiapoptotic protein Bcl2 was markedly decreased, whereas the expression of the apoptogenic proteins
Bax and cytochrome C (Cyt C) increased greatly. PGC1𝛼 treatment reversed the expression of these apoptogenic-related proteins. (b)
Increased expression levels of TGF𝛽1 and 𝛼SMA were seen in the kidneys from the diabetic group, and reduced expression levels of these
proteins were seen in the AICAR- and metformin-treated groups. (∗ 𝑝 < 0.05 versus normal; # 𝑝 < 0.05 versus diabetic control).

the kidneys of STZ-induced diabetic mice, we examined the
expression levels of Bcl2, Bax, and Cyt C in the kidneys
from the normal control, diabetic control, AICAR-treated,
and metformin-treated groups. In kidneys from the diabetic groups, the protein expression of Bcl2 was markedly
decreased, and the expression of Bax was greatly increased,
suggesting that a diabetic environment leads to the apoptosis
of kidney cells. However, AICAR and metformin treatment
reversed the expression changes of Bcl2 and Bax (Figure 8(a)).
The increased expression of Cyt C in diabetic kidneys implies
that Cyt C, which is a component of the mitochondrial inner
membrane, is associated with tubular cell apoptosis in a
diabetic environment (Figure 8(a)).
We further investigated whether AICAR or metformin
could regulate TGF𝛽1 and 𝛼SMA expression in diabetic
kidneys. Both AICAR and metformin effectively lowered the
protein expression levels of profibrotic cytokine TGF𝛽1 and
the myofibroblast marker 𝛼SMA in diabetic kidneys relative
to their expression levels in untreated diabetic kidneys
(Figure 8(b)).

4. Discussion
Since mitochondria were first reported as tiny intracellular
organelles in the 1800s, many studies have focused on elucidating their functions in ATP production, storage of calcium
ions, and regulation of apoptosis [24–26]. Moreover, the
dynamic nature of mitochondria, including fission, fusion,
and autophagy, has recently been elucidated [27, 28], and
the abnormal process of mitochondrial turnover has been

reported in various diseases [29]. Here, we show that the
upregulation of PGC1𝛼 corrected abnormal mitochondrial
dynamics and quality control in renal proximal tubular
cells subjected to a high-glucose environment and effectively
reduced albuminuria and tubulointerstitial pathology in
STZ-induced diabetic mice.
Mitochondrial fission and fusion occur in response
to changing energy demands or to overcome unfavorable
environments by allowing for the mixing of metabolites
and mitochondrial DNA [21, 28]. Mitochondrial fission is
necessary for mitochondrial renewal, redistribution, and
proliferation; mitochondrial fission also serves as a preventive
mechanism because it segregates damaged and dysfunctional
mitochondria from the healthy mitochondrial network [30–
33]. Mitochondrial fusion leads to the maintenance of the
bioactivity of the mitochondrial network and is essential for
cell survival and growth [34–36]. Autophagic degradation of
damaged or redundant mitochondria is a necessary process
to maintain a healthy mitochondrial pool in cells [27]. When
damaged and fragmented mitochondria accumulate in cells
without removal by autophagy, excessive generation of ROS
and release of apoptogenic proteins such as Cyt C can induce
cell injury [23]. Mitochondrial dynamics and quality control
continue to occur in cells, and imbalances in these processes
are associated with reduced mitochondrial function and the
development of disease [28]. Indeed, mutations in OPA1, a
profusion protein that causes hereditary optic neuropathies
[37] and mutations in MFNs and other fusion molecules,
affect the function of placental cells, skeletal muscle cells,
vascular smooth muscle cells, and peripheral motor neurons
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[28]. Mutations in autophagy- (Atg-) related genes associated with neurodegenerative disease, infectious disease, and
cancer have also been identified [38]. Furthermore, LC3
deficiency results in increased collagen deposition in the
obstructed kidneys of UUO mouse models [39].
There is also a growing body of evidence indicating that
abnormal mitochondria may be important in the development and progression of diabetic kidney disease [11, 27]. In
1991, Takebayashi and Kaneda reported, for the first time,
the occurrence of dysmorphic mitochondria in the proximal
renal tubular cells of type 2 diabetic patients with microalbuminuria [40]. More frequent mitochondrial DNA deletion
and reduction in mitochondrial protein expression was also
observed in the kidneys of diabetic mice [12]. Moreover,
metabolomic analysis of the urine of patients with diabetic
kidney disease supports that mitochondrial dysfunction is
crucial for DKD [11]. Therefore, we focused on renal tubules
in DKD. Because renal tubules rely on mitochondrial oxidative phosphorylation to meet the continuous requirements of
ATP to facilitate their resorptive function, it is conceivable
that any abnormalities in mitochondrial function or life cycle
could act on the pathogenesis of diabetic tubulopathies.
We observed low expression of PGC1𝛼, a master regulator
of mitochondrial biogenesis and respiration, in human renal
proximal tubular cells exposed to high-glucose concentrations (Figure 1) [41, 42]. Concurrently, renal proximal tubular
cells exhibited increased expression of a mitochondrial fission
protein (Drp1) but reduced expression of a mitochondrial
fusion protein (Mfn1) and reduced autophagy (LC3) after
exposure to a high-glucose environment (Figure 2). Similarly, mitochondrial homeostasis was disrupted, and PGC1𝛼
expression was decreased in the renal tubules of STZ-induced
diabetic mice (Figures 6(f) and 7). We asked whether the
enhancement of PGC1𝛼 activity could lead to the restoration of mitochondrial dynamics and quality control and
compensate for the deleterious consequences of a diabetic
environment, such as apoptosis or fibrosis. PGC1𝛼 activity
is regulated through phosphorylation and deacetylation by
AMPK and SIRT1, respectively [18]. We used AICAR and
metformin, PGC1𝛼 activators that act through the phosphorylation of AMPK, to answer this question. As shown
in Figure 4, increased PGC1𝛼 activity induced restoration
of the mtDNA/gDNA ratio and ameliorated the alterations
in the expression levels of Drp1, Mfn1, and LC3II proteins
caused by high-glucose concentrations in renal proximal
tubular cells. AICAR and metformin treatment effectively
mitigated albuminuria and renal histopathology (Figure 6).
Examination of the tubular cells of diabetic mice via electron
microscopy showed that most of the mitochondria were
short and fragmented; however, after AICAR or metformin
treatment, their shapes became more normal (Figure 7).
However, these results should be interpreted with caution,
because we could not completely exclude the possibility that
drugs to boost PGC1𝛼 have some off-target effects in dosage
used in vivo. In addition, we could not assess the exclusive
effect of these drugs on kidney tubule and mitochondria in
animal model. Clearly, more studies are needed in this area.
Few studies have been performed on mitochondrial
dynamics and quality control in kidney disease [20, 23, 39].
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Brooks et al. reported fragmented mitochondria in an experimental study of ischemic-reperfusion injury and cisplatininduced nephrotoxicity in mice and showed that the inhibition of the profission protein Drp1 attenuates tubular cell
apoptosis [20]. Myo-inositol oxygenase, a tubular-specific
enzyme, also appears to be linked with mitochondrial fragmentation and quality control in tubular injury in DKD [23].
The roles of renal tubules have been overlooked in chronic
kidney diseases such as DKD for many years. In vitro
and in vivo evidence indicate that a high-glucose environment causes renal tubular cells to secrete molecules related
to proinflammatory, profibrotic, and angiogenic responses
through toll-like receptors without advanced glomerulopathy [43–45]. Disruption of mitochondrial dynamics and
homeostasis is a plausible mechanism by which diabetic
tubulopathy is provoked by diabetic stimuli [23, 27]. In this
regard, enhancement of mitochondrial biogenesis through
PGC1𝛼 activation could provide a dependable approach for
patients with DKD.
In conclusion, we demonstrated that enhancement of
PGC1𝛼 activity prevents alterations in mitochondrial dynamics and quality control caused by high-glucose concentrations
in renal tubular cells and causes a consequent decrease in the
tubulopathy of the kidneys of diabetic mice.
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Diabetic nephropathy is a major cause of chronic kidney disease and end-stage kidney disease. However, so little is known about
alterations of the glycopatterns in urine with the development of diabetic nephropathy. Presently, we interrogated glycopatterns
in urine specimens using a lectin microarray. The results showed that expression levels of Sia𝛼2-6Gal/GalNAc recognized
by SNA exhibited significantly increased tendency with the development of diabetic nephropathy; moreover, SNA blotting
indicated glycoproteins (90 kDa, 70 kDa, and 40 kDa) in urine may contribute to this alteration. Furthermore, the glycopatterns
of (GlcNAc)2–4 recognized by STL exhibited difference between diabetic and nondiabetic nephropathy. The results of urinary
protein microarray fabricated by another 48 urine specimens also indicated (GlcNAc)2–4 is a potential indictor to differentiate the
patients with diabetic nephropathy from nondiabetic nephropathy. Furtherly, STL blotting showed that the 50 kDa glycoproteins
were correlated with this alteration. In conclusion, our data provide pivotal information to monitor the development of diabetic
nephropathy and distinguish between diabetic nephropathy and nondiabetic renal disease based on precise alterations of
glycopatterns in urinary proteins, but further studies are needed in this regard.

1. Introduction
Diabetic nephropathy (DN) is a serious complication of diabetes mellitus and now the major cause of chronic kidney disease (CKD) and end-stage kidney disease (ESRD) throughout
the world. However, renal damage associated with diabetes
can be classified as either DN or nondiabetic renal disease
(NDRD). There are significant differences in the treatment
and prognosis of these two types of renal disease. Renal
pathological diagnosis is currently the gold standard for distinguishing DN from NDRD, although renal biopsy is invasive.
Urine has some unique advantages (collected noninvasively, a large number of proteins in urinary proteome also

belong to plasma proteome); certain proteins in urine not
only reflect the status of the entire body, but also correlated
with diseases, which is good resource for the analysis of disease processes [1–4]. Valuated urinary proteome analysis is a
tool for prediction and monitoring of DN. Transferrin is a
glycoprotein with a molecular weight of 76.5 kDa, which was
demonstrated that the urinary transferrin could reflect the
degree of interstitial fibrosis and tubular atrophy in patients
with DN [5]. The low-molecular weight proteome in urine
was profiled by capillary electrophoresis-coupled mass spectrometry (CE-MS), and results indicated that the specific collagen fragments in urine could effectively assess DN risk at an
early stage [6]. For type 2 diabetic nephropathy, it is reported
that urinary cystatin C and NAP (nonalbumin protein) could
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reflect the progression of type 2 diabetic nephropathy [7].
Liver-type fatty acid-binding protein (L-FABP), an intracellular carrier protein of free fatty acids, is expressed in the
liver and kidney, which could serve as a predictive marker for
renal and cardiovascular prognosis in type 2 diabetic patients
without advanced nephropathy [8]. It is interesting that LFABP also could be an independent predictor of progression
at all stages of type 1 diabetic nephropathy irrespective of
stage [9].
Glycosylation is an important posttranscription modification; more than half of known proteins are glycoprotein. It is well known that the glycan attached on glycoproteins has many biological functions, such as maintaining conformation and flexibility of protein, oligosaccharide
modification involved in biological processes including cell
adhesion, signal transduction, and endocytosis. Abnormal
glycosylation had demonstrated correlation with occurrence
and development of diseases [10, 11]. Lectin microarray is a
powerful technology that uses a panel of lectins immobilized
on solid phase substrate for high-throughput analysis of
glycans and glycoproteins related to diseases such as cancer
and inflammatory diseases [12–14]. Alterations of sialylated
MUC1 glycosylation detected by lectin microarray could be
indispensable for the development of cholangiocarcinoma
[15]. Glycosylated patterns of A1AT (alpha-1-antitrypsin) may
serve as potential biomarkers for early detection [16]. For
DN, nonenzymatic glycosylation product such as glycated
albumin was strongly associated with incident diabetes and
its microvascular complications. In addition, the glycated
albumin: HbA1c ratio and glycated albumin may be superior
to HbA1c associated with the presence of DN [17, 18]. However, there were few reports about enzymatic glycosylation on
glycoproteins that altered in development of DN.
In this study, we preformed lectin microarray to investigate altered glycopatterns during the development of DN
and evaluate whether glycopattern in urine was a potential
biomarker to differentiate DN from NDRD.

