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Abstract Lipid deposits can injury the kidney of diabetic

patients and models. Sterol regulatory element binding

protein-1 (SREBP-1) is transcription factor regulating the

synthesis of fatty acid and triglyceride. At present whether

the expression of SREBP-1 makes some effects on the lipid

accumulation in diabetic kidney is not still clear com-

pletely. The purpose of our in vivo and in vitro study is to

investigate the relationship between the expression of

SREBP-1 and lipid abnormal metabolism in the type 1

diabetic rats and explore to inhibit SREBP-1 gene

expression by RNA interfere in human renal proximal

tubular epithelial cells line (HKC cells). The animal

experiment showed that triglyceride and SREBP-1 were

up-regulated in proximal tubule of diabetic rats’ kidney,

which may result in increase of transforming growth fac-

tor-b1 (TGF-b1) and accumulation of extracellular matrix

(ECM). The further HKC cells experiment confirmed

SREBP-1 increasing resulted into lipid droplet formation.

The expression of fatty acid synthase (FAS) in HKC cells

transfected with specific plasmid for SREBP-1 gene was

significantly more than that of the cells transfected with the

control plasmid pcDNA3.1 and that of the untransfected

cells. Simultaneously, up-regulation of TGF-b1 and fibro-

nectin, an ECM glycoprotein, was evident in HKC cells

transfected by specific SREBP-1 plasmid. Furthermore, we

found that high glucose was a positive factor on the

expression of SREBP-1 at protein and mRNA levels in

HKC cells. High glucose makes effects on SREBP-1 in

time-dependent manner, and the greatest effect was at 48 h.

In addition, two effective eukaryotic expression plasmid

vectors of shRNA aimed at SREBP-1 were designed and

constructed successfully. Compared with the negative

control plasmid group, the levels of the expression of

SREBP-1 were inhibited by 24.11 and 36.15%, respec-

tively, at mRNA level, 20.80 and 37.59%, respectively, at

precursor segment of protein level, and 38.12 and 52.24%,

respectively, at mature segment of protein level at 48 h

after transfection. In vivo and in vitro study suggested that

high glucose caused increasing SREBP-1 mRNA and

protein in renal proximal tubule epithelial cells of type 1

diabetic rats. Increasing SREBP-1 plays an important role

in the pathogenesis of renal lipid accumulation by up-

regulation of FAS and ECM accumulation by inducing

TGF-b1 expression. The application of vector-mediated

RNAi could markedly inhibit the expression of SREBP-1

in HKC cells, which is a promising tool for future research

into the mechanisms of renal lipid accumulation in vivo.
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Introduction

Diabetic nephropathy is an important chronic complication

of diabetes mellitus. Many factors are involved in the

pathogenesis of this disease, for example, hyperglycemia,

growth factors (Prasad et al. 2007), inflammatory cyto-

kines, oxidative stress (Beisswenger et al. 2005) and
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advanced glycation end products (Suzuki et al. 2006). At

present abnormal lipid accumulation has been testified to

injury the kidney of diabetic patients and animal models

(Ruan et al. 2004).

Sterol regulatory element-binding proteins (SREBPs)

are members of the basic helix-loop-helix leucine zipper

family of transcription factors (Brown and Goldstein 1997,

1999). SREBPs are synthesized as 1,150-amino acid pre-

cursor proteins that remain bound to the endoplasmic

reticulum. Upon sterol deprivation, the precursor protein

undergoes a sequential two-step cleavage process to release

the NH2-terminal portion (Sakai et al. 1996). This

NH2-terminal, mature segment then enters the nucleus and

activates the transcription of genes involved in cholesterol

and fatty acid synthesis by binding to sterol regulatory

elements or to palindromic sequences called E-boxes

within their promoter regions (Kim et al. 1995).

Currently, there are three isoforms of SREBP that have

been characterized. SREBP-1a and -1c are derived from a

single gene through the use of alternate promoters that give

rise to different first exons (Brown and Goldstein 1999),

and SREBP-1a is the more common isoform found in

cultured cells and is a stronger activator of transcription

than SREBP-1c because of a longer transactivating domain

(Shimano et al. 1997; Shimomura et al. 1997). SREBP-2 is

derived from a different gene and is known to be actively

involved in the transcription of cholesterogenic enzymes. It

has been shown that all cultured cells analyzed to date

exclusively express SREBP-2 and the -1a isoform of

SREBP-1, whereas most organs, including the liver,

express predominantly SREBP-2 and the -1c isoform of

SREBP-1 (Shimomura et al. 1997). Genes involved in

cholesterol synthesis and uptake, regulated by SREBPs,

include the low density lipoprotein receptor, 3-hydroxy-3-

methylglutaryl-CoA synthase, 3-hydroxy-3-methylglutaryl-

CoA reductase, squalene synthase (Guan et al. 1997; Sato

et al. 1996). Fatty acid synthetic genes such as acetyl-CoA

carboxylase, fatty acid synthase (FAS) (Magana and

Osborne 1996) stearoyl-CoA desaturase-1 and -2 (SCD)

(Tabor et al. 1998) ATP citrate lyase (ACL) (Sato et al.

2000), S14 (Mater et al. 1999), and glycerol-3-phosphate

acyltransferase (Ericsson et al. 1997) are also directly

activated by SREBPs.

Some renal injuries have been reported to involve tri-

glyceride accumulation and high expression of SREBP-1

(Jiang et al. 2005; Saito et al. 2005). Renal SREBP-1

expression is increased in diabetes and that SREBP-1 plays

an important role in the increased lipid synthesis, TG

accumulation, mesangial expansion, glomerulosclerosis,

and proteinuria by increasing the expression of trans-

forming growth factor b1 (TGF-b1) and vascular

endothelial growth factor (Sun et al. 2002). The study

on PEPCK-promoter transgenic mice showed that

overexpressing nuclear SREBP-1c exhibited enhancement

of proteinuria with mesangial proliferation and matrix

accumulation, mimicking diabetic nephropathy. These

suggested that activation of glomerular SREBP-1c could

contribute to emergence and/or progression of diabetic

nephropathy (Ishigaki et al. 2007). However, the effects of

expression of SREBP-1 in renal tubular cells on lipid

droplet formation and renal tubule interstitial fibrosis were

no well known.

RNA interference (RNAi) is a specific and powerful tool

that is used to silence gene expression in the study of gene

function and in the development of therapeutic strategies

(Novina et al. 2002). Sustained RNAi can be achieved by

constructing recombinant plasmid that synthesizes short-

hairpin RNA (shRNA). A shRNA becomes siRNA, the

final and functional product, through enzyme digestion of

Dicer (Sui et al. 2002).

In this study, we investigated the function of tubular

SREBP-1 expression in regulation of tubular lipid metab-

olism, growth factors secretion and tubule interstitial

fibrosis using STZ-induced diabetic rats and HKC cells.

Furthermore, we constructed two specific shRNA plasmid

aimed at SREBP-1 gene and transfected them into HKC

cells respectively for the first time to explore the effects on

SREBP-1 expression and provide an effective gene

silencing method.

