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Background: Increased compensatory intrarenal renin diminishes the efficacy of angioten-

sin-converting enzyme inhibitors (ACEIs) and angiotensin receptor blockers (ARBs) in the

treatment of diabetic kidney disease (DKD). Early growth response-1 (Egr1) is a crucial

transcriptional factor in the progress of DKD and is a potential transcription factor of

intrarenal renin according to bioinformatic analysis. However, whether inhibition of Egr1

can suppress compensatory renin increase in DKD is unclear.

Methods: We generated a high-fat diet (HFD)/streptozotocin (STZ)-induced diabetic mouse

model. The mice were treated with either enalapril (an ACEI) or enalapril combined with

a shEgr1 plasmid, and age-matched DKD mice were used as controls. Urine microalbumin,

urinary renin and kidney TGF-β1 were determined by enzyme-linked immunosorbent assay

(ELISA). Hematoxylin and eosin (H&E) and Masson staining were used to determine renal

pathological changes. Egr1, renin, TNF-α, and FN were measured by real-time quantitative

PCR, Western blot, and immunohistochemistry. The SV40-MES13 murine mesangial cell

line was transfected with pENTER-Egr1 plasmid and siEgr1.

Results: Our results showed that enalapril increased the renin level of urinary and renal in

DKD mice, while shEgr1 attenuated this effect. In addition, enalapril treatment reduced the

levels of urinary microalbumin, TNF-α, TGF-β1 and FN, and alleviated the pathological

changes, while shEgr1 strengthened these effects. The protein and mRNA expression of

renin in the SV40 MES13 cells was upregulated and downregulated following overexpres-

sion and silence of Egr1, respectively.

Conclusion: Silence of Egr1 could alleviate renal injury in DKD by downregulating

intrarenal renin.
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Introduction
The incidence of diabetic kidney disease (DKD) has increased as the number of

people with diabetes has increased,1 and is the primary cause of end-stage nephro-

pathy in China.2 The renin-angiotensin-system is a crucial pathogenic factor in the

development of DKD, and has long been considered as a therapeutic target.3 Despite

this, there is only 30% remission in DKD patients treated with angiotensin-converting

enzyme inhibitors (ACEIs), angiotensin receptor blocker (ARBs), or a combination

of the two.4 This is mainly due to the increased compensatory intrarenal renin that is

produced following blocking of the angiotensin-angiotensin I-angiotensin II loop by

ACEI or ARB.5,6 The increase in renin stimulates the conversion of Ang I, and
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ultimately Ang II, which largely limits the efficacy of RAS

inhibition.7,8 In addition, it is possible for renin to bind to

the (pro)renin receptor and activate Mitogen-activated pro-

tein kinase signal pathway, and ultimately promote kidney

fibrosis independent of Ang II.9,10 Therefore, blocking the

renin increase during ACEI and ARB treatment has become

the primary focus of DKD treatment.

Whole-genome microarray gene expression data for

glomeruli from diabetic male OVE26 mice, as well as for

glomeruli from nondiabetic male FVB mice revealed that

Egr1 was one of the most differentiating factor.11 It mainly

activates the transcription of target genes by recognizing

and binding to the specific DNA sequence 5ʹ-

CGCCCCCGC-3ʹ (Egr1 site).12 Currently, the target genes

of Egr1 have been reported to include collagen 1α1
(COL1A1), cartilage oligomeric matrix protein, periostin,