The tissue was examined by at least two pathology experts
together with another two nephrologists; then the pathological diagnosis was determined. Renal biopsy indications:
in clinical practice, the possible diagnosis of NDRD was
confirmed by renal biopsy when the following situations
occurred: gross/microscopic hematuria; elevated serum creatinine without obvious proteinuria; persistent massive proteinuria with normal renal function and no diabetic retinopathy. The renal biopsy indications for the suspected diagnosis
of NDRD at our centre were in accordance with those listed
for NDRD in the 2007 Kidney Disease Outcomes Quality
Initiative (KDOQI) guidelines. Thus, 19 cases were diagnosed
as DN and 18 cases were diagnosed as NDRD which included
10 (membranous nephropathy) MN and 8 IgAN. To evaluate
whether glycopattern in urine was a potential biomarker to
differentiate DN from NDRD, the presence of other kidney
diseases accompanied with DN or NDRD and the patients
who had pathological diagnosis of DN combined with NDRD
were excluded in this study.
In order to evaluate potential biomarkers for distinguishing DN from NDRD, all the patients were divided into DN
and NDRD group. To assess the possibility of urinary glycopatterns as potential biomarkers for monitor the process of
DN, we separate the DN group into two subgroups according
to the eGFR level. The eGFR level was calculated using
the Modification of Diet in Renal Disease (MDRD) Study
formula. The DN group I defined as the eGFR > 60 mL/min/
1.73 m2 , along with low level 24 h urinary protein (1.41 ±
0.61 g/24 h), means the early stage of kidney disease. The DN
group II defined as eGFR < 60 mL/min/1.73 m2 , along with
high level 24 h urinary protein (2.64 ± 1.41 g/24 h), means the
patients have renal insufficiency, indicating a worse prognosis.
All healthy volunteers (HVs) had no recent illness or
medication. All females had no menstrual cycle at the time
of collection. The collection of urine samples was done prior
to treatment and before the biopsy or at least 1 month after the
biopsy. The clinical information was summarized in Table 1.

2. Materials and Methods

2.2. Study Approval. The collection and use of all human
pathology specimens for research presented here were
approved by the Ethical Committee of Northwest University
(Xi’an, China), the Department of Nephrology, Chinese PLA
General Hospital, Chinese PLA Institute of Nephrology,
State Key Laboratory of Kidney Diseases, National Clinical
Research Center of Kidney Diseases, Beijing Key Laboratory of Kidney Disease (Beijing, China). Written informed
consent was received from participants for the collection of
their urine. This study was conducted in accordance with the
ethical guidelines of the Declaration of Helsinki.

2.1. Study Population. Our study subjects were patients who
underwent renal biopsy at the Chinese People’s Liberation
Army (PLA) General Hospital. The inclusion criteria were as
follows: patients aged between 20 and 70 years; patients diagnosed with type 2 diabetes mellitus (type 2) and with persistent overt proteinuria (defined as urinary albumin excretion
≥ 300 mg/24 h or urinary protein excretion ≥ 500 mg/24 h
by at least two tests without evidence of urinary tract infection); patients with serum creatinine less than 442 𝜇mol/L;
and patients who were voluntarily admitted to the hospital
to undergo renal biopsy. The exclusion criteria were the
following: patients who had a confirmed diagnosis of renal
diseases before they were diagnosed with type 2 diabetes; with
a clinically confirmed diagnosis of NDRD, including lupus
nephritis and Henoch-Schönlein purpura nephritis; with
familial hereditary nephropathies, such as autosomal dominant polycystic kidney disease; and with an uncertain pathological diagnosis.

2.3. Processing of Urine. 15 mL of urine was collected and
stored at 4∘ C immediately. Then, the samples were centrifuged at 3000 rpm for 20 minutes at 4∘ C to remove cells and
debris. The supernatant was frozen at −80∘ C in 1 mL aliquots.
The method of trichloroacetic acid (TCA)/acetone precipitation was utilized to prepare urinary protein; the method of
urinary protein precipitation was described elsewhere with
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Table 1: Biochemical characteristics of clinical specimens.

Number of subjects
Age (years)
Sex (male/female)
BMI (kg/cm2 )
Duration of diabetes (months)
Systolic blood pressure (mmHg)

HVs

T2DM

10

DN (𝑛 = 19)

NDRD (𝑛 = 18)

DN group I

DN group II

MN

IgAN

10

9

10

10

8

59.00 ± 3.05

58.50 ± 6.22

48.00 ± 7.45

52.60 ± 8.33

56.40 ± 6.64

53.63 ± 10.93

4/6
24.2 ± 3.6

5/5
25.1 ± 2.9

4/5
26.0 ± 3.0

8/2
25.7 ± 3.2

6/4
27.2 ± 3.8

4/4
25.2 ± 3.0

\

63.1 ± 15.5

126.2 ± 63.0

129.6 ± 56.4

69.6 ± 49.8

82.8 ± 50.2

119.7 ± 19.3

120.4 ± 21.4

152.1 ± 19.0

152.1 ± 19.0

136.4 ± 20.5

136.4 ± 20.5

Urinary protein (g/24 h)

\

\

1.41 ± 0.61

2.64 ±1.41

3.28 ± 1.56

2.84 ± 2.21

Creatinine (𝜇mol/L)
eGFR (ml ⋅ min−1 ⋅ 1.73 m−2 )
HbA1c (%)
Diabetic retinopathy

\
\

63.70 ± 10.93
\

81.34 ± 14.87
78.68 ± 23.38

140.83 ± 52.00
49.37 ± 18.64

82.07 ± 29.88
83.99 ± 31.77

114.70 ± 46.65
61.08 ± 30.57

\
\

6.6 ± 0.9
\

7.3 ± 1.6

7.2 ± 1.9

5 (55.6%)

6 (60.0%)

6.8 ± 1.0
3 (30%)

1 (12.5%)

little modification [19–21]. Briefly, 3 mL mixed urine specimen was mixed with 30 mL TCA 10%-acetone solution 90%
(v/v), followed by overnight incubation at −20∘ C. The mixture was centrifuged at 10,000𝑔 for 15 min at 4∘ C; after that,
protein precipitate was resuspended by 2 mL ice-cold acetone;
after centrifugation, the protein was left to dry on ice for 1 h.
Pellet resuspension was performed with 500 𝜇L 10 mM PBS
buffer (pH 7.4) with 1% Tween-20 at ambient temperature
for 15 min, sonicated for another 15 min in ultrasound bath.
The protein concentration was determined by Bradford assay
(Sigma-Aldrich, St. Louis, MO).
2.4. Lectin Microarrays. To reduce the differences between
subjects and to tolerate individual variation, urinary protein
was pooled equivalently according to sample classification,
and each class was divided into three biological replications.
The urinary proteins (80 𝜇g) were mixed with equal volume of
Na2 CO3 solution (100 mM, pH 9.3) and then labeled with Cy3
fluorescent dye (GE Healthcare, Biosciences, Piscataway, NJ,
USA); the mixture was incubated for 3 h at ambient temperature in darkness. After that, the labeled protein was purified
with Sephadex G-25 columns (GE healthcare) according to
the manufacturer’s instructions to remove uncombined fluorescent dye. The lectin microarray was fabricated by using 37
exogenous plant lectins as purchased from Vector Laboratories (Burlingame, CA), from Sigma-Aldrich (St. Louis, MO),
and from Calbiochem Merck (Darmstadt, Germany) with
different binding preferences covering N- and O-linked glycans. The lectins were dissolved to a concentration of 1 mg/mL
in the manufacturer’s recommended buffer, which contained
1 mmol/L appropriate monosaccharide. Lectins were spotted
on the homemade epoxysilane-coated slides with Stealth
micro spotting pins (SMP-10B) (TeleChem, USA) by a Capital
smart microarrayer (CapitalBio, Beijing). Please refer to Qin
et al. [22] for the sugar-binding specificities of the lectins, and
layout of the lectin microarray was showed in Figure 1(a).
Each lectin was spotted in triplicate per slide. After that, the
slides were incubated in a humidity-controlled incubator at
50% humidity overnight and then put in vacuum dryer for

7.0 ± 1.8

2 h at 37∘ C to immobilize. Then, the slides were blocked with
the blocking buffer containing 1% (w/v) BSA in 10 mM PBS
(pH 7.4) for 1 h at 25∘ C and then rinsed twice with 1 × PBST
(0.2% Tween-20 in 10 mM PBS, pH 7.4), followed by a final
rinse in 10 mM PBS. Previously, we had determined that 4 𝜇g
labeled protein was used to ensure that all binding signals
were produced in the linear binding range of each lectin for
the lectin microarrays [22]. Therefore, 4 𝜇g of Cy3-labeled
protein mixed with 0.5 mL of incubation buffer containing
2% (w/v) BSA, 500 mM glycine, and 0.1% Tween-20 in 10 mM
PBS was applied to incubate with the lectin microarrays, and
an incubation was performed in the chamber at 25∘ C for
3 h in a rotisserie oven set at 4 rpm. After incubation, the
slide was washed with 1 × PBST twice for each for 10 min
and washed twice with 10 mM PBS for 5 min and then dried
by centrifugation at 600 rpm for 5 min at room temperature.
The microarrays were scanned with the 70% photomultiplier
tube and 100% laser power settings using a GenePix 4000B
Microarray Scanner (Axon Instruments, USA).
2.5. Data Acquisition and Analysis. The fluorescence signal
intensity of each spot was extracted by GenePix 3.0 software
(Axon Instruments, Inc., USA). To avoid the nonspecific
adsorption, if the signal intensity of one lectin spot was less
than average background + standard deviation (SD), it is
regarded as invalid spot and removed. After data filtered,
the median of the effective data points of each sample was
counted. To eliminate fluorescence bias between different
data sets, the fluorescence signals of each lectin microarray
were treated by max-normalization [23–25]. Briefly, the
signals of each lectin were normalized to the highest signal
intensity among 37 lectins. After normalization, the processed data of the parallel data sets were compared with each
other based upon fold changes according to the following
criteria: fold changes ≥ 1.5 or ≤0.67 and 𝑝 < 0.05 in the pairs
indicated up- or downregulation of certain kind of glycopatterns, respectively. Differences between the arbitrary
two data sets or multiple data sets were tested using Student’s 𝑡-test or Kruskal-Wallis test; the histogram and ROC
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(a)

(b)

Figure 1: Glycopatterns of urine glycoproteins from HVs, patients with T2DM, DN group I, and DN group II by lectin microarrays. (a) The
layout of the lectin microarray. Each lectin was spotted in triplicate on one slide. Cy3-labeled BSA was spotted as a location marker and BSA
as a negative control. (b) The profile of Cy3-labeled urinary proteins from HVs; patients with T2DM, DN group I, DN group II, MN, and
IgAN bound to the lectin microarrays, respectively. The lectins showing the effective data were marked with white frames.