Materials and methods

Reagents and chemicals

Oil Red O and streptozotocin (STZ) were purchased from

Sigma Chemical Co. In situ hybridization kit for detect-

ing SREBP-1 mRNA was from Tianjin Haoyang Co.

Triglyceride detecting kit was obtained from Dongou

Biotechnology Co. Polymer Detection System for

Immuno-Histological Staining was bought from Zhong-

shan Golden Bridge Biotechnology Co. Lipofectamine

2000 was purchased from Invitrogen Co. Restriction

enzyme BamHI, HindIII and SalI were bought from

TaKaRa Co. The following products were from Santa Cruz

Biotechnology Inc.: rabbit anti-SREBP-1 antibody (K-10;

sc-367), rabbit anti-TGF-b1 antibody (sc-146), mouse anti-

b-actin antibody (sc-47778). Rabbit anti-FN antibody was

purchased from Beijing Biosynthesis Biotechnology Co.

Expression vectors and recombinant plasmid

construction

pcDNA3.1-SC1 plasmid containing the gene for mature

segment of human SREBP-1 protein was a gift from the

professor Timothy F. Osborne, California University, USA.
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The empty expression vector pcDNA3.1 and E. coil strain

DH5 alpha were preserved in our laboratory. The plasmid

vector of pGenesil-1 was purchased from Wuhan Jingsai

Co. which contains human U6 promoter and green fluo-

rescence protein (GFP) for RNAi research. Two targeted

sequences aimed at SREBP-1 gene were designed and the

single-stranded DNA oligonucleotides for shRNA desig-

nated SREBP1-1 and SREBP1-2 were chemically

synthesized (Table 1) and annealed to form double-stran-

ded DNA. After pGenesil-1 vector was digested with

restriction enzyme of BamHI and HindIII at 37�C for 3 h,

the double-stranded DNA was cloned downstream of U6

promoter in the expression vector by T4 ligase at 16�C

overnight. The recombinant plasmids were amplified and

chosen by transfected into E. coil strain DH5 alpha and

extracted using the kit from Promega Co. If the plasmid

was constructed successfully, one 400 bp segment will be

produced by digestion with SalI because of an enzyme site

of SalI designed into the single-stranded DNA oligonu-

cleotides. Finally, two constructs that were designated

pGenesil-1-SREBP1-1 and pGenesil-1-SREBP1-2 respec-

tively were sequence-verified before use. pGenesil-1-

SREBP1-1 targets the sequence: 50-GCCTGACCAT

CTGTGAGAA-30 and pGenesil-1-SREBP1-2 targets the

sequence: 50-CCAGCAGCTCCATTGACAA-30. Mean-

while, a vector containing the following non-specific

siRNA was designed as negative control (HK), of which

the sequence was 50-GACTTCATAAGGCGCATGC-30.

Animals

The 50 Wistar rats were bought from the experimental

animal center of Hebei Medical University. The animals

were housed on an alternating 12 h light and dark cycle

with room temperature of 20 ± 3�C and fed with the

standard diet. Twenty-five rats were chosen randomly as

normal group, and the rest (25 rats) as model of diabetic

mellitus. The STZ-induced rats were injected intraperito-

neally with 60 mg/kg body weight STZ in 50 mM sodium

citrate solution (pH 4.5) to make type 1 diabetic models,

and rats in the control group were injected with 50 mM

sodium citrate solution. Only animals with plasma glucose

concentrations [16.7 mM 1 week after the induction of

STZ were considered diabetic (Bloch et al. 2007).

Throughout the experimental period, tail vein blood glu-

cose levels were measured every day and one rat regained

normal serum glucose. For this experiment, we studied 24

normal rats and 24 diabetic rats. Normal control rats and

diabetic rats were raised for 1, 2, 4 and 8 weeks, respec-

tively, until they were sacrificed.

At the end of the study, rats were deeply anesthetized

with chloral hydrate and blood samples were obtained

through abdominal aorta. Renal cortex was removed,

cleaned, washed and immediately saved in buffered neutral

formalin for histopathological sections, or saved in liquid

nitrogen for frozen sections and extraction of protein.

Cell culture and transient transfection

Human renal proximal tubular epithelial cells line (HKC)

was kindly provided by Professor Chen Xiang-mei, Division

of Nephropathy, 301 Hospital, Beijing, China. HKC cells

were maintained at 37�C in a humidified atmosphere of 5%

CO2 in Dulbecco’s modified Eagle’s medium (Gibco

PRL,USA) containing penicillin/streptomycin (100 U/ml

and 100 lg/ml, respectively) and 10% fetal bovine serum

(FBS), with a normal D-glucose concentration of 5 mM.

Prior to use, cells at 80% confluence were incubated in

serum-free medium for 24 h. In order to examine the direct

effects of SREBP-1 on lipid droplet formation, HKC cells

were randomly divided into three groups: untransfection

normal control group, pcDNA3.1 control group and

pcDNA3.1-SC1 group. At 48 h after transfection, the HKC

cells were collected and analyzed for lipid droplets, SREBP-

1, FAS, TGF-b1, FN expression. To investigate the effects

of glucose on protein and mRNA expression of SREBP-1,

serum-deprived HKC cells were cultured in DMEM con-

taining 5 mM glucose (normal glucose) or 30 mM glucose

(high glucose) for 12, 24, 48 and 72 h. At the end of each

time point lipid droplets, SREBP-1, TGF-b1 and FN

expression were examined by Oil Red O staining, Western

blot and RT-PCR. For RNAi research, HKC cells were

randomly divided into four groups: normal control group,

HK control group, pGenesil-1-SREBP1-1 group and

pGenesil-1-SREBP1-2 group. Total RNA and protein of the

cells after 48 h transfection were extracted. Lipid droplet,

SREBP-1, FAS, TGF-b1 and FN expression was assessed.

Table1 Short chain DNA oligonucleotide for short-hairpin RNA (shRNA)

Short chain oligonucleotide (containing enzyme site and loop)

SREBP1-1:50-GATCCGCCTGACCATCTGTGAGAATTCAAGACGTTCTCACAGATGGTCAGGCTTTTTTGTCGACA -30

30-GCGGACTGGTAGACACTCTTAAGTTCTGCAAGAGTGTCTACCAGTCCGAAAAAACAGCTGTTCGA-50

SREBP1-2:50-GATCCCCAGCAGCTCCATTGACAATTCAAGACGTTGTCAATGGAGCTGCTGGTTTTTTGTCGACA -30

30-GGGTCGTCGAGGTAACTGTTAAGTTCTGCAACAGTTACCTCGACGACCAAAAAACAGCTGTTCGA-50

Structure: BamHI ? Sense ? Loop ? Antisense ? End signal ? SalI ? HindIII
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Transient transfection of HKC cells was carried out

using Lipofectamine 2000 according to the manufacturer’s

instruction. Briefly, HKC cells were cultured in six-well

plates and the medium was changed the following day until

80% confluence was achieved. The cells were transfected

with 4.0 lg plasmid DNA by 10 ll lipofectamine 2000 in

2 ml serum-free DMEM medium. At 6 h after transfection

the medium was replaced by normal DMEM medium with

10% FBS for normal control untransfection group,

pcDNA3.1 group and pcDNA3.1-SC1 group. For RNAi

research, cells were grown in high glucose DMEM medium

(30 mM glucose) with 10% FBS for an additional 48 h. At

48 h after transfection, fluorescent microscopy was used to

examine GFP expression and then the cells were collected

for the extraction of protein and total RNA. All experi-

ments were repeated three times.