matrix metalloproteinase 2 (MMP2), tissue metalloprotei-

nase inhibitor 1 (TIMP1), and osteopontin (OPN).13 Our

previous studies confirmed that Egr1 gene and protein

expression in DKD rats and mice were increased compared

to the non-DKD group.14,15 Furthermore, it has been

demonstrated that Egr1 can promote the development of

DKD by binding to the TGF-β and NOX4 promoters.14,15

Furthermore, transient expression of Egr1 has been shown

to be increased in HK-2 cells after TGF-β1 stimulation, and

high glucose is known to promote Egr1 expression by

downregulating microRNA-181a-5p, thereby promoting

DKD renal fibrosis.16 Klotho inhibits DKD renal fibrosis

by inhibiting Egr1.17 In summary, Egr1 is an important

regulator of renal fibrosis and plays an important role in

the progression of DKD. It has been shown that Egr1

knock-out mice have improved kidney pathology in an

adenine-enriched diet induced tubulointerstitial nephritis

mouse model.18 We found that Egr1 could bind to the

promoter of the renin gene by bioinformatic analysis

(http://jaspar.genereg.net/); thus, we speculated that Egr1

might positively regulate the gene expression of renin, and

inhibition of Egr1 could decrease intrarenal renin expres-

sion at the transcription level.

In order to explore whether silencing of Egr1 could

downregulate intrarenal renin, and in an attempt to deter-

mine the possible mechanism, we used male C57BL/6

mice treated with a high-fat diet (HFD) and streptozotocin

(STZ) as a DKD model, and SV40 MES 13 as a cell

model. First, we observed renin expression after enalapril

(an ACEI) treatment or combination therapy (enalapril and

shEgr1 plasmid). Second, hematoxylin and eosin (H&E)

staining and masson staining were performed on the

tissues, and TNF-α, TGF-β1 and FN expression were

examined among the control, enalapril treatment, and

combination therapy groups in order to determine the

level of renal injury. Third, we measured the expression

of renin following overexpression and silence of Egr1 in

SV40 MES13 cells to explore the possible mechanism.

Methods and Materials
Animal Models
C57BL6/J male mice (Animal Center of Guangdong pro-

vince, 3–4 w, 15–16 g) were used to construct the DKD

model as described previously.15 In total, 24 DKD mice

were randomly assigned to four groups at 12 w. Our pre-

vious study showed that DKD mice models could be

conducted successfully, and the gene expression of Egr1

was significantly higher in DKD mice than in controls at

12 w.15 E-DM were treated with oral enalapril (5 mg/

150 mL water). EG-DM were treated with enalapril and

pGPU6-shEgr1 plasmid, GV-DM were treated with

pGPU6 vector plasmid, and the remainder were controls.

The pGPU6-shEgr1 plasmid (1 μg/g, Genepgarma, China,

5′-GCTGCTTCATCGTCTTCCTCT-3′) was rapidly

injected into the tail vein through by hydrodynamic gene

delivery every week for 4 weeks.15,19,20 All interventions

lasted for 4 weeks (12–16w). The mice were housed in

separate cages in a temperature-controlled room with

a 12-h light-dark cycle in a specific pathogen free envir-

onment. At the end of the study, the 24 h urine samples

were collected in the metabolism cage. Blood samples

were collected from the orbital sinus after inhalation of

CO2 and 8 h fasting. The kidneys were removed and

weighed, and the renal cortex was collected, quickly fro-

zen in liquid nitrogen, and then stored at −80°C for later

analysis. The other was fixed in 4% formalin for patholo-

gical assessment. Plasma, glucose, creatinine, urinary

albumin, and glycated hemoglobin (HbA1c) were detected

by ELISA (R&D Systems, UK or Bethyl Laboratories

Inc., Montgomery, TX). Urinary renin and kidney

TGF-β1 were determined by ELISA (YuanMu Biological

Technology, China). All animal experiments were per-

formed in accordance with the National Institutes of

Health Guide for the Care and use of Laboratory

Animals (NIH Publications No. 8023, revised 1978). In

addition, This study was approved by the Ethics

Committee of The Fifth Affiliated Hospital, Sun Yat-sen

University. All efforts were made to minimize the suffer-

ing of animals.
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Cell Culture and Transfection
SV40 MES 13 cells (Chinese Academy of Sciences cell

bank) were cultured in Dulbecco’s modified Eagle low-

glucose medium (containing 5.5 mmol/L D-glucose) sup-

plemented with 5% fetal bovine serum (Gibco, Australia) in

a humidified 5% CO2 incubator at 37°C, and passaged

every 2–3 days. Cells were treated with recombinant

human TGF-β1 (10 ng/mL; Gibco, New York, USA) and

transfected with pENTER-Egr1 plasmid (2 μg; Vigene

Biosciences, Shandong, China) and siEgr1 (50 nM,

Ribobio, Guangzhou, China) depending on the experiment.