curve analysis were performed by GraphPad Prism 6. The
data were further analyzed by Expander 6.4 (version 6.4;
http://acgt.cs.tau.ac.il/expander/) in order to perform hierarchical clustering analysis; the unweighted pair group method
was constructed with arithmetic-mean tree using Pearson’s
correlation as the metric of similarity. The Spearman rankorder coefficient (rs) was calculated by Spearman rank
correlation analysis.
2.6. Urinary Protein Microarrays. In order to verify the
results of the lectin microarrays, a urinary protein microarray
was produced by using another 48 individuals urine samples;
the detailed sample information was showed in Table S1
(see Supplementary Material available online at https://doi
.org/10.1155/2017/5728087). The fabrication and incubation of
urinary protein microarrays were similar with lectin microarrays. Briefly, urinary proteins were dissolved in spotting
buffer containing 0.5 mg/mL BSA in 10 mM PBS (pH 7.4)
to a concentration of 1 mg/mL and spotted on the homemade epoxysilane-coated slides with Stealth micro spotting
pins (SMP-10B) by a Capital smart microarrayer. A urinary
protein microarray was produced by spotting 48 individual
urine samples (7 HVs, 9 T2DM patients, 15 patients with DN
(7 DN group I, 8 DN group II), and 17 patients with NDRD
(9 MN and 8 IgAN)) on the surface of the epoxy slide. Each
urine specimen was spotted in triplicate per slide and incubated in a humidity-controlled incubator at 50% humidity
overnight for immobilization. Then, the slides were blocked
with the blocking buffer for 1 h; after washing, the blocked
slide incubated with 4 𝜇g Cy3 labeled lectin diluted in 0.5 mL
of incubation buffer for 3 h at room temperature in the dark.
The slide was washed with 1 × PBST twice for each for 10 min
and washed once with 10 mM PBS for 5 min and then dried by
centrifugation at 600 rpm for 5 min. The slides were scanned

with the 70% photomultiplier tube and 100% laser power
settings using a GenePix 4000B Microarray Scanner and the
signal intensity was extracted by GenePix 3.0 software.
2.7. SDS-PAGE and Lectin Blotting. Urinary glycoproteins
were further analyzed using lectin blotting. Firstly, the pooled
urinary proteins were analyzed by SDS-PAGE. Briefly, urinary proteins were mixed with 5 × loading buffer and boiled
for 5 min at 100∘ C; after that, the samples were spun down
and loaded on a 10% polyacrylamide resolving gel and a 3%
stacking gel, and protein molecular weight marker (Thermo
Scientific, Waltham, USA) was run in gel simultaneously.
After being immobilized, the gel was stained by alkaline silver.
For lectin blotting analysis, the proteins in gels were transferred to a PVDF membrane (Millipore, MA, USA) at 100 V
for 90 min in wet transfer device (Beijing Liuyi Instrument
Factory, China). Subsequently, the membranes were washed
twice with TBST buffer (150 mM NaCl, 10 mM Tris-HCl, and
0.05% v/v Tween-20, pH 7.5) and blocked for 1 h with CarboFree Blocking Solution (Vector, Burlingame, CA) for 1 h at
ambient temperature. The membranes were then incubated
with 3 𝜇g/ml Cy5 (GE Healthcare, Biosciences, Piscataway,
NJ, USA) labeled lectins in previous blocking solution with
gentle shaking overnight at 4∘ C below protection from light.
The membranes were washed twice each for 10 min with
TBST and scanned by Storm 840 PhosphorImager (Molecular Dynamics, Sunnyvale, CA) in red fluorescence channel
635 nm excitation/650LP emission.

3. Result
3.1. Alterations of Urinary Glycopatterns with the Development
of DN. About 30–40% of patients with type 1 or type 2
diabetes develop evidence of nephropathy, responsible for
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40∼50% of all ESRD. The glycopatterns in urine from HVs
and patients were evaluated by the lectin microarrays. The
glycopatterns of Cy3-labeled pooled urinary proteins from
HVs and all patients bound to the lectin microarrays were
shown in Figure 1(b). The normalized fluorescent intensities
(NFIs) for each lectin were summarized as the mean values ±
SD in Table S2.
Firstly, we investigated the glycopattern of urinary glycoproteins in HVs, patients with T2DM, and different degree
of DN separately. The NFIs of three biological replicates were
imported EXPANDER 6.4 for hierarchical clustering analysis
(HCA). The NFIs values mapped to the range of 2 to −2
interval were color coded, with red and green indicating
an increase and decrease in the abundance of glycopatterns,
respectively. The HCA revealed that both DN groups were
clustered into one class, whereas the HVs and T2DM clustered into another class, and lectins were categorized into
three independent groups according to the NFIs of lectins
showing the positive signals in HVs and patients (Figure 2(a)). The results indicated that the abundance of glycan
patterns was different between HVs, T2DM, and DN groups.
Further, the NFIs of each lectin from HVs and patients were
compared based on fold change in pairs, with all p values
below 0.05, to evaluate whether the glycopatterns of urinary
glycoproteins were altered with the development of DN
(Table 2). Compared the alterations of glycopatterns in urine
between HVs and T2DM, the results showed that the 𝛼-Fuc
binder AAL, LacNAc, poly-LacNAc and (GlcNAc)𝑛 binder
LEL, Gal𝛽1-3GalNAc𝛼-Ser/Thr (T-antigen) binder ACA, and
multivalent Sia and (GlcNAc)𝑛 binder WGA exhibited significantly decreased NFIs in T2DM (all fold change = 0,
𝑝 < 0.001). In addition, the 𝛼-Gal/GalNAc binder BS-I, (𝛽1,4)-linked GlcNAc binder DSA, and 𝛼- or 𝛽-linked terminal
GalNAc binder SBA showed significantly decreased NFIs in
T2DM (all fold change ≤ 0.60, 𝑝 < 0.05) (Figure 2(b)).
Evaluating the alterations of urinary glycopatterns with
the development of DN, the results showed that there were 6
lectins (e.g., the Sia𝛼2-3Gal𝛽1-4Glc(NAc)/Glc binder MALII, GalNAc and GalNAc𝛼-1,3Gal binder PTL-I, and terminal
in GalNAc and Gal binder SJA) that exhibited significantly
increased NFIs in DN group I compared with HVs and
T2DM, and high-Mannose, Man𝛼1-6(Man𝛼1-3)Man binder
Con A showed significantly increased NFIs in DN group
II compared with HVs and T2DM (𝑝 < 0.01). However,
the 𝛼- or 𝛽-linked terminal GalNAc binder SBA and Fuc𝛼1,6GlcNAc binder PSA revealed significantly decreased NFIs
in DN group II compared with HVs and T2DM (all fold
change = 0, 𝑝 < 0.001). The (GlcNAc)2–4 binder DSA
and Sia𝛼2-6Gal/GalNAc binder SNA exhibited significantly
increased NFIs (all fold change ≥ 2.88, 𝑝 < 0.05) in both
DN groups compared with HVs and T2DM, and the Man𝛼13Man binder GNA, 𝛼-Gal/GalNAc binder BS-I, 𝛼-Fuc binder
AAL, and 𝛼- or 𝛽-linked terminal GalNAc binder SBA
exhibited increased NFIs (all fold change ≥ 1.61, 𝑝 < 0.05) in
DN group I compared with T2DM. However, the (GlcNAc)2–4
binder STL exhibited significantly decreased NFIs in both
DN groups compared with HVs and T2DM (all fold change
= 0, 𝑝 < 0.001). And the 𝛼-Gal/GalNAc binder BS-I and
(GlcNAc)𝑛 and branched (LacNAc)𝑛 binder PWM showed
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decreased NFIs (fold change = 0.54, 𝑝 < 0.05) in DN group
II compared with HVs (showed in Figure 2(b)).
3.2. Alterations of Urinary Glycopatterns Associated with
Different Degree of DN. Although the albuminuria and eGFR
could reflect the process of DN, it also needs to find new
sensitive biomarkers for monitoring the development of DN.
The glycopatterns of urinary glycoproteins in different degree
of DN were analyzed. The NFIs of each lectin from DN group
I and group II were compared based on fold change (Table 2),
and the results demonstrated that there were 9 lectins (e.g.,
the Sia𝛼2-3Gal𝛽1-4Glc(NAc)/Glc binder MAL-II, GalNAc
and GalNAc𝛼-1,3Gal binder PTL-I, and terminal in GalNAc
and Gal binder SJA) that exhibited significantly decreased
NFIs in DN group II compared with group I (all fold change =
0, 𝑝 < 0.001). However, the high-Mannose, Man𝛼1-6(Man𝛼13)Man binder Con A showed significantly increased NFIs
in DN group II compared with DN group I (𝑝 < 0.001)
(showed in Figure 1(b)). Besides that, the Sia2-6Gal/GalNAc
binder SNA showed significantly increased NFIs in DN group
II compared with group I (fold change = 2.54, 𝑝 < 0.01).
The 𝛼-Gal/GalNAc binder BS-I, (GlcNAc)𝑛 and branched
(LacNAc)𝑛 binder PWM, and Man𝛼-1,3 man binder GNA
exhibited significantly decreased NFIs (all fold change ≤ 0.55,
𝑝 < 0.05) in DN group II compared with DN group I
(Figure 2(b)).
3.3. Alteration of Glycopatterns between DN and NDRD. Currently, it is difficult to distinguish DN from NDRD in clinical
practice. Renal biopsy is still a reliable clinical detection for
diagnosis of DN. Here, the differences of urinary protein
glycopatterns were investigated between DN (DN group I and
DN group II) and NDRD (MN and IgAN). As a result of
HCA, DN groups and NDRD were separated and lectins were
categorized into four independent groups according to the
NFIs of lectins, which revealed that the glycopatterns in urine
showed difference between DN and NDRD (Figure 3(a)). The
fold change between DN and NDRD groups was summarized
in Table 3.
The results showed that there were 5 lectins (the
Sia𝛼2-3Gal𝛽1-4Glc(NAc)/Glc binder MAL-II, GalNAc and
GalNAc𝛼-1,3Gal binder PTL-I, terminal in GalNAc and Gal
binder SJA, GalNAc𝛼1-3((Fuc𝛼1-2))Gal binder DBA, and Gal
and T-antigen binder PTL-II) to show high NFIs in DN group
I and high-Mannose, Man𝛼1-6(Man𝛼1-3)Man binder ConA
to show high NFIs in DN group II compared with NDRD
(𝑝 < 0.001). However, the (GlcNAc)2–4 binder STL showed
high NFIs in NDRD compared with DN groups, and 𝛼-Fuc
binder AAL, 𝛼- or 𝛽-linked terminal GalNAc binder SBA and
Fuc𝛼-1,6GlcNAc binder PSA showed high NFIs in NDRD
compared with DN groups II (𝑝 < 0.001). In addition,
the Gal𝛽1-3GalNAc𝛼-Ser/Thr(T) binder Jacalin and Fuc𝛼12Gal𝛽1-4Glc(NAc) binder UEA-I exhibited high NFIs in MN
compared with both DN groups (𝑝 < 0.001). Besides that, the
𝛽-D-GlcNAc binder DSA showed significantly higher NFIs
in both DN groups than that in patients with IgAN (fold
change = 3.28, 𝑝 < 0.001), the Sia𝛼2-6Gal/GalNAc binder
SNA showed significantly increased NFIs in DN group II
compared with NDRD (fold change ≥ 2.56, 𝑝 < 0.001), and
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Table 2: Fold change of the urinary glycopatterns based upon ratio of the NFIs of each lectin between HVs, T2DM, and DN groups.
Lectin name
MAL-II