Measurement of TG content in renal tissue

The renal cortex lipid was extracted according to the Folch

method (Folch et al. 1957). The TG was detected with the

kit from Zhejiang Dongou Company.

Oil Red O staining

Accumulation of neutral fat in kidney of diabetic rats and

HKC cells was examined by Oil Red O (St Louis, MO,

USA) staining. Tissue sections and cultured cells were

fixed for 30 min in 4% paraformaldehyde (in PBS), and

stained for 15 min in 1% Oil Red O (in 60% isopropanol).

Then, the sections were washed with 70% alcohol for 5 s to

remove background staining. Finally, the cells were rinsed

in tap water and counterstained with Harris hematoxylin

(10 s). The stained sections were imaged with an Olympus

microscope and examined in a blinded manner by the renal

pathologist.

Immunohistochemistry, immunocytochemistry

and quantitative image analysis

PV9000 Polymer Detection System for Immuno-Histo-

logical Staining was purchased from Zhongshan Biological

Inc., Beijing, China. The procedure was performed

according to the instruction of staining system. The cortex

tissue was resected from kidney and fixed immediately in 4

% formaldehyde. Dehydration, transparence, embedding

and section were performed according to the standard

procedure. Antigen recovery was processed with micro-

wave. The sections were blocked by pretreatment with 3%

H2O2 for 10 min at 37�C. Finally, the sections were incu-

bated respectively with primary antibodies against SREBP-

1 (1:100, Santa Cruz Biotechnology, CA, USA), TGF-b1

(1:100, Santa Cruz Biotechnology, CA, USA) and FN

(1:100, Beijing Biosynthesis Biotechnology Co. Ltd.,

Beijing, China) overnight at 4�C. At the following day, the

sections were washed with PBS for 5 min 93 and incu-

bated with reagent 1 (polymer helper) for 30 min at 37�C.

After incubated with reagent 2 (polyperoxidase-anti-

mouse/rabbit IgG) for 30 min at 37�C, the sections were

stained with diaminobenizidine (DAB). Negative controls

were obtained by replacing specific antibody with PBS.

Cells were cultured on the cover glasses in six-well

plates for 12, 24, 48 and 72 h, immediately washed three

times with cold PBS and fixed with 75% ethanol for

30 min. Washed three times with PBS, cover slips with

cells were permeabilized with 0.1% Triton X-100 in PBS

for 5 min. Then, cells were blocked by pretreatment with

3% H2O2 for 10 min at 37�C. Finally HKC cells were

incubated respectively with rabbit anti-SREBP-1 poly-

clonal antibody (1:100, Santa Cruz Biotechnology, CA,

USA) overnight at 4�C. At the following day, cells were

washed with PBS for three times and incubated with

polymer helper for 30 min at 37�C. Thereafter, HKC cells

were washed three times with PBS and then treated for

30 min at 37�C with polyperoxidase-anti-mouse/rabbit

IgG. After washed with PBS, cover slips were stained with

DAB. Negative controls were obtained by replacing spe-

cific antibody with PBS.

Brownish yellow granules in cytoplasm and nuclei were

interpreted as positive region. The sections were imaged

with Olympus microscope and characterized quantitatively

by digital image analysis using the Image Pro-Plus 5.0

image-analysis software (Media Cybernetics, Silver

Spring, MD) by using the method introduced by Chen et al.

(1999). A series of 10 random images on several sections

was taken for each immunostained parameter to obtain a

mean value for statistical comparison. Staining was defined

via color intensity that was applied equally to all images,

and then measurements were obtained. The intensity of the

labeling was determined by the computer program and

gave a gray value ranging from zero (black) to 256 (white).

Immunocytochemical parameters assessed in the area

detected include mean stained area, mean intensity of stain

and mean integrated optical density (mean IOD). Mean

integral calculus of the mean stained area times the

intensity of stain in each pixel in the area indicates the total

amount of staining material in that area. All sections were

inspected independently by two pathologists.

In situ hybridization

Frozen sections were used for in situ hybridization to detect

the mRNA of SREBP-1. The sections were fixed with 4%

formaldehyde in 0.1% DEPC and filled with 0.3% Triton

X-100 solution for 10 min at room temperature. Tissues

were incubated for 3 min at 37�C in 1 mg/ml proteinase K
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followed by blocking with 3% H2O2 solution for about

20 min at 37�C. After equilibration in 2 9 SSC, the sec-

tions were prehybridized for 1 h at 37�C. Hybridization

was carried out for 4 h at 37�C, and then the slides were

washed with 2 9 SSC for 5 min 9 3 at 37�C. The sections

were stained with DAB and negative controls were per-

formed with PBS. Brownish yellow granules in the

cytoplasm were considered as positive region. The sections

were imaged with Olympus microscope and semiquantifi-

cationally analyzed through Image Pro-Plus 5.0 software

by the renal pathologist. Sequences of oligonucleotide

probes were respectively:

1. 50-CTCAGGAAGAAACGTGTCAAGAAGTGC-30

2. 50-CCACAAGAAGTAGATCACACAGGAGCA-30

3. 50-TGGCTCCGTCTGTCTTCATGGCTGTCA-30

Western blot

HKC cells were seeded in 100-cm2 flasks. Twenty-four

hours after plating, cells were incubated with substances

for different time intervals. Confluent cell layers were

washed with PBS and lysed for 30 min at 4�C with 1%

Nonidet P-40, 0.1% Triton X-100, 30 mM sodium phos-

phate (pH 7.4) containing 1 mM sodium orthovanadate,

2.5 mM Tris–HCl (pH 7.5), 100 mM NaCl and 10 lg/mL

of leupeptin, aprotinin. Subsequently, the homogenate was

centrifuged at 13,000 g for 30 min at 4�C. Insoluble

material was removed and the supernatant was collected.

Protein was quantified with the Bio-Rad protein colori-

metric assay. The renal cortex protein was extracted and

quantified according to the previous procedure.