Transfections were performed using Lipofectamine™ 3000

reagent (Invitrogen, USA).

Real-Time Quantitative PCR
Total RNAwas extracted frommice kidney cortices and SV40

MES 13 cells. cDNAs were synthesized from 0.5 μg of total

RNA in a 10 μL reaction using MML-V reverse transcriptase

(Invitrogen). Real-time quantitative PCR was performed in

a Biosystems 4800 Real-Time PCR System as described

previously.15 The relative expression of each gene was esti-

mated using the comparative 2−ΔΔCt method, with β-actin as

the reference. The PCR primers used in this study are listed in

Table 1.

Western Blot
Total protein was extracted from kidney tissue and SV40

MES 13 cells using RIPA lysis buffer (KeyGENbioTECH,

China). The target protein was quantified using

a previously described protocol,15 using antibodies against

TNF-α (1:400 dilution; Santa Cruz Biotechnology) and FN

(1:500 dilution; Santa Cruz Biotechnology). Fluorescence

was obtained using an Odyssey Infrared Imaging System

(LI-COR) and quantified by Gelpro32 software.

Kidney Histology and

Immunohistochemistry
Kidney tissue was embedded in paraffin and cut into 4 μm
sections and stained as outlined previously15 using TNF-α-
specific antibodies (1:400 dilution; Santa Cruz biotechnol-

ogy) and FN (1:500 dilution; Santa Cruz Biotechnology).

Sections were also stained with H&E and Masson’s

Trichrome (Maiwei, Xiamen, China) using a standard pro-

tocol. All sections were analyzed using an Olympus B ×40

upright light microscope (Olympus, Tokyo, Japan).

Statistical Analysis
Data values are described as mean ± SD. SPSS 25.0 was

used for statistical analysis. The Student’s t-test was used

in the comparison of two groups, and p ≤ 0.05 was con-

sidered statistically significant.

Results
Inhibition of Egr1 Downregulated

Intrarenal Renin Was Increased by ACEI

in HFD/STZ-Induced DKD Mice
A DKD mouse model was successfully generated with the

general characteristics shown in Table 2. The blood glucose

levels of all groups were above 16.7 mmol/L. The glucose

level, body weight, kidney weight index (kidney weight equal

body weight), and creatinine level showed no inter-group

difference (P > 0.05) (Table 2). After 4 weeks intervention,

the renin mRNA and protein level increased 7.9-fold and

5.6-fold, respectively in the enalapril treatment group com-

pared to the control group (P < 0.01) (Figure 1). Addition of

shEgr-1 to the enalapril treatment reduced the renin protein

andmRNA level by 70.8% and 53.7%, respectively (P < 0.05)

(Figure 1). Urinary reninwas found increased in the kidneys of

DKD mice treated with enalapril vs controls Moreover, there

was less urinary renin in the combined treatment group com-

pared to the enalapril treatment group (Figure 1D).

Combination Therapy Alleviated Renal

Injury Further in HFD/STZ-Induced DKD

Mice
Egr1 mRNA expression decreased by 79% following injec-

tion of the shEgr1 plasmid into the mouse tail (hydrody-

namic gene delivery) every week for 4 weeks (Figure 2A),

indicating that the Egr1 knockdown DKD model was

Table 1 Sequences of Primers for Quantitative RT-PCR

Gene Primers

mEgr1 (f) CCTTTTCTGACATCGCTCTGAA

(r) CGAGTCGTTTGGCTGGGATA

mβ-actin (f) CGAGCGTGGCTACAGCTTCA

(r) AGGAAGAGGATGCGGCAGTG

mRenin (f) CTCTCTGGGCACTCTTGTTGC

(r) GGGAGGTAAGATTGGTCAAGGA

mTNF-a (f) CTCCCTCCAGAAAAGACACCAT

(r) ATCACCCCGAAGTTCAGTAGACAG

mFN (f) CGAGGTGACAGAGACCACAA

(r) CTGGAGTCAAGCCAGACACA

Dovepress Hu et al

Diabetes, Metabolic Syndrome and Obesity: Targets and Therapy 2020:13 submit your manuscript | www.dovepress.com