PTL-I

SJA
AAL
LEL

DBA

RCA120
STL
BS-I
ConA
PTL-II
DSA
SBA

PSA
ACA
WGA
PWM
GNA
PHA-E + L
SNA

Specificity

Fold changea
DN group
DN group
I/T2DM
II/HVs

DN group
II/T2DM

DN group
II/DN group I

—

—

0∗∗∗

/∗∗∗

—

—

0∗∗∗

/∗∗∗

/∗∗∗

—

—

0∗∗∗

0∗∗∗

3.30∗∗

/∗∗∗

0∗∗∗

—

0∗∗∗

0∗∗∗

0∗∗∗

—

0∗∗∗

—

—

—

/∗∗∗

/∗∗∗

—

—

0∗∗∗

0.799

1.05

1.31

1.17

1.46

1.12

1

0∗∗∗

0∗∗∗

0∗∗∗

0∗∗∗

—

0.60∗

0.97

1.61∗

0.54∗

0.89

0.55∗

—

—

—

/∗∗∗

/∗∗∗

/∗∗∗

—

/∗∗∗

/∗∗∗

—

—

0∗∗∗

(𝛽-1,4)-linked GlcNAc
𝛼- or 𝛽-linked terminal
GalNAc, (GalNAc)𝑛 ,
GalNAc𝛼1-3Gal,
blood-group A
Fuc𝛼-1,6GlcNAc,
𝛼-D-Man, 𝛼-D-Glc
Gal𝛽1-3GalNAc𝛼Ser/Thr (T antigen),
sialyl-T(ST)
Multivalent Sia and
(GlcNAc)𝑛
(GlcNAc)𝑛 , branched
(LacNAc)𝑛

0.21∗∗

2.88∗∗∗

13.61∗∗∗

2.88∗∗∗

13.61∗∗∗

1

0.32∗

1.16

3.63∗

0∗∗∗

0∗∗∗

0∗∗∗

1.31

1.52

1.16

0∗∗∗

0∗∗∗

0∗∗∗

0∗∗∗

0∗∗∗

—

0∗∗∗

—

—

0∗∗∗

0∗∗∗

—

0∗∗∗

—

—

0.59

1.04

1.76

0.54∗

0.92

0.521∗

Man𝛼1-3Man
Bisecting GlcNAc,
biantennary N-glycans,
tri- and tetraantennary
complex-type N-glycan

1.46

2.39∗∗

1.64∗

1.17

0.80

0.488∗

—

/∗∗

/∗∗

—

—

0∗∗

Sia2-6Gal/GalNAc

1.37

4.34∗∗

3.16∗

11.03∗∗∗

8.05∗∗∗

2.54∗∗

Sia𝛼2-3Gal𝛽14Glc(NAc)/Glc
GalNAc,
GalNAc𝛼-1,3Gal,
GalNAc𝛼-1,3Gal𝛽1,3/4Glc
Terminal in GalNAc and
Gal, anti-A and anti-B
human blood group
𝛼-Fuc, Fuc𝛼1-6 GlcNAc
(core fucose)
LacNAc and poly
LacNAc, (GlcNAc)𝑛
𝛼GalNAc, Tn antigen,
GalNAc𝛼1-3((Fuc𝛼12))Gal (blood group A
antigen)
𝛽-Gal, Gal𝛽-1,4GlcNAc
(type II),
Gal𝛽1-3GlcNAc (type I)
(GlcNAc)2–4 , core
(GlcNAc) of N-glycan
𝛼-Gal/GalNAc,
Gal𝛼-1,3Gal
High-Mannose,
Man𝛼1-6(Man𝛼1-3)Man,
terminal GlcNAc
Gal, blood group H,
T-antigen

T2DM/HVs

DN group
I/HVs

—

/∗∗∗

/∗∗∗

—

/∗∗∗

—

a
Fold changes of lectins bound to DN compared to healthy control and diabetic calculated with mean value of normalized florescence intensities of lectins
obtained from 3 biological reduplicates. —, no significant difference; /, the denominator of the fold-change was infinite; 0, the numerator of the fold-change
was zero. ∗ versus 𝑝 < 0.05; ∗∗ versus 𝑝 < 0.01; ∗∗∗ versus 𝑝 < 0.001; 𝑝 value was calculated by Student’s 𝑡-test.
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0.516

0.0

0.992

T2DM-3
T2DM-1
T2DM-2
HV-2
HV-1
HV-3
DN group II-2
DN group II-1
DN group II-3
DN group I-1
DN group I-2
DN group I-3

0.0

Expression

RCA120
DSA
SNA
ConA
AAL
DBA
PTL-I
PHA-E + L
SJA
PTL-II
MAL-II
PSA
GNA
STL
ACA
LEL
WGA
PWM
SBA
BS-I

RCA120
DSA
SNA
ConA
AAL
DBA
PTL-I
PHA-E + L
SJA
PTL-II
MAL-II
PSA
GNA
STL
ACA
LEL
WGA
PWM
SBA
BS-I

2.0
1.0
0.0
−1.0
−2.0

HVs
T2DM
DN group I
DN group II

HVs
T2DM
DN group I
DN group II

∗

0.10
0.05

DN group I

DN group II

0.00
HVs

DN group I

DN group II

HVs

0.0

PWM
∗

0.15

T2DM

0.1

SNA
∗∗∗
∗∗

1.0
0.8

∗∗
∗

0.6
0.4
0.2

DN group II

T2DM

0.0
DN group I

0.0

Normalized intensity

0.2

HVs

0.5

∗∗

T2DM

Normalized intensity

∗

Normalized intensity

1.0

HVs
T2DM
DN group I
DN group II

0.3

DN group II

DN group I

STL
∗∗∗

1.5

DN group I

0.0

T2DM

0.0

DN group II

0.1

∗∗

HVs

Normalized intensity

0.5

DN group II

DN group I

1.0

T2DM

DN group II

T2DM

0.00

0.2

SBA

∗∗∗

HVs

0.02

1.5

Normalized intensity

0.04

GNA
∗∗ ∗∗

0.3

DN group II

Normalized intensity

∗∗∗

0.06

DN group I

0.0

DN group II

T2DM

PSA

0.08

HVs

Normalized intensity

DN group I

0.00

0.1

T2DM

0.02

∗∗ ∗∗∗

DN group I

∗∗∗

DSA

0.2

HVs

0.04

∗

T2DM

0.06

0.3

HVs

0.08

SBA

Normalized intensity

AAL
∗∗ ∗∗∗

0.10

HVs

Normalized intensity

(a)

HVs
T2DM
DN group I
DN group II

(b)

Figure 2: The alterations of urinary glycopatterns associated with development of DN. (a) Hierarchical clustering analysis of the 20 lectins
with three biological replicates. Samples were listed in columns and the lectins were listed in rows. The color and intensity of each square
indicated expression levels relative to other data in the row. Red: high, green: low, and black: medium. (b) Comparing the NFIs of the urinary
glycopatterns based upon ratio of each lectin between HVs, T2DM, and DN groups. Significant differences between groups were analyzed
according to Student’s 𝑡-test, respectively (∗ 𝑝 < 0.05, ∗∗ 𝑝 < 0.01, and ∗∗∗ 𝑝 ≤ 0.001). The data were the averaged NFIs ± SD of three biological
replicates.
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Table 3: Fold change of the urinary glycopatterns based upon ratio of the NFIs of each lectin between DN groups and NDRD.
Lectin name

Jacalin
MAL-II

PTL-I

SJA
AAL

DBA

RCA120
STL
BS-I
ConA
PTL-II
DSA
SBA

PSA
UEA-I
PWM
GNA
PHA-E + L
SNA

Specificity
Gal𝛽1-3GalNAc𝛼Ser/Thr(T),
GalNAc𝛼-Ser/Thr(Tn)
Sia𝛼2-3Gal𝛽14Glc(NAc)/Glc,
GalNAc,
GalNAc𝛼-1,3Gal,
GalNAc𝛼-1,3Gal𝛽1,3/4Glc
Terminal in GalNAc and
Gal, anti-A and anti-B
human blood group
𝛼-Fuc, Fuc𝛼1-6 GlcNAc
(core fucose)
𝛼GalNAc, Tn antigen,
GalNAc𝛼1-3((Fuc𝛼12))Gal (blood group A
antigen)
𝛽-Gal, Gal𝛽-1,4GlcNAc
(type II),
Gal𝛽1-3GlcNAc (type I)
(GlcNAc)2–4 , core
(GlcNAc) of N-glycan
𝛼-Gal/GalNAc,
Gal𝛼-1,3Gal
High-Mannose,
Man𝛼1-6(Man𝛼1-3)Man,
terminal GlcNAc
Gal, blood group H,
T-antigen

DN group
I/MN

Fold changea
DN group
DN group
I/IgAN
II/MN

DN group
II/IgAN

0∗∗∗

—

0∗∗∗

—

/∗∗∗

/∗∗∗

—

—

/∗∗∗

/∗∗∗

—

—

/∗∗∗

/∗∗∗

—

—

/∗∗

0.65

—

0∗

/∗∗∗

/∗∗∗

—

—

0.22∗∗∗

1.74∗

0.24∗∗∗

1.95∗∗

0∗∗∗

0∗∗∗

0∗∗∗

0∗∗∗

0.41∗∗

/∗∗

0.22∗∗∗

/∗∗∗

—

—

/∗∗∗

/∗∗∗

/∗∗∗

/∗∗∗

—

—

—

3.28∗∗∗

—

3.28∗∗∗

/∗∗

4.64∗

—

0∗∗∗

0.46∗

/∗∗

/∗∗

—

0∗∗∗

—

0∗∗∗

—

0.50∗∗

1.20

0.26∗∗∗

0.62∗∗

Man𝛼1-3Man
Bisecting GlcNAc,
biantennary N-glycans,
tri- and tetra-antennary
complex-type N-glycan

1.49

3.80∗∗

0.73

1.85∗∗

/∗∗

—

—

—

Sia2-6Gal/GalNAc

1.00

1.80

2.56∗∗∗

4.57∗∗∗

(𝛽-1,4)-linked GlcNAc
𝛼- or 𝛽-linked terminal
GalNAc, (GalNAc)𝑛 ,
GalNAc𝛼1-3Gal,
blood-group A
Fuc𝛼-1,6GlcNAc,
𝛼-D-Man, 𝛼-D-Glc
Fuc𝛼1-2Gal𝛽14Glc(NAc)
(GlcNAc)𝑛 , branched
(LacNAc)𝑛

a
Fold changes of lectins bound to DN groups compared to NDRD calculated with mean value of normalized florescence intensities of lectins obtained from 3
biological reduplicates. —, no significant difference; /, the fold-change was infinite; 0, the numerator of the fold-change was zero. ∗ versus 𝑝 < 0.05; ∗∗ versus
𝑝 < 0.01; ∗∗∗ versus 𝑝 < 0.001, 𝑝 value was calculate by Student’s 𝑡-test.