After addition of sample buffer to the cellular extract and

boiling samples at 95�C for 5 min, protein was separated on

7.5% SDS-PAGE gel. Protein was transferred onto PVDF

membrane (Millipore Corporation, Bedford, MA) and the

membrane was blocked for 1 h at room temperature with 5%

BSA (bovine serum albumin) in Tris-buffered saline con-

taining 0.05% Tween 20 (TBST). Next, blots were washed

and incubated overnight at 4�C in TBST containing 1% BSA

with rabbit primary antibodies for SREBP-1 (1:500, Santa

Cruz Biotechnology, CA, USA), TGF-b1 (1:500, Santa Cruz

Biotechnology, CA, USA), FN (1:500, Beijing Biosynthesis

Biotechnology Co. Ltd., China) and b-actin (1:100, Santa

Cruz Biotechnology, CA, USA). Membranes were washed

three times with TBST, incubated with goat anti-rabbit or

mouse horseradish peroxidase-conjugated secondary anti-

body (1:5,000 dilution in TBST containing 1% BSA, Santa

Cruz Biotechnology) for 120 min at room temperature and

then washed three times with TBST. After chemilumines-

cence reaction (Pierce, Rockford, IL), bands were detected

by exposing the blots to X-ray films for the appropriate time

period. For quantitative analysis, bands were detected and

evaluated densitometrically with LabWorks software (UVP

Laboratory Products, Upland, CA, USA), normalized for

b-actin density.

Semi-quantitative RT-PCR

Total RNA was extracted from HKC cells with TRIzol

reagent (Invitrogen Co., CA, USA) according to the

instructions of the manufacturer. RNA samples were

quantified by the measurement of optic absorbance (A) at

260 nm in a spectrophotometer, with the A260/A280 ratio

ranging from 1.8 to 2.0, which indicates a high purity of

extracted RNA. RNA concentrations were calculated

according to A260. Total RNA (2 lg) was reverse tran-

scribed using random primers and M-MLV at 42�C for 1 h

and then heated to 94�C for 5 min in a total reaction vol-

ume of 20 ll. Equal amounts of the product of the reverse

transcription reaction were subjected to PCR amplification.

We co-amplified the housekeeping gene GAPDH to allow

for a semi-quantifiable comparison of the PCR products.

The PCR amplification began with a 5-min denaturation at

95�C, followed by 40 cycles of denaturation at 95�C for

45 s, annealing at 55�C for 45 s and extension at 72�C for

60 s. The final extension was set for 10 min at 72�C. After

amplification, 5 ll of each PCR reaction product was

electrophoresed on a 1.5% (w/v) agarose gel containing

ethidium bromide (0.5 lg/ml). The mRNA levels of

SREBP-1 and FAS were normalized with GAPDH mRNA

level. All PCR primers were synthesized by Aoke Biotech,

China. The sequences and the amplified lengths are shown

as follows for HKC cells study: SREBP-1 (sense: GCT

GAGTGCCCTGAACC; antisense: CCATCCACGAAG

AAACG 237 bp), FAS (sense: TATGCTTCTTCGTGC

AGCAGT; antisense: GTGGATGATGCTGATGATGGA

392 bp) and GAPDH (sense: TCCCATCACCATCTT

CCA; antisense: CATCACGCCACAGTTTCC 390 bp).

Masson staining

Renal tubulointerstitial fibrosis is mainly featured as the

produce of extracellular matrix (ECM) and Masson stain-

ing was used to observe the accumulation of ECM.

Statistical analysis

All data were expressed as mean ± standard deviation

(SD) and analyzed with SPSS 11.0 for Windows. The

values are normally distributed and one-way analysis of

variance (ANOVA) with Student–Newman–Keuls test was

used to determine statistically significant differences within

and between groups. Student’s t test was performed to

assess the statistical significance between the two sets of

data. P \ 0.05 was considered statistically significant.
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Results

Triglyceride accumulation was located in the renal

proximal tubular epithelium in type 1 diabetic rats

Compared with normal control group rats, TG content of

renal cortex was elevated markedly in the diabetic rats fed

respectively for 1, 2, 4 and 8 weeks (Table 2). The location

study of triglyceride was carried out with the method of Oil

Red O staining and the results revealed that red lipid

droplets appeared in the renal proximal tubule epithelium,

not glomerulus in the kidney of diabetic rats fed for 4 and

8 weeks. However, no lipid droplet was found in the kidney

of normal control rats, 1 and 2 weeks diabetic rats (Fig. 1).

Overexpression of SREBP-1 may induce

to the triglyceride content increase and ECM

accumulation in renal proximal tubule epithelium

of type 1 diabetic rats

The expression of SREBP-1 protein was investigated by

immunohistochemistry and the results showed that SREBP-

1 was located in the cytoplasm and increased in the renal

proximal tubule epithelial cells of diabetic rats. SREBP-1

expression of diabetic rats was higher than that of normal

rats at all time spots (1, 2, 4, 8 weeks) through semi-quan-

titative image analysis. The expression of SREBP-1 in

diabetic rats fed for 2 weeks was the strongest and the final

mean IOD of immunohistochemitry images was

80019.17 ± 5698.50 that is 2.43 times than that of normal

control rats (Table 3). SREBP-1 protein has two kinds of

forms: precursor segment and mature segment. To further

investigate whether altered SREBP-1 involved in both of

them, we explored SREBP-1 protein expression by Western

blot. We found that the precursor and mature segments both

showed high expression in diabetic rats’ kidney at all time

spots. After fed for 2 weeks, the diabetic rats showed highest

expression of precursor and mature segments and bands

IOD ratio (SREBP-1/b-actin) were 0.673 ± 0.027 and

0.670 ± 0.028 respectively. In situ hybridization was used

to detect SREBP-1 mRNA in both diabetic rats and normal

control rats at four time spots. The mRNA of SREBP-1 was

found to increase in the renal cortex of diabetic rats

(Table 4) and was located in the cytoplasm of renal proximal

tubular cells. On the contrary, renal tubular cells of control

normal rats showed only mild stained (Fig. 2).

Table 2 The renal cortical triglyceride content in normal rats and diabetic rats(�x� s, mg/ml)

Group n 1 week 2 weeks 4 weeks 8 weeks

Normal 6 584.19 ± 29.90 607.13 ± 26.81 626.93 ± 27.59 613.25 ± 24.41

DM 6 750.94 ± 44.53* 775.33 ± 41.68* 738.83 ± 38.90* 785.31 ± 10.27*

* P \ 0.01 versus normal control group

Fig. 1 Oil Red O staining of

renal cortex in normal control

rats and diabetic rats fed for

8 weeks. a Normal control

group 9100. b Normal control

group 9400. c Diabetic

group 9100. d Diabetic

group 9400
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Masson staining revealed the partial accumulation ECM

in renal tubules in diabetic rats fed for 8 weeks. However,

no significant ECM was found in kidney of normal control

rats and diabetic rats fed for 1, 2 and 4 weeks (Fig. 3a, b).

Fibronectin (FN) is a large modular glycoprotein that is a

polymeric fibrillar network in the ECM (Albrecht et al.