DovePress
1007

Powered by TCPDF (www.tcpdf.org)

http://www.dovepress.com
http://www.dovepress.com


successful. We measured kidney injury among the four

groups and observed that enalapril treatment reduced urin-

ary microalbumin compared to the control group (35.8 ±

1.3/24 h vs 69.6 ± 3.7 μg/24 h) (P < 0.01). Combination

therapy with shEgr1 plasmid and enalapril further alleviated

urinary microalbumin by 39.6% (P < 0.01) (Figure 2B).

Renin

Actin

38kDa

43kDa

A B

C D

Figure 1 Renin expression in DKD mice treated with oral enalapril (5 mg/150 mL water) and combined treatment (enalapril and pGPU6-shEgr1 plasmid). (A) Expression

level of renin mRNA among the four groups of DKD mice. (B and C) Expression level of renin protein measured by Western blotting. (D) Urinary renin measured using

ELISA. The results are expressed as fold change over baseline (control group). Values are represented as mean ± SD. *P < 0.05, **P < 0.01 vs ahead group by Student’s t-test.
Abbreviations: E-DM, Mice treated with oral enalapril (5 mg/150 mL water); EG-DM, mice treated with enalapril and pGPU6-shEgr1 plasmid; GV-DM, mice treated with

pGPU6 vector plasmid (n = 6).

Table 2 Metabolic Profile Analysis of Mouse Parameters

Parameters Ctrl GV-DM E-DM EG-DM

Glucose, mM 21.20±1.34 22.38±1.13 21.20±1.34 22.38±1.13

HbA1c, % 9.31±0.40 9.83±0.56 9.31±0.40 9.83±0.56

Renal weight index, g/kg 9.14±0.45 9.23±0.82 8.52±0.78 8.07±0.43

Body weight, g 24.31±1.97 23.30±1.46 24.570±1.26 25.03±1.06

Creatinine, M 177.67±12.54 174.15±2.31 180.23±6.37 164.29±4.26

Abbreviations: E-DM, mice treated with oral enalapril (5mg/150mL water); EG-DM, mice treated with enalapril and pGPU6-shEgr1 plasmid; GV-DM, mice treated with

pGPU6 vector plasmid; Means±SD, n=6.
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Quantitative RT-PCR assays showed that the mRNA level

of TNF-α, a widely recognized inflammatory indicator of

DKD, decreased by 33% (P < 0.01) in the enalapril treat-

ment group compared to the control group, and decreased

by 45% (P < 0.01) after combing shEgr1 with enalapril

treatment (Figure 2C). FN, a widely recognized indicator of

renal fibrosis in DKD, decreased by 31% in the enalapril

treatment group compared to the control group, and

decreased by 62% (P < 0.05) after combining shEgr1 with

enalapril treatment (Figure 2C). H&E staining showed that

the glomeruli volume and mesangial matrix appeared

reduced in the enalapril treatment group compared to the

control, and silence of Egr1 further improved this effect

(Figure 2C). Masson staining revealed obvious tubular

interstitial collagen deposition in both the control group

and the enalapril treatment group, but the fibrosis alleviated

after silence of Egr1 (Figure 2D). Immunohistochemistry

revealed that the protein expression of TNF-α and FN was

downregulated in the enalapril treatment group, and further

decreased after including shEgr1 treatment (Figure 2D). FN

protein expression was confirmed further by Western blot

(Figure S1A). ELISA revealed that kidney TGF-β1 was also

downregulated in enalapril treatment group and further

decreased after adding shEgr1 treatment (Figure S1B).