Journal of Diabetes Research

9
0.435

0.0

0.995

IgAN-3
IgAN-1
IgAN-2
MN-2
MN-1
MN-3
DN group II-2
DN group II-3
DN group II-1
DN group I-1
DN group I-2
DN group I-3

0.0

STL
AAL
DSA
ConA
SNA
PSA
BS-I
PWM
UEA-I
Jacalin
RCA120
GNA
SBA
DBA
PTL-I
PHA-E + L
SJA
MAL-II
PTL-II

STL
AAL
DSA
ConA
SNA
PSA
BS-I
PWM
UEA-I
Jacalin
RCA120
GNA
SBA
DBA
PTL-I
PHA-E + L
SJA
MAL-II
PTL-II

Expression
2.0
1.0
0.0
−1.0
−2.0

(a)

Normalized intensity

0.8
0.6
0.4
0.2

IgAN

MN

DN group II

IgAN

DN group I

DSA
∗∗∗

1.0
0.5

DN group I
DN group II
MN
IgAN

IgAN

MN

DN group II

0.0
DN group I

IgAN

IgAN

DN group I
DN group II
MN
IgAN

0.5

1.5

0.0
MN

0.0

DN group I
DN group II
MN
IgAN

SNA
∗∗∗

Normalized intensity

0.1

MN

DN group I

IgAN

MN

DN group I

0.2

1.0

0.0

IgAN

0.05
MN

0.05

DN group I

0.10

DN group I

0.10

1.0

Normalized intensity

0.15

DN group II

IgAN

MN

DN group II

DN group I
DN group II
MN
IgAN

DN group II

MN

0.20

0.00
DN group I

0.00

∗∗

GNA
∗∗

RCA120
∗
∗∗∗
∗∗

1.5

0.00

DN group I

0.05

0.1

0.3

Normalized intensity

Normalized intensity

0.10

∗∗

IgAN

DN group I

BS-I
∗∗∗
∗∗

0.25

0.15

0.2

0.0
DN group II

IgAN

MN

DN group II

DN group I

PWM
∗∗

0.20

0.15

DN group II

0.05

PSA
∗∗

MN

0.10

0.00

0.0

Normalized intensity

∗∗

DN group II

0.5

0.3

∗∗

Normalized intensity

1.0

0.15

SBA
∗
∗∗

DN group II

0.20

∗∗∗

Normalized intensity

Normalized intensity

1.5

AAL

Normalized intensity

STL

DN group I
DN group II
MN
IgAN

(b)

Figure 3: The alterations of glycopatterns between DN and NDRD. (a) Hierarchical clustering analysis of the 19 lectins with three biological
replicates. DN groups and NDRD were listed in columns, and the lectins were listed in rows. (b) Ten lectins revealed significant differences
between DN and NDRD. Significant differences between groups were analyzed according to Student’s 𝑡-test, respectively (∗ 𝑝 < 0.05, ∗∗ 𝑝 <
0.01, and ∗∗∗ 𝑝 ≤ 0.001). The data were the averaged NFI ± SD of three biological replicates.
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the Man𝛼1-3Man binder GNA associated with increased NFIs
in both DN groups compared with IgAN (fold change ≥ 1.85,
𝑝 < 0.01). And the 𝛽-Gal/GalNAc binder RCA120 and 𝛼Gal/GalNAc binder BS-I exhibited increased NFIs in both
DN groups compared with patients with IgAN (fold change
≥ 1.74, 𝑝 < 0.05) but showed decreased NFIs compared with
MN (fold change ≤ 0.41, 𝑝 < 0.05) However, the (GlcNAc)𝑛
and branched (LacNAc)𝑛 binder PWM exhibited significantly
decreased NFIs (all fold change ≤ 0.50, 𝑝 < 0.01) in both DN
groups compared with MN (Figure 3(b)).
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strong staining signals in both DN and NDRD groups but
did not exhibit significant difference, whereas the bands of b3
(70 kDa) and b5 (40 kDa) revealed stronger staining intensities in DN groups than those in MN and IgAN.
STL staining showed obvious binding patterns with one
distinct urinary protein band (b4) in both DN and NDRD at
about 50 kDa. The binding signals of this glycoprotein band
were significant higher in MN and IgAN than that in DN
groups but have no difference between DN groups.

4. Discussion
3.4. Assessment of Urinary Glycopatterns as Potential Biomarkers for Diagnosis of DN. The most reliable way of biomarker discovery is to test the candidates with a large cohort
of samples that have clear and sufficient clinical records. Here,
a urinary protein microarray is produced by spotting 48 individual urine samples (7 HVs, 9 T2DM patients, 15 patients
with DN (7 DN group I, 8 DN group II), and 17 patients with
NDRD (9 MN and 8 IgAN)) on the surface of the epoxy slide.
Each urine sample was spotted in triplicate, and the layout
of the urinary protein microarrays was shown in Figure 4(a).
SNA and STL that revealed significant differences (𝑝 < 0.05)
in urinary glycopatterns according to the results of the lectin
microarrays were selected to validate the alteration of the
targeted glycopatterns in individual sample and evaluate the
reliability of urinary glycopatterns as potential biomarkers for
diagnosis of DN.
As a result, SNA staining showed increased signals in both
DN groups compared with HVs and patients with T2DM and
significant difference between DN group I and group II (𝑝 <
0.05). Interestingly, the signals of SNA staining showed an
increasing trend with development of DN (Figure 4(b)). The
result of correlation analysis indicated that the abundance
of Sia𝛼2-6Gal/GalNAc was positive correlation with the
progression of DN (rs = 0.888). On the contrary, the signals
of STL staining were significantly lower in both DN groups
than that in NDRD (𝑝 < 0.001). ROC analysis showed that
the ROC integral was 0.969 and 𝑝 < 0.0001, which indicated
the glycopattern of (GlcNAc)2–4 recognized by STL in urine
glycoprotein could be a potential diagnostic indicator to
differentiate DN and NDRD (Figure 4(c)). These results were
consistent with lectin microarrays.
3.5. Lectin Blotting Analysis. In order to investigate precisely
alterations of glycopatterns associated with DN, SDS-PAGE
and lectin blotting analysis were performed with SNA and
STL staining (Figure 4(d)). SNA staining showed obvious
binding patterns with six distinct protein bands of approximately 120, 90, 70, 50, 40, and 25 kDa marked as b1–b6,
respectively. The band of b4 showed strong staining signals in
all samples except HVs. There were four bands (b2, b3, b5, and
b6) to show increased signals in both DN groups compared
with T2DM. Moreover, the glycoprotein bands (b2, b3, and
b5) at about 90 kDa, 70 kDa, and 40 kDa exhibited increased
staining signals in DN group II compared with group I
(Figure 4(e)). Therefore, the abundance of Sia𝛼2-6Gal exhibited general increase in urine with development of DN.
Comparing DN and NDRD, the band of b4 (50 kDa) showed

Glycosylation is an important co- and posttranslational modification of glycoprotein, involved in many biological processes such as embryogenesis and neoplasm metastasis. The
altered oligosaccharide moiety of glycoprotein was considered to be associated with the occurrence and development
of diseases [26–29]. Abnormal glycosylation of certain glycoprotein in urine could be a more sensitive biomarker for disease diagnosis and monitoring. It is reported that aberrantly
excreted urinary O-glycosylated proteins (clusterin, leucinerich alpha-2-glycoprotein, and kininogen) could serve as
potential biomarkers for the early detection of early stage
ovarian cancer [30]. As a powerful tool, lectin microarray was
used to investigate the glycopatterns of protein for decades.
With the development of mass spectrometry, the glycan
profile could be analysis by MS. However, as a rapid analysis
approach, lectin microarray owned some unique advantages.
First of all, the proteins do not need to enzymolysis prior
to analysis, and the target is simple to prepare. Secondly,
the linkage information of glycopatterns could be obtained
by lectin microarray; however, mass spectrometry has difficulty in discriminating between the many structural isomers
presented by glycans [31]. There is no denying that MS has
advantage to acquire precisely information about the component of glycan. Notwithstanding intense efforts by multiple
research groups, the use of mass spectrometry as a standalone technique for complete characterization of glycans is
still far from complete [32].
In this study, glycopatterns of urine glycoprotein in
patients with DN were compared with controls (healthy volunteers and patients with T2DM) and patients with NDRD
(MN and IgAN), respectively. As a result, STL showed strong
binding signals in HVs and patients with T2DM and IgAN;
in addition, DSA exhibited strong binding signals in patients
with DN and MN. It indicated that GlcNAc and polymers of
GlcNAc were predominant glycopatterns in urine of patients.
In urinary glycoprotein, Hex5 HexNAc4 -N-Asn was typically
N-glycan observed which is similar to our findings [33]. As
a result of lectin microarrays, there were 9 and 15 lectins to
show binding signals in patients with T2DM and DN group I,
which indicated more glycopatterns emerged in urine of
patients in middle and advanced stage of DN without renal
insufficiency (DN group I) compared with patients with
T2DM. However, when compared to patients with overt proteinuria and renal insufficiency (DN group II), the situation
was changed, only 7 lectins (e.g., WFA, GSL-II, and PNA)
exhibited effective binding signals in DN group II, and 9
lectins (e.g., WFA, GSL-II, and PNA) failed to detect binding
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Figure 4: Validation of the differential expressions of the glycopatterns in the urine associated with DN. (a) Scan images of Cy3-labeled
SNA and STL incubating to urinary protein microarray, respectively. The incubation images were extracted by GenePix 3.0. (b) Scatter plot
analysis of the original data obtained from the urinary protein microarrays. The statistical significance of the differences between groups was
calculated by Kruskal-Wallis test. (c) ROC curve analysis of STL to differentiate DN and NDRD, AUC = 0.968, and 𝑝 < 0.0001. (d) SDS-PAGE
and lectin blot of pooled urinary protein using SNA and STL, M, marker; lane 1, HVs; lane 2, patients with T2DM; lane 3, DN group I; lane
4, DN group II; lane 5, patients with MN; lane 6, patients with IgAN. (e) The lectin binding strength of selected protein bands is displayed,
and the binding strength was counted by image J.
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signals compared with DN group I. Furthermore, there were
3 lectins (BS-I, PWM, and GNA) to exhibit decreased NFIs
in DN group II compared with DN group I. These findings
demonstrated that the glycopatterns, especially the glycopatterns modified by Gal/GalNAc, were decreased as occurred in
renal insufficiency. Inoue et al. reported the global reduction
of the binding to lectins in urine samples of DN at macroalbuminuria stage [30]. Our finding further clarified that
glycopatterns showed global reduction when occurring in
renal insufficiency in stage of overt proteinuria. In rat diabetic
nephropathy model which was induced by streptozotocin
injection, the staining intensities of Gal/GalNAc binders PNA
and RCA showed remarkable decrease in model after being
induced for 5 weeks [34]. It is known that around 70% of
the urinary proteins are estimated to be derived from the
kidney and the urinary tract [35]. Therefore, we suspected
that the general reduction in signature glycopatterns of
Gal/GalNAc in kidney may contribute to the decrease of these
glycopatterns in urinary glycoprotein with development of
DN; the relationship between glycopatterns in kidney and
urine will be clarified in next step.
In present study, we found that the glycopatterns of Sia𝛼26Gal/GalNAc showed increased tendency with development
of DN, and urinary protein microarray also confirmed this
result. Our finding suggested Sia𝛼2-6Gal/GalNAc is potential
indicator for monitoring of DN. Furthermore, lectin blotting
analysis was employed to investigate the precise alterations
of Sia𝛼2-6Gal/GalNAc. Generally, it showed higher staining
signals in DN groups than that in HVs and T2DM. The
glycoprotein bands at about 90 kDa, 70 kDa, and 40 kDa
showed increased staining signals with development of DN.
These results indicated the sialylation of these glycoproteins
was increased and it may contribute to the upregulation of
expression level of Sia𝛼2-6Gal/GalNAc in urinary glycoprotein with development of DN. It is known that the level of
serum sialic acid could indicate extensive vascular damage in
T2DM and predict microvascular complications occurring in
diabetics [36, 37]. As a result of our finding, the expression
level of Sia𝛼2-6Gal/GalNAc in urinary glycoprotein correlated with development of DN in stage of overt proteinuria.
Similarly, it is reported that a 41 kDa of sialylated glycoprotein
orosomucoid which contained Sia𝛼2-6Gal/GalNAc increased
excretion in DN, and it could be a potential biomarker for
DN [38–40]. In addition, it is reported that the excretion
of transferrin (76.5 kDa) and alpha-1-antitrypsin (46 kDa)
showed marked increase in urine of patients with DN, which
could reflect the development of microalbuminuria; moreover, urinary transferrin is a sensitive indicator of glomerular
damage [41, 42]. Therefore, the glycopatterns of Sia𝛼2-6Gal/
GalNAc and glycoprotein modified by Sia𝛼2-6Gal/GalNAc
(especially the glycoproteins with molecular weight about
90 kDa, 70 kDa; and 40 kDa) in urine could be valuable
potential diagnosis indicators for monitoring of DN, and
these glycoproteins will be characterized by MS in future.
Although certain clinical manifestations such as shorter
duration of diabetes, absence of retinopathy, presence of
microscopic hematuria, and active urinary sediment are
markers associated with NDRD in type 2 diabetes with clinical renal disease, and the histories of diabetes mellitus,
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systolic blood pressure, glycated HbA1c, hematuria, diabetic
retinopathy, and hemoglobin are independently related to
DN, renal biopsy remains indispensable to differentiate
between DN and NDRD [43–48]. In this study, we examined
the difference between DN and NDRD in urinary glycopatterns; our result showed that the relative abundance of
(GlcNAc)2–4 in urinary glycoprotein could effectively distinguish between DN and NDRD, and ROC curve analysis
also indicated that the glycopatterns recognized by STL have
the potential to serve as a clinical predictor to distinguish
between DN and NDRD. It demonstrated that the patients
with IgAN exhibit circulating IgA1 with reduced Gal (galactose-deficient IgA1) [49–51]. It reported that deficiency of the
𝛽1,4GalT1 glycosyltransferase in genetic remodeling mouse
could cause IgAN. Because of deficiency of the 𝛽1,4GalT1,
𝛽4-galactosylation of the N-glycans on the serum IgA was
completely absent, which led to the exposure of GlcNAc
of N-linked glycans [52]. In addition, urinary excretion of
galactose-deficient IgA1 was elevated in patients with IgAN
and the urinary Gd-IgA1 levels correlated with proteinuria
[53]. Hiki et al. reported that O-glycans attached to serum
IgA are truncated to expose GlcNAc, which correlates with
antibody glomerular deposition in IgAN [54]. Therefore, we
concluded that the exposure of GlcNAc on N-/O-glycans
of IgA correlated with the increasement of (GlcNAc)2–4 in
urinary glycoprotein from patients with IgAN.
In conclusion, we investigated the correlation of alterations of protein glycopatterns in urine samples from HVs,
patients with T2DM, and patients with DN and NDRD. Our
finding revealed that the elevated expression level of Sia𝛼26Gal/GalNAc in urine was correlated with development of
DN in stage of macroalbuminuria, and (GlcNAc)2–4 in urine
could be a clinical predictor to distinguish between DN and
NDRD. It should be pointed out that the sample size in
this study is small, and more samples are being recruited to
verify our findings and glycoprotein which associated with
abnormal glycopatterns will be isolated and identified in
next step. This study provided a new method to monitor the
development of DN and distinguish between DN and NDRD
based on the urinary glycopatterns analysis.
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Diabetic nephropathy (DN), a common diabetic microvascular complication, is characterized by progressive glomerular sclerosis
and tubulointerstitial fibrosis. However, the underlying mechanisms involved in DN remain to be elucidated. We explored changes
in the transcriptional profile in spontaneous type 2 diabetic db/db mice by using the cDNA microarray. Compared with control
db/m mice, the db/db mice exhibited marked increases in body weight, kidney weight, and urinary albumin excretion. Renal
histological analysis revealed mesangial expansion and thickness of the basement membrane in the kidney of the db/db mice.
A total of 355 differentially expressed genes (DEGs) were identified by microarray analysis. Pathway enrichment analysis suggested
that biological oxidation, bile acid metabolism, and steroid hormone synthesis were the 3 major significant pathways. The top 10
hub genes were selected from the constructed PPI network of DEGs, including Ccnb2 and Nr1i2, which remained largely unclear
in DN. We believe that our study can help elucidate the molecular mechanisms underlying DN.