1999). Immunohistochemistry was used to investigate the

expression of FN in pathological tissue sections. The result

testified that FN was located in cytoplasm of renal proxi-

mal tubular cells. Compared with corresponding normal

control rats, expression of FN increased significantly in

diabetic rats fed for 4 and 8 weeks. However, no difference

was found between normal control rats and diabetic rats fed

for 1 and 2 weeks (Fig. 3c, d) (Table 5). TGF-b1 plays an

important role in fibrogenesis (Chai et al. 2003). We

investigated, with immunohistochemical methods, the

location and expression of TGF-b1. The finding of location

study revealed that TGF-b1 immunostaining was in the

cytoplasm of renal proximal tubular cells. Compared with

normal control group, there was marked increase in renal

cortex of diabetic rats at all four spots (Fig. 3e, f)

(Table 6).

pcDNA3.1-SC1 plasmid transfection confirmed

the effects of SREBP-1 expression on lipid droplet

formation and ECM produce in HKC cells

In order to confirm the effects of SREBP-1 gene on lipid

metabolism in renal proximal tubule epithelial cells, we

carried out in vitro research by transfection of specific

plasmid for SREBP-1 gene into HKC cells for the first

time. The expression of SREBP-1 mRNA and protein were

analyzed by RT-PCR and Western blot. IOD ratio of

SREBP-1 mRNA bands normalized by internal control

GAPDH was 0.20 ± 0.09 for control group, 0.30 ± 0.07

for pcDNA3.1 group, 1.24 ± 0.10 for pcDNA3.1-SC1

group. Compared with normal control group, the SREBP-1

mRNA expression was increased by 6.158 times in

pcDNA3.1-SC1 transfection group. The results of Western

blot demonstrated that normalized by b-actin, IOD ratio of

SREBP-1 protein was 0.93 ± 0.21 for normal control

group, 1.16 ± 0.25 for pcDNA3.1 group, 3.09 ± 0.25 for

pcDNA3.1-SC1 group. Compared with normal control

group, the protein expression was up-regulated markedly

by transfection of pcDNA3.1-SC1 plasmid (Fig. 4). Oil

Red O staining revealed that overexpression of SREBP-1 in

HKC cells by transfection of pcDNA3.1-SC1 plasmid

resulted into lipid droplet formation that was not seen in

normal control HKC cells. FAS was a key enzyme for fatty

acid synthesis. To investigate whether it was involved in

the regulation of SREBP-1 on triglyceride accumulation,

we detected the FAS mRNA expression in HKC cells

transfected with SREBP-1 specific plasmid by RT-PCR.

The results showed that FAS mRNA expression in HKC

cells transfected with pcDNA3.1-SC1 was significantly

more than that in untransfected HKC cells (Fig. 5).

Simultaneously, TGF-b1 and FN protein was detected to

explore the effects of SREBP-1 expression on ECM produce.

The results of Western blot showed that after transfection

with SREBP-1 plasmid for 48 h the HKC cells presented

high expression of TGF-b1 and FN protein. These revealed

that SREBP-1 increase led to the secretion of TGF-b1 and

accumulation of ECM in renal tubular cells (Fig. 6).

High glucose modulates SREBP-1 protein expression

in HKC cells

From the results of rats experiment, we presumed that

overexpression of SREBP-1 in renal proximal tubular cells

originated from high glucose condition. In order to confirm

this hypothesis, HKC cells were stimulated with high

glucose and the expression of SREBP-1 gene was detected.

HKC cells were cultured in media containing 5 mM

glucose (normal glucose level) or 30 mM glucose (high

glucose level) respectively for 12, 24, 48 and 72 h. We

performed Oil-Red O staining, which revealed the

Table 3 The expression of SREBP-1 protein by immunohistochemistry(�x� s, mean IOD)

Group n 1 week 2 weeks 4 weeks 8 weeks

Normal 6 30771.17 ± 6568.64 32915.33 ± 5959.40 31778.33 ± 5622.74 32465.83 ± 5709.79

DM 6 72015.83 ± 5732.56* 80019.17 ± 5698.51* 58948.17 ± 4515.96* 53484.83 ± 4559.54*

* P \ 0.01 versus normal control group

Table 4 The expression of SREBP-1 mRNA by in situ hybridization(�x� s, mean IOD)

Group n 1 week 2 weeks 4 weeks 8 weeks

Normal 6 29255.67 ± 2623.74 31532.17 ± 4796.46 35691.83 ± 4586.26 30950 ± 2219.51

DM 6 74104 ± 5572.47* 76506.67 ± 6096.27* 63178.5 ± 4792.85* 56770.17 ± 5632.22*

* P \ 0.01 versus normal control group
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accumulation of neutral fat in cytoplasm. We found that

lipid droplets started to appear at 48 h under the stimula-

tion of high glucose (Fig. 7a, b). The results of

immunocytochemistry showed that the addition of high

glucose led to significant elevation of SREBP-1 protein

located in cytoplasm and nuclei. As can be seen in Fig. 7c,

d and Table 7, comparison with normal glucose group,

high glucose group showed much larger expression of

SREBP-1 (P \ 0.01) at the corresponding time point.

To study the impact of glucose on the precursor and

mature nuclear forms of SREBP-1, total protein extracts

were prepared from HKC cells that had been cultured for

12, 24, 48, 72 h in DMEM containing 5 mM glucose or

30 mM glucose. Equal amounts of proteins were separated

by 7.5% SDS/PAGE and subjected to Western blot anal-

ysis. As Fig. 8a, b and c show, immunoblotting studies

revealed that precursor and mature forms of SREBP-1

protein were significantly higher in HKC cells of high

glucose group than controls at all time points. The intensity

of SREBP-1 precursor bands in high glucose group was 4.9

times more than that of normal glucose group. Further-

more, the mature form expression in high glucose group

Fig. 2 SREBP-1 expression

increased in diabetic rats’ renal

proximal tubule in mRNA and

protein levels at four time

points. a Immunohistochemical

staining for SREBP-1 protein in

renal tissue sections of normal

control rats fed for 2 weeks

9400. b Immunohistochemical

staining for SREBP-1 protein in

renal tissue sections of diabetic

rats fed for 2 weeks 9400.

c Cell lysates were subjected to

SDS-PAGE and Western blot

analysis using SREBP-1

antibody. b-actin staining of

blots after transfer revealed

equivalent loading of total

protein. d Precursor segment of

SREBP-1 protein was quantified

using LabWorks software.

Protein levels were normalized

to respective b-actin controls.

All values are means ± SD of

three separate experiments.

e Mature segment of SREBP-1

protein was quantified using

LabWorks software. f The

expression of SREBP-1 mRNA

in kidney of normal control rats

fed for 2 weeks was detected by

in situ hybridization 9400.

g The expression of SREBP-1

mRNA in kidney of diabetic rats

fed for 2 weeks was detected by

in situ hybridization 9400

334 Histochem Cell Biol (2009) 131:327–345

123



was 6.5 times more than that of normal control group at

48 h. We also performed experiments to detect the exis-

tence of a time-dependent manner of glucose-induced

changes in the precursor and nuclear forms of SREBP-1.