Upregulated and Downregulated Renin

Following Overexpression and Silence of

Egr1 in SV40 MES13 Cells
Egr1 mRNA and protein expression increased 2.3- and

2.0-fold after transfection of the SV40 MES13 cells with

the Egr1 plasmid, respectively (P < 0.05) (Figure 3A–C),

while renin mRNA and protein expression increased 3.3-

and 2.2-fold, respectively (P < 0.01) (Figure 3A–C).

A B

C D
Ctrl

GV-DM

E-DM

EG-DM

TNF-α

TN
F-α

Masson FNH&E

Figure 2 Kidney injury in DKD mice treated with oral enalapril (5 mg/150 mL water) and combined treatment (enalapril and pGPU6-shEgr1 plasmid). (A) Expression level

of Egr1 mRNA among the three groups of DKD mice. The results are expressed as fold change over baseline (control group). (B) Urinary microalbumin concentration

among the four groups of DKD mice. (C) Expression level of TNF-α and FN mRNA among the four groups of DKD mice. The results are expressed as fold change over

baseline (control group). (D) H&E, Masson staining, and immunohistochemical staining of TNF-α and FN among the four groups of mice. Values are represented as mean ±

SD. *P < 0.05, **P < 0.01 vs ahead group by Student’s t-test.
Abbreviations: E-DM, Mice treated with oral enalapril (5 mg/150 mL water); EG-DM, mice treated with enalapril and pGPU6-shEgr1 plasmid; GV-DM, mice treated with

pGPU6 vector plasmid (n = 6).
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Transfection with siEgr1 reduced the mRNA and protein

expression of Egr1 by 75% and 64%, respectively

(P < 0.01) (Figure 3D–F), and reduced the renin mRNA

and protein expression by 72%, respectively (P < 0.01)

(Figure 3D–F).

Discussion
Diabetes is a major public issue worldwide. DKD is one of

the most common and serious complications of diabetes and

is the leading cause of end-stage renal disease (ESRD).21,22

Although ACEI and ARB, as renin-angiotensin-system

blockage, have been used in the treatment of DKD for

many years, the compensatory increase of intrarenal renin

after ACEI and ARB treatment limits their positive effects.

Many factors have been explored to inhibit the feedback

increase in renin, but there is no clear breakthrough so far.

Our study offers a new method to target renin feedback by

demonstrating that inhibition of Egr1 could downregulate

intrarenal renin in DKD mice. Enalapril treatment increased

intrarenal renin expression in DKD mice, and silencing

Egr1 combined with enalapril treatment decreased intrare-

nal renin expression vs the enalapril treatment group.

Moreover, enalapril treatment alleviated renal injury, and

silencing Egr1 combined with enalapril treatment alleviated

renal injury further. Finally, the renin levels were upregu-

lated and downregulated following overexpression and

silencing of Egr1 in SV40 MES13 cells, respectively.

Because Egr1 may bind to the renin gene promoter, as

determined by bioinformatic analysis (http://jaspar.genereg.

net/), we speculated that silencing of Egr1 may inhibit renin

expression at the transcriptional level.