1. Introduction
With the increasing prevalence of diabetes worldwide, diabetic nephropathy, a serious and major microvascular complication of diabetes mellitus (DM), has also become a global
problem affecting about 40% of patients with diabetes and
is the primary cause of end-stage renal diseases (ESRD) in
developed countries [1, 2]. DN is characterized by excessive
accumulation of extracellular matrix (ECM) with thickening of glomerular and tubular basement membranes and
increased mesangial materials [3]. Therapies for DN remain
clinically limited thus far [4]. Although attempts including
intensive control of hyperglycemia and hypertension reduced
albuminuria accompanied with delay in DN progression,
many patients still experience exacerbated renal injuries and
develop ESRD [2]. A better understanding of the molecular
mechanisms of DN can thus help establish effective therapeutic strategies for the condition.

To fundamentally understand and elucidate the mechanism of DN, high-throughput microarrays could be used to
investigate the underlying genetic characteristic of processes
involved in DN. These techniques have been widely used
in screening the potential targets for DN. Distinct patterns
of molecules and pathways between glomeruli and tubulointerstitial compartment were identified by transcriptome
analysis of human DN [5]. The transcriptional profile from
renal biopsies revealed activation of the NF-kB pathway
in DN [6]. Watanabe et al. indicated that the macrophage
migration inhibitory factor could be an important cytokine
for induction of microalbuminuria by the cDNA microarray
[7]. Thus, microarray analysis can effectively identify key
molecular events and pathways involved in DN.
Animal models exhibit a remarkable advantage when
difficulties arise in clinical trials. Db/db mice were considered
good animal models for DN. The G-to-T point mutation
of leptin receptor mutation (LepRdb/db) from db/db mice
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results in defective responses to leptin, leading to the development of hyperphagia, obesity, hyperlipidemia, hyperinsulinemia, insulin resistance, and diabetes. Db/db mice could
develop mild kidney damage, which is similar to early-stage
of human type 2 DN. Thus, db/db mice are commonly used
to investigate the mechanisms of renal injury associated with
type 2 diabetes [8].
In the current study, we employed global microarray analysis combined with bioinformatics to explore the differential
gene expression in db/db and db/m mice in order to identify
candidate genes that may be involved in the development of
DN.

2. Materials and Methods
2.1. Animal Experimentation. Male db/db mice (𝑛 = 6)
at 10 weeks old and their nondiabetic db/m littermates
(𝑛 = 6) were purchased from Beijing Vital River Laboratory
Animal Co. Ltd. (Beijing, China). Animals were given free
access to standard chow and water for 12 weeks. At the end
of the experiment, all mice were weighed, and individual
24 h urine collections were obtained using metabolic cages.
Subsequently, all animals were sacrificed at 22 weeks of age.
Their blood was collected, and their kidneys were harvested,
weighed, and immediately frozen in liquid nitrogen for
further analysis. The mice were housed in an animal care
facility at China-Japan Friendship Hospital. The protocol was
approved by the ethics committee of the Institute of Clinical
Medical Sciences at China-Japan Friendship Hospital and
then executed as specified in the National Institutes of Health
Guide for the Care and Use of Laboratory Animals.
2.2. Urinary Albumin Excretion and Renal Histology. Urinary albumin concentrations were determined using Mouse
Albumin ELISA Quantitation Set (Bethyl Laboratories Inc.,
Montgomery, TX) in accordance with the manufacturer’s
instructions.
Dissected kidney samples were fixed in buffered formalin
(10%) for 24 h, dehydrated, embedded in paraffin, sectioned
at 3 𝜇m thickness, and mounted on slides. The paraffin
sections were stained with periodic acid-Schiff (PAS) and
examined under light microscopy.
2.3. RNA Extraction, Amplification, Labeling, and Hybridization. Renal cortices were carefully isolated from 3 mice in
db/db and db/m group, respectively, for microarray analysis.
Total RNA were extracted using TriZol Reagent (Invitrogen, Carlsbad, CA) in accordance with the manufacturer’s
instructions. Removal of contaminating genomic DNA was
conducted using DNase I digested for 15 min at 37∘ C. After
being cleaned up with RNeasy Kit (Qiagen, Hilden, Germany), the RNA quantities and qualities were determined
by spectrophotometry and 1% formaldehyde denaturing gel
electrophoresis, respectively. Samples with bright bands of
ribosomal 28S to 18S RNAs in a ratio >1.5 : 1 were used for
microarray analysis.
Microarray experiments were performed by CapitalBio
Corporation (Beijing, China), a service provider authorized
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by Affymetrix, Inc. (Santa Clara, CA) in accordance with
the Affymetrix GeneChip manual. As much as 100 ng of
total RNA was used for cDNA synthesis. Biotin-tagged
cRNA was produced using the GeneChip IVT Labeling Kit
(Affymetrix). Subsequently, 15 𝜇g fragmented cRNA, with
Control Oligo B2 and eukaryotic hybridization controls
(bioB, bioC, bioD, cre), was hybridized to the Affymetrix
Mouse Genome 430 2.0 Array (Affymetrix, Santa Clara, CA)
at 45∘ C for 16 h (Affymetrix GeneChip Hybridization Oven
640). After hybridization, the GeneChip arrays were washed
and then stained with streptavidin phycoerythrinonan with
Affymetrix GeneChip Fluidics Station 450, followed by scanning with Affymetrix GeneChip Scanner 3000 7G.
Data were analyzed using Affymetrix Expression Console
and Transcriptome Analysis Console (TAC) software. The
gene array was run in triplicate, and the significance of
the difference for each gene was determined by one-way
ANOVA. Differentially regulated genes (DEGs) were defined
as genes with a 1.5-fold and greater change over controls with
𝑝 < 0.05. These microarray data have been submitted to
the Gene Expression Omnibus repository and are accessible
through accession number GSE87359.
2.4. Enrichment Analysis for GO and Pathway. The software
ClueGO 2.0.6 for “Cytoscape 3.0.1” was used to apply the
“Function” analysis mode and the “Compare” cluster analysis
type (cluster 1 = upregulated genes and cluster 2 = downregulated genes). The statistical test used for the enrichment was
based on a two-sided hypergeometric option with the Bonferroni correction, a 𝑝 value less than 0.05, and a kappa score
of 0.40. The pathway databases included KEGG, Reactome,
and Wiki Pathways. The Gene Ontology (GO) databases
included the biological process and molecular function Gene
Ontology, updated to 10.09.2013. The Benjamini-Hochberg
false discovery rate was set to 0.05.
2.5. Construction of PPI Network. The PPI network of DEGs
in each group was constructed in the Search Tool for the
Retrieval of Interacting Genes (STRING) database using
Cytoscape 2.8, a free software package for visualizing, modeling, and analyzing the integration of biomolecular interaction
networks with high-throughput expression data and other
molecular states. The interactive pattern degree was set at 0.4.
2.6. Validation of DEGs by Quantitative PCR (qPCR). The
expression levels of 14 DEGs (highly upregulated or downregulated in db/db mice) were measured by qPCR in triplicate
for the technical validation of microarray data. Results were
expressed as fold expression relative to the expression in the
control group by using the delta-delta Ct (ΔΔCt) method. The
level of 𝛽-actin RNA was used as an internal standard. All of
these primers are listed in Table 1.
2.7. Statistical Analysis. Data are presented as means ± SEM
and compared using Student’s 𝑡-test. 𝑝 < 0.05 was considered
statistically significant.
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Table 1: Primers used in qPCR.