The precursor content of SREBP-1 increased gradually

after high glucose addition. This increase reached the

maximum after 48 h and the density ratio of SREBP-1

precursor/b-actin was 2.334. The changes in the mature

form were parallel to the changes in precursor form of

SREBP-1 in the HKC cells treated with high glucose. The

density ratio of SREBP-1 mature form/b-actin was 1.101 at

48 h that was also maximal.

Fig. 3 Masson staining and

immunohistochemical staining

for FN and TGF-b1 in normal

control rats and diabetic rats fed

for 8 weeks. a Masson staining

of normal rats 9400. b Masson

staining of diabetic rats 9400.

c Immunohistochemical

staining for FN in normal

control rats 9400.

d Immunohistochemical

staining for FN in diabetic rats

9400. e Immunohistochemical

staining for TGF-b1 in normal

control rats 9400.

f Immunohistochemical staining

for TGF-b1 in diabetic rats

9400

Table 5 The expression of FN protein by immunohistochemistry(�x� s, IOD)

Group n 1 week 2 weeks 4 weeks 8 weeks

Normal 6 36935.50 ± 5128.91 34415.33 ± 3962.24 35532.17 ± 5530.75 36191.17 ± 5240.36

DM 6 35919.00 ± 4316.19 35605.67 ± 4104.88 62296.33 ± 4383.99* 61191.00 ± 4904.98*

* P \ 0.01 versus normal control group

Table 6 The expression of TGF-b1 protein by immunohistochemistry(�x� s, IOD)

Group n 1 week 2 weeks 4 weeks 8 weeks

Normal 6 36360.17 ± 5052.25 36998.67 ± 4183.59 37191.00 ± 4370.71 34984.00 ± 4209.93

DM 6 57572.83 ± 4882.92* 58352.00 ± 4305.95* 62053.83 ± 4641.27* 61070.67 ± 4583.19*

* P \ 0.01 versus normal control group
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Increased expression of SREBP-1 mRNA was further

confirmed by RT-PCR. We first assessed the effects of high

glucose on SREBP-1 mRNA expression. Being consistent

with the results observed at the protein level, semi-quan-

titative RT-PCR analysis also showed a significant increase

in SREBP-1 mRNA expression under high glucose condi-

tion (30 mM) at all time points (Fig. 8d, e).

Under stimulation of high glucose for 48 h and 72 h,

HKC cells showed more expression of TGF-b1 and FN

than that of normal glucose group. However, HKC cells

treated with high glucose for 12 and 24 h showed no dif-

ference in TGF-b1 and FN expression with normal glucose

group. These finding revealed that high glucose may result

in TGF-b1 secretion and ECM produce through up-regu-

lation of SREBP-1(Fig. 9).

Recombinant shRNA plasmid inhibited SREBP-1 gene

expression in HKC cells

We performed SREBP-1 gene silencing research with the

method of vector-mediated RNAi in HKC cells for the first

time. Restriction endonuclease digestion of two recombi-

nant shRNA plasmids by SalI got a 400 bp DNA fragment,

respectively. Besides, the sequencing-identification also

confirmed that the target sequence had inserted into the

predicted site precisely and the recombining plasmids were

successfully constructed (Fig. 10). At 48 h after transfec-

tion, GFP expression was observed though the comparative

analysis of bright field image and corresponding fluores-

cent image and about 40% HKC cells were transfected

successfully (Fig. 11). Meanwhile, the SREBP-1 mRNA

and protein were inspected using the methods of RT-PCR

and Western blot. Compared with HK group, the SREBP-1

mRNA was markedly inhibited by 24.11, 36.15%,

respectively, in recombinant plasmid groups. The results of

Western blot revealed that IOD ratio of precursor segment

of SREBP-1 protein bands (SREBP-1/b-actin) was

0.83 ± 0.03 for normal control group, 0.80 ± 0.02 for HK

group, 0.63 ± 0.02 for pGenesil-1-SREBP1-1 group and

0.50 ± 0.03 for pGenesil-1-SREBP1-2 group. IOD ratio of

mature segment of SREBP-1 protein bands (SREBP-1/b-

actin) was 1.18 ± 0.02 for normal control group,

1.20 ± 0.03 for HK group, 0.75 ± 0.02 for pGenesil-1-

SREBP1-1 group and 0.58 ± 0.03 for pGenesil-1-

SREBP1-2 group. IOD ratios in recombinant plasmid

groups were significantly lower than that of normal control

Fig. 4 Transient transfection of HKC cells with pcDNA3.1-SC1

plasmid significantly increased SREBP-1 mRNA and protein. a Total

cellular RNA from pcDNA3.1-SC1 or vector transfected HKC cells

was subjected to RT-PCR analyses for SREBP-1. GAPDH probe was

used as the loading control. b SREBP-1 RNA levels were quantified

using LabWorks software. RNA levels were normalized to respective

GAPDH controls. All values are means ± SD of three separate

experiments. c Lysates of HKC cells transfected with SREBP-1

expression vector (pcDNA3.1-SC1) or control vector were subjected

to SDS-PAGE and Western blot analysis using antibody against

mature segment of SREBP-1 protein. b-actin staining of blots after

transfer revealed equivalent loading of total protein. d SREBP-1

protein levels were quantified using LabWorks software. Protein

levels were normalized to respective b-actin controls
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group and HK negative control group (Fig. 12). The results

of Oil Red O staining revealed that significant lipid drop-

lets were found in HKC cells of untransfection group and

HK group under stimulation of high glucose for 48 h, on

the contrary, the effects of high glucose on lipid droplet

formation was inhibited by transfection of specific SREBP-

1 shRNA plasmid for 48 h. No lipid droplet was found in

HKC cells of pGenesil-1-SREBP1-1 and pGenesil-1-

SREBP1-2 groups. Similarly, compared with HK group,

FAS mRNA expression respectively decreased by 10.68

and 33.18% in HKC cells of pGenesil-1-SREBP1-1 and

pGenesil-1-SREBP1-2 groups. Furthermore, TGF-b1 and

FN protein were detected by the method of Western blot

and it can be found that they both decreased in HKC cells

of shRNA plasmid groups (Fig. 13).

Discussion

The presence of lipid deposits in the kidney of diabetic

patients and experimental animals has been described by

several investigators and some studies testified that lipid

deposits play an important role in the pathogenesis of

diabetic nephropathy (Guijarro et al. 1995; Lee et al.

1991). SREBP-1 plays a prominent role in regulating the

synthesis of fatty acid. Some researcher testified that

activation of SREBP-1 resulted in intramyocellular tri-

glyceride (IMTG) increase in the Zucker diabetic fatty

rats (ZDF) (Nadeau et al. 2007). To investigate

whether SREBP-1 makes effects on triglyceride accu-

mulation in the kidney of diabetic rats is the objective of

our study.

Fig. 5 Transient transfection of

HKC cells with pcDNA3.1-SC1

plasmid significantly increased

FAS mRNA and lipid droplets.

a Oil Red O staining in normal

untransfected HKC cells 9400.

b Oil Red O staining in vector

transfected HKC cells 9400.

c Oil Red O staining in

pcDNA3.1-SC1 plasmid

transfected HKC cells 9400.

d Oil Red O staining in

pcDNA3.1-SC1 plasmid

transfected HKC cells 9800.

e Total cellular RNA from

pcDNA3.1-SC1 or vector

transfected HKC cells was

subjected to RT-PCR analyses

for FAS. GAPDH probe was

used as the loading control.