The increase in renin is related to the affinity of ACEI to

tissue ACE (ACE includes both plasma and tissue

types).23 Quantitatively, more than 90% of ACE is tissue-

bound, and plasma ACE accounts for less than 10% of the

total ACE.24 The limitation of the efficacy of ACEI is also

partly due to the lack of inhibition of tissue ACE. Many

previous studies have found that the relative rank order of

tissue potency of ACEI is as follow: quinaprilat = bena-

zeprilat > ramiprilat > perindoprilat > lisinopril > enala-

prilat > fosinoprilat > captopril.25

Many previous studies have attempted to develop methods

to inhibit the expression of intrarenal renin. A study by

Zhongyi Zhang showed that losartan could increase local

AngII and renin in the kidney of DKD mice induced by

STZ, although the degree of renal fibrosis was only

slightly alleviated. Following the addition of Vitamin

D analogs (paricalcitol, 19-nor-1, 25-dihydroxyvitamin

D2), the expression of renin was decreased, renal fibrosis

was significantly alleviated, proteinuria was prevented, the

glomerular filtration barrier was restored, and glomerular

sclerosis was significantly reduced. Vitamin analogs were

thought to inhibit renin production at the transcriptional

level.26 A study by Xiaoyue Tan showed that the use of

doxorubicin alone could increase the renin in mice kidney

with obstructive renal disease by unilateral ureteral liga-

tion. Following addition of the vitamin D analog parical-

citol, renin expression, interstitial fibrosis, and

inflammation were reduced.6 Zhoulili found that ICG-001

(a small-molecule b-catenin inhibitor) could reduce

expression of renin-angiotensin-system, including angio-

tensin, renin, ACE, and angiotensin type 1 Receptor in

a mouse model of nephropathy induced by Adriamycin.27

Renin antagonists-aliskiren was once used as a clinical

therapy, but was removed from the market due to its risk

of nonfatal stroke, kidney complications, high blood potas-

sium, and low blood pressure in people with diabetes and

kidney impairment.28 In this study, we found that knock-

down of Egr1 could reduce the expression of intrarenal

renin. Our study extends the previous study and provides

a method to inhibit intrarenal renin in DKD mice.

Tumor necrosis factor a (TNF-a) is a type II transmem-

brane protein that plays an important role in the progress of

DKD. TNF-a can induce expression of adhesion molecules

and chemokines,29 promote cytotoxicity and apoptosis/

necrotic necrosis of sensitive cells,30 alter intraglomerular

blood flow and GFR, increase endothelial permeability,31

and induce oxidative stress.32 Moreover, TNF-a has increas-

ingly become a biomarker in clinical and experimental DKD

patients, as well as a therapeutic target.33 FN, an important

component of the extracellular matrix (ECM), is a marker of

DKD.34 Accordingly, we used both TNF-a and FN as mar-

kers of kidney injury of DKD. Masson staining was used to

display tissue fibers (collagen, blue; muscle, red) by mixing

with two or three anionic dyes, and could accurately reflect

renal fibrosis in DKD. Proteinuria was an important marker

of DKD and could also be used for diagnosis and judging the

DKD stage.35 In the present study, we observed that enala-

pril treatment could downregulate TNF-a, FN, and protei-

nuria, as well as improve the pathology. When combined

with the shEgr1 plasmid, enalapril could downregulate

TNF-a, FN, and proteinuria further, as well as improve the

kidney pathology to a greater extent.

In summary, enalapril treatment induced compensa-

tory intrarenal renin, reducing the efficacy of renin-
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angiotensin-system inhibition. Egr1 was an important

transcriptional factor in the progress of DKD, and silen-

cing Egr1 could downregulate renin feedback and alle-

viate renal injury. In addition, renin increased and

decreased following Egr1 overexpression and silencing

in SV40 MES 13, respectively. Therefore, silencing

Egr1 might suppress compensatory renin increase at

the transcriptional level.

38kDa

43kDa

82kDa

Renin

Actin

Egr1

control pENTER-Egr1

Renin

Actin

Egr1

TGF-β1+Scramble

38kDa

43kDa

82kDa

TGF-β1+siEgr1

A

C

E F

D

B

Figure 3 Renin expression following either overexpression or knockdown of Egr1 in SV40 MES 13 cells. (A) Cells were treated with either a pENTER-Egr1 overexpression

plasmid or with a pENTER vector for 48 h, and the mRNA levels of Egr1 and renin were measured by RT-qPCR. (B and C) The protein levels of Egr1 and renin were

measured by Western blotting. (D) Cells were either silenced with siEgr1 or treated with a scrambled control RNA for 48 h prior to exposure to TGF-β1 (10 ng/mL) for

24 h. The mRNA levels of Egr1 and renin were measured using RT-qPCR. (E and F) The mRNA levels of Egr1 and renin were measured by Western blotting. The results are

expressed as fold change over baseline. Values are represented as mean ± SD. *P < 0.05, **P < 0.01 vs control group by Student’s t-test (n = 3).
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Conclusion
Egr1 is an important transcriptional factor in DKD, and

inhibition of Egr1 may delay DKD injury by downregulating

the compensatory renin increase at the transcriptional level.
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