Abcc3
Apoh
Ccnb2
Cyp2j13
Cyp27b1
Esr1
Gc
Maob
Nr1i2
Slc7a13
Slco1a1
Ugt2b37
Hsd17b2
Cyp7b1
𝛽-actin

Forward
CCATTGACTTGGAGACGGATG
TGCATGGCGACAAAATTCAC
TTGCCTGTCTCAGAAGGTGC
CCACCCCAGACATCTTCAAT
ACCCATTTGCATCTCTTCCCTT
CGTTTCTGTCCAGCACCTTG
GGACAAAAACACCCAACACCT
ACTGAAACAGCCTCACACTGG
TCGAAGACCCTAATGGTGGC
TGTTTTGTGCCCTGAATGTCC
TTCCGGCACCTGTTTACTTTG
TCCTTTGTTTGGAGAACAGCAT
AATCATCAGACAGGAGCTTGAC
GTATTATATTCTTCGGCATCCTG
ACCCTAAGGCCAACCGTGAAAAG

3. Results
3.1. Manifestation of Type 2 DN from db/db Mice. As shown
in Figure 1, body weight and blood glucose in db/db mice
were markedly higher than those in db/m mice. Compared
with those of the control db/m mice, significant increases
in 24 h urinary albumin and kidney weight were indicated
in the db/db mice. Histological examination demonstrated
a mild accumulation of mesangial matrix. Thickening of the
glomerular base membrane was observed in db/db mice. No
remarkable changes in the tubulointerstitium were observed
in the model.
3.2. Identification of Differentiated Genes (DEGs). In the
study, a cutoff of 1.5-fold change or greater was used to
selectively analyze genes that were altered by a significantly
higher margin compared with normal controls. After filtering, we found that 164 genes were downregulated and
191 genes were upregulated in the db/db mice. Figure 2(a)
shows a heat map distribution of those DEGs. The genes
shown in red indicate a high signal, whereas those in green
indicate a low signal. The heat map demonstrated that several
areas with highly altered (upregulated or downregulated)
signals were shown in db/db mice compared with db/m mice.
All analyses were performed using Transcriptome Analysis
Console (Affymetrix). The genes were evenly distributed
among the chromosomes, with no significant clustering on
any one chromosome, which could suggest site-specific gene
induction (Figure 2(b)). These genes are represented as a
scatter plot (Figure 2(c)) showing the upregulated genes in
red and the downregulated genes in green. These DEGs were
plotted against significance (Figure 2(d)), with the red dots
in Figure 2(c) denoting significantly induced genes and the
green dots in Figure 2(c) denoting significantly repressed
genes. These figures show that the gene expression profile in
db/db markedly differs from that in db/m mice.

Reverse
CGCAATGAGGTTGACTGGAG
CCGTTTTCCAGAAAGCCAGAG
GGGGAGGCCAGGTCTTTGATG
AATTGTTCTCCGAGGCAAGCT
CGGGTCATGGGCTTGATAGG
CATGTGCCGGATATGGGAAAG
CCATCTCTGTGGTGCTTGATT
GGTACTGGTAATGGGTCGTGC
GAGCAGGATATGGCCGACTAC
CCCAACGCTATGAATGTGAAC
TAGAATGAAGACTGCGGGGAG
AGGCTGGTCATGGTGAATGG
CCTCTCTTTCAAGGTCGGGAT
CATATCCTCCTGCACTTCTCG
CATGAGGTAGTCTGTCAGGT

3.3. GO Term Enrichment Analysis of DEGs. Using the
Cytoscape plug-in ClueGO, we performed Gene Ontology
enrichment analysis to focus on the GO categories and thus
understand the biological functions associated with DN.
In general, 232 GO terms were significantly enriched, as
shown in Figure 3(a). The top 10 most significant GO terms
are listed in Table 2 by their 𝑝 values. These GO terms
were categorized into 29 subgroups. Specifically, the downregulated genes were mainly related to regulation of lipid
metabolic process, regulation of platelet cell cycle, ATPase
activity, and nucleoside-triphosphatase activity (Figure 3(b)).
Meanwhile, the upregulated genes were related to kinase
activity, transcription factor activity, and response to reactive
oxygen species (Figure 3(c)).
3.4. Pathway Enrichment Analysis of DEGs. Furthermore, in
the pathway enrichment analysis, 41 pathway terms were
significantly enriched, as shown in Figure 4(a). The top 10
most significant pathway terms are listed in Table 3 by the
𝑝 value. These pathway terms have been categorized into
18 subgroups. Specifically, the downregulated genes were
mainly related to regulation of lipid metabolic process, regulation of platelet cell cycle, ATPase activity, and nucleosidetriphosphatase activity (Figure 4(b)). Meanwhile, the upregulated genes were related to kinase activity, transcription factor
activity, and response to reactive oxygen species (Figure 4(c)).
3.5. PPI Network and Subnetwork of DEGs. According to
the PPI dataset downloaded from STRING, the PPI network
consisted of 166 gene signatures and 411 interactions based on
355 DEGs. The network was binary, and all interactions were
unweighted and undirected. The giant component, which
included the majority of the entire network genes containing
143 nodes and 395 edges, was constructed (Figure 5). The top
10 genes in degree and betweenness centrality (BC) are listed
in Table 4.
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Figure 1: Comparison between db/db mice and db/m mice in terms of body weight (a), blood glucose (b), 24 h urinary albumin (c), and
kidney weight (d). Renal histological changes are denoted by (e). Data presented as mean + SEM ∗∗ 𝑝 < 0.01, db/db versus db/m.

3.6. Confirmation with qPCR. To validate the microarray
results, we analyzed the mRNA levels of representative genes
by using qPCR. As shown in Figure 6, the relative mRNA
levels of Abcc3, Ccnb2, Cyp27b1, Gc, Maob, and Nr1i2 in db/db
mice were significantly higher, whereas the mRNA levels
of Apoh, Cyp2j13, Esr-1, Cyp7b1, Hsd17b2, Slc7a13, Slco1a1,
and Ugt2b37 were lower compared with those in db/m mice

(all 𝑝 < 0.05). These outcomes were consistent with the
microarray results.

4. Discussion
DN has been a widely known issue in public health because
of the lack of available curative methods. The pathogenesis
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Figure 2: Identification of DEGs in the transcriptional profile from db/db and db/m mice at 22 w old. (a) Signal values are plotted and
clustered in a heat map to determine overt differences in the signal between the 2 samples by TAC. (b) Chromosome distribution analysis
shows where induced or repressed genes in db/db mice are located in the mouse genome. (c) Fold change calculated using the TAC software
is exhibited as a scatter plot. Genes upregulated in db/db mice are shown in red, whereas downregulated genes are shown in green. (d) A
fold change for each gene exceeding 1.5-fold change is plotted against significance as calculated by one-way ANOVA in a volcano plot. DEGs
within the black boxes are considered for further ontology and pathway analysis.
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Figure 3: Functionally grouped network of enriched GO categories generated for the upregulated and downregulated genes. GO terms
are represented as nodes. Functionally related groups partially overlap (a). Node pie charts represent the biological process analysis for
upregulated genes (b) and downregulated genes (c) and uncertain genes (d).
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Figure 4: Functionally grouped network of enriched pathway categories was generated for the upregulated and downregulated genes.
Pathway terms are represented as nodes. Functionally related groups partially overlap (a). The node pie charts represent pathway analyses for
upregulated genes (b) and downregulated genes (c) and uncertain genes (d).

of DN remains highly complex to be fully understood. In
this study, cDNA microarray analysis was employed to clarify
the underlying mechanism in db/db mice, an ideal animal
model for type 2 DN. A total of 164 downregulated genes and
191 upregulated genes were identified. Enriched significant
GO terms and pathways based on these DEGs were also
determined. In addition, 10 hub genes were selected from the
main PPI network constructed from DEGs according to their
BC and degree.

In this study, biological oxidation was determined to be
the most significant pathway, which includes the upregulation of Aoc1, BC021614, Cyp17a1, Cyp27b1, Cyp2d22, Cyp2d26,
Cyp4a14, Ephx1, Gm10639, Gm3776, Gsto1, Maoa, and Maob
and downregulation of Ces2c, Cndp2, Cyp2a4, Cyp51, and
Cyp7b1. Meanwhile, Cyp17a1, Cyp27b1, Cyp2d22, Cyp2d26,
Cyp4a14 Cyp2a4, Cyp51, and Cyp7b1 are members of the
CYP450 superfamily, which is highly implicated in sustaining
the redox balance and limiting the source of oxidative

8

Journal of Diabetes Research
Table 2: Top 10 enriched GO terms for DEGs sorted by 𝑝 value (ascending).
Term 𝑝 value
corrected with
Bonferroni step
down

Genes cluster #1

Regulation of blood
coagulation
Secondary active
transmembrane transporter
activity
Organic anion
transmembrane transporter
activity

7.10𝐸 − 07

[Apoe, Ptger3, Serpine2]

1.00𝐸 − 06

[Gm6614, Slc22a29, Slc5a1,
Slc6a12, Slc7a12, Slc8a1, Slco4a1]

3.30𝐸 − 06

[Abcc4, Gm6614, Slc22a29,
Slc6a12, Slc7a12, Slco4a1]

GO:0019216

Regulation of lipid
metabolic process

1.90𝐸 − 05

GO:0004497

Monooxygenase activity

3.10𝐸 − 05

GO:0015297

Antiporter activity

1.00𝐸 − 04

GO:0009636

Response to toxic substance

1.40𝐸 − 04

GO:0015908

Fatty acid transport
Transferase activity,
transferring alkyl or aryl
(other than methyl) groups
Digestive system process

1.80𝐸 − 03

GOID

GO:0030193
GO:0015291

GO:0008514

GO:0016765
GO:0022600

GO term

Genes cluster #2
[Apoh, Cd209a, Cd36, Hrg, Proc,
Rpl3, Serpinf2, Tc2n]
[Mfsd2a, Slc1a4, Slc22a19,
Slc22a26, Slc22a28, Slc6a9,
Slc7a13, Slc9a8, Slco1a1, Tmco3]
[Slc1a4, Slc22a19, Slc22a26,
Slc22a28, Slc22a7, Slc6a9,
Slc7a13, Slco1a1]

[Abhd6, Angptl3, Angptl8, Apoc1,
[Akr1c18, Apoh, Esr1, Kcnma1,
Apoe, C3, Cyp17a1, Cyp27b1,
Nt5e]
Fabp1, Pdk1, Pik3r3, Prox1]
[Agmo, Cyp17a1, Cyp27b1,
[Akr1c18, Cyp2a4, Cyp2j13, Cyp51,
Cyp2d22, Cyp2d26, Cyp4a14]
Cyp7b1, Fmo5]
[Slc22a19, Slc22a26, Slc22a28,
[Slc22a29, Slc7a12, Slc8a1]
Slc7a13, Slc9a8, Tmco3]
[Aoc1, Apoe, Cyp17a1, Ephx1,
Fabp1, Gria3, Gsta4, Gsto1, Ltc4s,
[Bdh1, Ccl5, Cd36, Ubiad1]
Maob, Nupr1]
[Abcc4, Apoe, Fabp1]
[Ace, Cd36, Crot, Mfsd2a]

1.80𝐸 − 03

[BC021614, Gm10639, Gsta4,
Gsto1, Ltc4s]

[Agps, Ubiad1]

1.90𝐸 − 03

[Cyp27b1, Fabp1, Ptger3, Slc5a1]

[Cckar, Cd36, Chrm3, Kcnma1]

Table 3: Top 10 enriched pathway terms of DEGs sorted by 𝑝 value (ascending).