Results presented are

representative of three separate

experiments. f FAS RNA levels

were quantified using

LabWorks software. RNA

levels were normalized to

respective GAPDH controls
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We investigated the triglyceride content of kidney of

diabetic rats and found that triglyceride markedly

increased. In addition, location research of lipid accumu-

lation was performed by Oil Red O staining and the results

showed that lipid droplets presented in the renal proximal

tubular epithelium. These are similar to the finding of Sun

et al. (2002). Furthermore, we study SREBP-1 expression

in kidney of diabetic mellitus. Overexpression of SREBP-1

was found to be mostly located in cytoplasm of kidney

proximal tubule epithelial cells. The glomerular cells

weren’t almost found stained. There indicated that

Fig. 6 Transient transfection of

HKC cells with pcDNA3.1-SC1

plasmid significantly increased

FN and TGF-b1 expression.

a Cell lysates were subjected to

SDS-PAGE and Western blot

analysis using FN and TGF-b1

antibody. b-actin staining of

blots after transfer revealed

equivalent loading of total

protein. b FN protein levels

were quantified using

LabWorks software. c TGF-b1

protein levels were quantified

using LabWorks software

Fig. 7 High glucose stimulated

lipid droplet formation and up-

regulation of SREBP-1 in HKC

cells. a Oil Red O staining of

HKC cells in 72 h normal

glucose group 9400. b Oil Red

O staining of HKC cells in 72 h

high glucose group 9400.

c Immunocytochemistry of

SREBP-1 protein in 48 h

normal glucose group 9400.

d Immunocytochemistry of

SREBP-1 protein in 48 h high

glucose group 9400

Table 7 The effect of high glucose on SREBP-1 protein in HKC cells

by immunocytochemistry(�x� s, IOD)

Group

(h)

n Normal glucose group High glucose group

12 6 4992299.33 ± 1578813.76 13709422.5 ± 3467401.14*

24 6 6260673.17 ± 1000214.68 16219652.5 ± 3414653.93*

48 6 6522555.17 ± 2487566.80 17946742.17 ± 6820125.01*

72 6 6230154.67 ± 1168576.15 15724208.17 ± 3469283.41*

* P \ 0.01 vs normal glucose group
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increasing SREBP-1 of renal proximal tubular cells may be

associated with abnormal triglyceride deposits. Some

studies found that SREBP-1a transgenic mice (Sun et al.

2002), Akita and OVE26 diabetic mice (Proctor et al.

2006) presented lipid droplets in glomerulus; however,

PEPCK-promoter transgenic mice (Ishigaki et al. 2007)

Fig. 8 High glucose increased

SREBP-1 expression in mRNA

and protein levels in HKC cells.

a Cell lysates were subjected to

SDS-PAGE and Western blot

analysis using SREBP-1

antibody. b-actin staining of

blots after transfer revealed

equivalent loading of total

protein. b Precursor segment of

SREBP-1 protein was quantified

using LabWorks software.

Protein levels were normalized

to respective b-actin controls.

All values are means ± SD of

three separate experiments.

c Mature segment of SREBP-1

protein was quantified using

LabWorks software. Protein

levels were normalized to

respective b-actin controls.

d Total cellular RNA from HKC

cells under stimulation of high

glucose or normal glucose was

subjected to RT-PCR analyses

for SREBP-1. GAPDH probe

was used as the loading control.

Results presented are

representative of three separate

experiments. e SREBP-1 RNA

levels were quantified using

LabWorks software. RNA

levels were normalized to

respective GAPDH controls

Fig. 9 High glucose increased

FN and TGF-b1 expression in

HKC cells. a Lysates of HKC

cells were subjected to SDS-

PAGE and Western blot

analysis using antibodies

against FN and TGF-b1. b-actin

staining of blots after transfer

revealed equivalent loading of

total protein. b FN protein was

quantified using LabWorks

software. Protein levels were

normalized to respective b-actin

controls. c TGF-b1 protein was

quantified using LabWorks

software
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and STZ-induced diabetic mice (Sun et al. 2002) showed

overexpression of SREBP-1 in glomerulus without evident

lipid droplets. The location difference indicated that animal

race, gene change and high glucose may be involved in

SREBP-1 expression and lipid droplet formation in dia-

betic kidney.

We subsequently performed studies by Western blot to

observe expression of precursor and mature segment of

SREBP-1 protein. Our research demonstrated that both

precursor and mature segment were up-regulated. The

result is similar to Szolkiewicz M’ study that supposed

SREBP transcription factors play an important role in

disturbed lipid metabolism in renal failure (Szolkiewicz

et al. 2007). The finding of in situ hybridization that the

renal proximal tubular cells in diabetic rats showed

increasing SREBP-1 mRNA suggested overexpression of

SREBP-1 protein may be caused by up-regulation of

mRNA. Meanwhile, detection of in situ hybridization also

confirmed renal proximal tubular epithelium location of

SREBP-1 expression, not renal glomerulus. Therefore, the

conclusion can be drawn from the serial location experi-

ments that lipid accumulation of early diabetic renal tissue

Fig. 10 Two recombinant shRNA plasmids were constructed suc-

cessfully. a Restriction enzyme cleavage of recombinant plasmid

by SalI. b Sequencing-identification of pGenesil-1-SREBP1-1

recombinant plasmid. c Sequencing-identification of pGenesil-1-

SREBP1-2 recombinant plasmid

Fig. 11 Transient transfection

of HKC cells with recombinant

plasmids (pGenesil-1-SREBP1-

1 and pGenesil-1-SREBP1-2)

significantly caused GFP

expression which means

successful transfection. a Bright

field image in HKC cells

transfected with pGenesil-1-

SREBP1-1 9200. b Fluorescent

image in HKC cells transfected

with pGenesil-1-SREBP1-1

9200. c Bright field image in

HKC cells transfected with

pGenesil-1-SREBP1-2 9200.

d Fluorescent image in HKC

cells transfected with

pGenesil-1-SREBP1-2 9200
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derived from excess lipid droplets caused by increasing of

SREBP-1 gene in renal proximal tubular cells. Accumu-

lation of ECM and fibrosis is the important character of

diabetic nephropathy (Sowers et al. 2007). Our results

showed the increase of TGF-b1 and FN in renal tubular

cells of diabetic rats. Masson staining also confirmed par-

tial accumulation of ECM. From these, we can conclude

that SREBP-1 expression and lipid droplets may play an

important role in renal tubulointerstitial ECM deposit in

diabetic nephropathy.

Our animal experiment suggested that up-regulation of

SREBP-1 may result in renal tissue triglyceride accumu-

lation through lipid droplet formation of renal proximal

tubular cells in diabetic rats’ kidney. To determine whether

SREBP-1 expression was associated directly with triglyc-

eride accumulation in renal proximal tubule epithelium, the

specific plasmid for mature segment of SREBP-1 protein

was transfected into HKC cells by Lipofectamine 2000.

Overexpression of SREBP-1 was confirmed by Western

blot and RT-PCR, then, there is a marked up-regulation of

FAS mRNA that mediates fatty acid synthesis, resulting in

the accumulation of lipid droplets. Sun found similar

results in SREBP-1a transgenic mice that there was an

8-fold increase in SREBP-1 protein expression and the

triglyceride content of renal cortex was 2–3-fold higher in

Tg-SREBP-1a mice than in wild-type littermates (Sun et al.

2002). So our results indicated that SREBP-1 expression

can result into lipid droplets in HKC cells through

up-regulation of FAS mRNA. Consequently, the detecting

of TGF-b1 and FN showed the same results as animal

experiment. SREBP-1 specific plasmid can upregulate the

secretion of TGF-b1 and FN in HKC cells through induc-

ing cellular lipid droplets.

Many factors were involved in the SREBP-1 expression

regulation such as polyunsaturated fatty acid (Sampath and

Ntambi 2005), Intermittent hypoxia (Li et al. 2005), LXR

(Pawar et al. 2003), insulin (Dif et al. 2006). Some

researchers found high glucose take effects on SREBP-1

expression. INS-1 cells treated with high glucose resulted

in SREBP-1c activation, lipid accumulation, impaired

glucose-stimulated insulin secretion and apoptosis. These

lipotoxic effects of high glucose were largely prevented by

Fig. 12 Transient transfection of HKC cells with recombinant

shRNA plasmids (pGenesil-1-SREBP1-1, pGenesil-1-SREBP1-2)

respectively significantly decreased SREBP-1 RNA and protein.

a Total cellular RNA from recombinant shRNA plasmid or control

vector transfected HKC cells was subjected to RT-PCR analyses for

SREBP-1. GAPDH probe was used as the loading control. Results

presented are representative of three separate experiments. b SREBP-

1 RNA levels were quantified using LabWorks software. RNA levels

were normalized to respective GAPDH controls. c Lysates of HKC

cells transfected with recombinant shRNA plasmids (pGenesil-1-

SREBP1-1 and pGenesil-1-SREBP1-2) or control vector were

subjected to SDS-PAGE and Western blot analysis using antibody

against SREBP-1 protein. b-actin staining of blots after transfer

revealed equivalent loading of total protein. d Precursor segment of

SREBP-1 protein level was quantified using LabWorks software.

Protein levels were normalized to respective b-actin controls.

e Mature segment of SREBP-1 protein level was quantified using

LabWorks software. Protein levels were normalized to respective

b-actin controls
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induction of a dominant-negative mutant of SREBP-1c,

suggesting SREBP-1c is a major factor responsible for beta

cell glucolipotoxicity (Wang et al. 2005). Sun also found

SREBP-1 activation caused by high glucose in mesangial

cells (Sun et al. 2002). To determine high glucose poten-

tiation of SREBP-1-induced triglyceride accumulation in
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renal proximal tubule epithelium, we performed the

experiment using HKC cells. Our in vitro experimental

data demonstrated that high glucose significantly increased

both precursor and nuclear forms of SREBP-1 protein in

HKC cells. The increase in mature form of SREBP-1

accompanying increase in precursor form raised the pos-

sibility that the synthesis of the SREBP-1 precursor form

was most likely due to an increase in SREBP-1 mRNA. To

check this possibility, we measured the amounts of mRNA

for SREBP-1 by RT-PCR of RNA isolated from HKC cells

extracts. The data revealed that SREBP-1 mRNA signifi-

cantly increased in HKC cells treated with high glucose.

The results showed that high glucose first induced SREBP-

1 mRNA up-regulation, which then led to SREBP-1 protein

increase. The influence of glucose on SREBP-1 protein has

been further proposed not to induce SREBP-1 protein

expression after 6 h incubation (Foretz et al. 1999; Wang

et al. 2005). We compared precursor and mature forms of

SREBP-1 protein in HKC cells cultured in either low

(5 mM) or high (30 mM) glucose-containing media for 12,

24, 48 and 72 h. These glucose concentrations are com-

monly used to estimate the effects of glucose in cell culture

studies and also reflect glucose level of human plasma in

physiological and diabetic conditions. The present study

testified that high glucose can affect the expression of

precursor and mature forms of SREBP-1 protein from 12 to

72 h in HKC cells, and the effect was greatest at the high

glucose concentration at 48 h. The results suggested that

the induction might be mediated through some metabolites

of glucose and that it took some time to have the effect to

reach its peak. The discrepancies in time-course effects of

high glucose between our study and those of other

researcher’s may be due to different sensitivities to glucose

in different cells and tissues.

RNAi, also known as RNA interference, is a powerful

tool for silencing gene expression through short interfering

21 23-mer double-strand RNA segments (siRNA) that

guide mRNA degradation in a sequence-specific fashion

(Soutschek et al. 2004). Compared with other RNAi

methods, such as RNAi molecular synthesis in vitro,

construction of expression frame, shRNA can directly

construct RNAi DNA template expression vector in vitro,

and it has better stability. shRNA in mammal cells can not

only stably block the expression of target genes, also

stably inherit to filial generation, and it has replaced tra-

ditional gene knock-out technique to establish transgenic

cell lines and transgenic animals. Therefore, constructing

shRNA expression vector has become the main method for

RNAi technology at present. We successfully constructed

two recombinant expression plasmids for SREBP-1,

pGenesil-1-SREBP1-1 and pGenesil-1-SREBP1-2, per-

formed the study of RNA interference on inhibiting

overexpression of SREBP-1 by transfection of eukaryotic

expression vector in HKC cells under high glucose con-

dition. The results showed that at 48 h after transfection,

the expression of SREBP-1 mRNA was inhibited by 24.11

and 36.15% respectively and provided a theoretical basis

and technical reserves for future animal experiment. The

consequence of SREBP-1 inhibition was explored and

FAS expression and lipid droplets were decreased. Simi-

larly, both TGF-b1 and FN was decreased by inhibition of

SREBP-1 expression. It is meaning to avoid the injury of

lipid deposit and through specific RNAi plasmid aimed at

SREBP-1 gene.

In summary, our results indicate high glucose caused

increasing SREBP-1 mRNA and protein of renal proximal

tubular epithelium in type 1 diabetic rats. Increasing

SREBP-1 plays an important role in the pathogenesis of

renal triglyceride accumulation by up-regulation of FAS.

Cellular lipid droplets can induce ECM produce by up-

regulation of TGF-b1 that is crucial in pathogenesis of

diabetic nephropathy. The application of vector-mediated

RNAi could markedly inhibit the expression of SREBP-1

in HKC cells, decrease lipid droplet formation and accu-

mulation of ECM which is a promising tool for future

research into the mechanisms of renal lipid accumulation in

vivo.
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