GO term

Biological oxidations
Bile acid and bile salt
metabolism
Steroid hormone
biosynthesis
Bile secretion
Metabolism of fat-soluble
vitamins
Metapathway
biotransformation
Glutathione conjugation
Generation of second
messenger molecules
Peroxisomal lipid
metabolism
Cyclin A/B1 associated
events during G2/M
transition

Term 𝑝 value
corrected with
Bonferroni step
down

Genes cluster #1

Genes cluster #2

REACTOME 10.02.2016

520.0𝐸 − 9

[Aoc1, BC021614, Cyp17a1,
Cyp27b1, Cyp2d22, Cyp2d26,
Cyp4a14, Ephx1, Gm10639,
Gm3776, Gsto1, Maoa, Maob]

[Ces2c, Cndp2, Cyp2a4,
Cyp51, Cyp7b1]

REACTOME 10.02.2016

120.0𝐸 − 6

[Abcc3, Gm6614]

KEGG 10.02.2016

440.0𝐸 − 6

KEGG 10.02.2016

680.0𝐸 − 6

[Cyp17a1, Cyp2d22, Cyp2d26,
Ugt2b34]
[Abcb1a, Abcb1b, Abcc3, Abcc4,
Ephx1, Slc5a1]

REACTOME 10.02.2016

770.0𝐸 − 6

[Apoe, Cyp27b1, Gc, Ttr]

[Akr1c14, Akr1c18, Ubiad1]

WikiPathways 10.02.2016

3.5𝐸 − 3

[Chst11, Cyp51, Cyp7b1,
Fmo5]

REACTOME 10.02.2016

6.2𝐸 − 3

[Cyp17a1, Cyp27b1, Ephx1,
Gm3776, Gsta4, Gsto1]
[BC021614, Gm10639, Gm3776,
Gsto1]

REACTOME 10.02.2016

93.0𝐸 − 3

[Cd3e, Cd3g, Grap2]

REACTOME 10.02.2016

93.0𝐸 − 3

[Agps, Amacr, Crot]

REACTOME 10.02.2016

93.0𝐸 − 3

Ontology source

[Ccnb2, Plk1, Wee1]

[Akr1c14, Akr1c18, Amacr,
Cyp7b1, Slco1a1]
[Akr1c18, Cyp7b1, Hsd17b2,
Ugt2b37, Ugt2b38]
[Slc22a7, Slco1a1]

[Cndp2]
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Figure 5: Interactome of the 355 genes showing 166 nodes and 411 edges in the protein-protein interaction map encompassing 4 clusters in
DN. Genes are denoted as nodes in the graph, and interactions between them are presented as edges. Green indicates downregulated genes,
whereas red indicates upregulated genes.

Table 4: Top 10 hub genes from PPI network.
Name
Nr1i2
Esr1
Ccr7
C3
Slc7a13
Slco1a1
Apoh
Ccnb2
Cyp2j13
Fabp1
Ugt2b37

Betweenness centrality
0.245983
0.22107
0.127205
0.085003
0.082573
0.080427
0.078909
0.07628
0.067509
0.066322
0.065938

Degree
14
9
13
9
14
16
17
15
17
12
20

Fold change
−1.58
−1.71
−1.59
−1.58
−2.23
−84.31
−1.84
1.6
−1.94
1.62
−4.4

stress [9, 10]. Park et al. reported abnormal expression of
multiple CYP450 isoforms in Zucker diabetic rats, indicating
that high glucose maybe result to the disorder of CYP450
families [11]. Both monoamine oxidases A and B are flavin
adenine dinucleotide-dependent enzymes. Deamination of
noradrenaline, serotonin, and dopamine leads to the production of hydrogen peroxide (H2O2). MAO activity as a source
of reactive oxygen (ROS) has recently been investigated [12],

and hyperglycemia led to increased MAO-A expression and
overproduction of ROS in diabetic rats [13]. Thus, the DEGs
involved in biological oxidation may be participants in the
pathogenesis of DN via oxidative stress.
An increasing number of studies have recently indicated
that hormonal imbalance participated in the development of
DN [14–16]. In the present study, steroid hormone analyses
from the KEGG database were found to be significant in
the enrichment analysis, which involves the upregulation of
Cyp17a1, Cyp2d22, Cyp2d26, and Ugt2b34 and downregulation of Akr1c18, Cyp7b1, Hsd17b2, Ugt2b37, and Ugt2b38.
HSD17B2 converts testosterone, dihydrotestosterone (DHT),
and estradiol into their cognate inactive metabolites, Adione, 5𝛼A-dione, and estrone, respectively. Cyp2d22 and
Cyp2d26, a homolog of human Cyp2d6, exhibited a modest
catalyzed activity from estradiol to 2-OH-E2 and 2-OHE1 [17]. Cyp7b1 metabolizes 5𝛼-androstane-3𝛽,17𝛽-diol (3𝛽Adiol) and dehydroepiandrosterone. Ugt2b15, an ortholog
of Ugt2b38, catalyzes the conjugation of the 17𝛽-hydroxy
position of DHT, testosterone, and 3𝛼-Diol [18]. Dysregulation of these genes led to reduced estrogen and elevated
androgen levels. The close association between plasma leptin
concentration and sex hormones has been demonstrated by
Thomas et al. [19], while excess of circulating leptin may
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Figure 6: Confirmation of 14 representative DEGs by qPCR. The
alterations in these genes at the mRNA level are similar between
qPCR and GeneChip.

be an important contributor to the development of reduced
androgens in male obesity [20]. These may partly account
for the disorder of sex hormones regulated genes in leptin
signaling deficient db/db mice. Estradiol administration to
db/db mice improved DN [21]. Consistent with this finding,
Esr-1 encoded a receptor of estradiol, which is involved in DN
[22], that was also significantly reduced in the current study.
We found that bile acid synthesis disorder may be associated with the pathogenesis of DN. This disorder includes
bile acid and bile salt metabolism based on the reactome
pathway, bile secretion from the KEGG pathway, and bile
acid metabolic process from GO terms. Abcc3 encodes MRP3,
and Abcc4 encodes MRP4. Both transport the taurine and
glycine conjugates of bile acids, as well as the unconjugated
bile acid cholate, into blood. Slco1a1 encodes OATP1A1, which
can transport unconjugated and conjugated bile acids into
cells [23]. Decreased Slco1a1 and increased Abcc3 and Abcc4
that were found in the present study would lead to loss of
conjugated and unconjugated bile acid and bile salts in the
cell. This finding is consistent with those in a previous study
[24]. Cholic acid has been reported to alleviate kidney damage in db/db mice via modulation of renal lipid metabolism
and modulation of fibrosis and inflammation [25]. The study
from Liang and Tall suggested that supplement with leptin
reversed the deficiency in bile acid synthesis and transport
as well as lipoprotein and energy metabolism in ob/ob mice,
indicating the important role of leptin in regulating bile acid
metabolism [26]. Elevated bile acid pool in STZ-induced
diabetic mice and spontaneous diabetic ob/ob mice also
revealed that high glucose is an important regulator of bile
acid synthesis [27]. FXR is a major receptor of bile acid.
Its deficiency-exacerbated diabetic nephropathy occurred in
type 1 diabetic rats [28]. In addition, OATP1A2 can also
transport dehydroepiandrosterone sulfate, a precursor for
the synthesis of steroid hormones [29]. The serum level

of dehydroepiandrosterone sulfate was negatively correlated
with severe diabetic nephropathy [30].
In addition to identifying the pathway involved in DN,
we also distinguished 10 hub genes based on the PPI network
from DEGs, some of which were not reported in DN. Notably,
Nr1i2 encodes the pregnane X receptor, a nuclear receptor.
However, no direct evidence of PXR involvement in DN is
available. On the one hand, PXR may play a more important
role in regulating the metabolism of drugs being used to treat
DN because of its general role in controlling drug responses
[31]. On the other hand, PXR influences macrophage sensitivity to cholesterol. Abnormal lipid metabolism in the kidney
has been implicated in the development of DN. The current
study found elevated PXR in db/db mice, suggesting that PXR
regulates lipid metabolism and drug response in DN.
Cyclin B2 encoded by Ccnb2 is a member of the cyclin
family, specifically the B-type cyclins. Cyclin B2 is associated
with p34cdc2 and is an essential component of the cell
cycle regulatory machinery. Cyclin B2 is primarily associated with the Golgi region. It also binds to transforming
growth factor beta R2. Thus, cyclin B2/cdc2 may play a
key role in transforming growth factor beta-mediated cell
cycle control. Ccnb2 increased in podocytes in rats with
experimental membranous nephropathy. Increased Ccnb2
expression promotes the proliferation of the cell, which may
be associated with the proliferation of mesangial and tubular
cells in high glucose, along with elevated TGF-𝛽1 expression.
In the present study, db/db mice exhibited upregulation of
Ccnb2 at the mRNA level, suggesting its contribution to DN
via interference with cell G2/M phage.
Cyp2j13 is an ortholog of Cyp2j2 in humans, which
is mainly expressed in the kidneys of mice. Cyp2j13 is
responsible for the conversion of arachidonic acid to EETs via
the epoxygenase pathway [32]. Several reports suggested that
EET production was significantly decreased in the kidney of
STZ-induced diabetic rats and high glucose-treated proximal
tubular epithelial cells [33–35]. Inhibition of EETs results in
overproduction, cellular hypertrophy, and accumulation of
fibronectin and collagen IV in high glucose incubated tubular
cells [34]. Furthermore, overexpression of endothelial Cyp2j2
also attenuated renal injuries in diabetic rats [36]. Cyp2j13
was reduced in the study, suggesting its involvement in DN
by decreasing EET production.
Cyp27b1 encodes a member of the cytochrome P450
superfamily of enzymes, the enzyme that catalyzes the conversion of 25-hydroxyvitamin D3 (25(OH)D) to 1-alpha,25dihydroxyvitamin D3 (1,25(OH)2D), the active form of
vitamin D3. It then binds to the vitamin D receptor and
regulates calcium metabolism. Thus, this enzyme plays an
important role in normal bone growth, calcium metabolism,
and tissue differentiation via regulation of biologically active
vitamin D. Cyp27b1 mRNA expression, which was increased
in the kidney from diabetic DBA mice, revealed dysregulation
of the vitamin D endocytic pathway [37, 38]. The current
study supports that Cyp27b1 could be participants in the
development of DN via regulation of vitamin D signaling.
Apoh encodes 𝛽2GPI, a 54.2 kDa single-chain protein
containing four N-linked glycosylation sites, which is essential for binding phospholipids. Apoh also binds to various
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kinds of negatively charged substances such as heparin,
phospholipids, and dextran sulfate. It plays multiple roles in
coagulation and fibrinolytic pathways, placental homeostasis,
athermanous plaque formation, endothelial cell activation,
and apoptotic mechanisms [39]. The transcriptome analysis
from human DN revealed the downregulation of Apoh in the
diabetic tubule [5]. Increased urinary 𝛽2GPI excretion was
proven to be a biomarker of impaired tubular reabsorption
of protein in diabetics without clinical proteinuria [40].
Contradictory to these findings, reduced 𝛽2GPI ameliorated
renal morphometric damage and kidney function in STZinduced diabetic rats via inhibition of the TGF-𝛽1-p38 MAPK
pathway [41]. The present study revealed reduced expression
of Apoh. However, the role of Apoh in DN has yet to be
elucidated.
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[7]

[8]

[9]

[10]

5. Conclusion
The current findings together indicate that upregulation
of 164 probesets with genes and downregulation of 191
probesets. The DEGs were enriched for biological oxidation,
steroid hormone biosynthesis, and bile acid metabolism.
Some recognized hub genes, such as Ccnb2, Nr1i2 and others,
provide new insights into the molecular pathogenesis of DN.
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