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Background. Activating AMPKα negatively regulates Egr1 to inhibit inflammatory cytokines in high glucose. miR-34a
inhibition increases phosphorylated AMPKα through mediating SIRT1 to suppress the development of fatty liver. Aim
of the Study. To clarify the function of Egr1 on the inflammation and fibrosis in high glucose-cultured MCs, as well as
to explore the effects of metformin on miR-34a pathway and Egr1 expression. Methods. We transfected MCs with miR-
34a inhibitor. And MCs were transfected with small interfering RNA for silencing Egr1 and SIRT1. Quantitative real-
time PCR was used to assay the transcription levels of Egr1 mRNA and miR-34a. Western blot was used to test the
protein. And ELISA was used to measure inflammatory factors. Results. High glucose upregulates Egr1 to aggravate the
inflammation and fibrosis in MCs. miR-34a suppresses the activation of SIRT1/AMPKα and results in promoting Egr1
in high glucose-cultured MCs. Metformin attenuates high glucose-stimulated inflammation and fibrosis in MCs by
regulating miR-34a-mediated SIRT1/AMPKα activity and the downstream Egr1 protein. Conclusion. We enriched the
effects of miR-34a pathway regulating Egr1 in high glucose-cultured MCs. It provides a foundation for future researches
considering Egr1 as a therapeutic target and a new direction for the clinical application of metformin in early DKD.

1. Introduction

Year after year, the incidence of type 2 diabetes mellitus
(T2DM) increases. 20–40% of T2DM patients may develop
diabetic kidney disease (DKD), which is one of the most
frequent causes of end-stage renal failure. Chronic inflamma-
tion is the early pathological characteristic, including abnor-
mal expression of inflammatory cytokines such as monocyte
chemoattractant protein 1 (MCP-1) or chemokine C-X-C
motif ligand 5 (CXCL5) [1]. Furthermore, high glucose
may activate transforming growth factor-β1 (TGF-β1) to
induce extracellular matrix (ECM) accumulation, such as
increased fibronectin (FN) or connective tissue growth
factor (CTGF), eventually leading to glomerular sclerosis
and renal fibrosis [2].

Early growth response factor 1 (Egr1) is a zinc-finger
transcription factor expressed in various cell types [3].
Recently, its expression has been shown to be rapidly upreg-
ulated in many pathological conditions, such as environmen-
tal stresses, inflammation [4], fibrosis [5], and atherogenesis
[6]. Several studies have shown that the changes of Egr1
expression are linked to renal fibrosis and inflammation.
Egr1 deficiency attenuated the production of proinflamma-
tory cytokines and chemokines through the downregulation
of nuclear factor κB (NF-κB) activity in proximal renal tubu-
lar epithelial cell (PTEC) [5]. The study by Wang et al. [4]
confirmed that Egr1 activates TGF-β1 signaling pathway to
promote high glucose-induced mesangial cells (MCs) prolif-
eration and ECM synthesis. It is of significance in the clinic to
explore the effects of Egr1 on DKD pathological mechanism.
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Adenosine monophosphate-activated protein kinase α
(AMPKα) activity directly inhibits Egr1 expression in
hyperglycemic conditions. Valsartan inhibits angiotensin
II-mediated cytokine expression via activation of AMPKα,
which negatively regulates Egr1 in high glucose-induced
macrophage cells and in aorta of streptozotocin-induced
diabetic mice [7]. What is more, in high glucose condi-
tions, the acetylation of Egr1 is increased by sirtuin 1 (SIRT1)
inhibitor in murine aortic endothelial cells [6]. Interestingly,
metformin reduces the inflammatory response factor NF-κB
expression in diabetic retinal endothelial cells by activating
SIRT1/AMPKα pathways [8].

Metformin has been widely used in clinical glucose-
lowering therapy in T2DM patients [9]. Besides, metformin
has been studied more and more in the therapy of other
diseases [10, 11]. In microvascular endothelial cells, metfor-
min decreases the reactive oxygen species levels stimulated
by high and the β-galactosidase levels related to aging [12].
Metformin inhibits renal fibrosis in vivo [13] and reduces
the microalbuminuria in T2DM patients [14]. Meanwhile,
metformin prevents liver fibrosis by downregulating miR-
34a expression in nonalcoholic fatty liver disease [15].

It is well established that the expression of SIRT1 is
negatively regulated by miR-34a [16]. In addition, miR-34a
inhibition increases the levels of phosphorylated AMPKα
separately through mediating PPARα regulation and SIRT1
pathway to suppress the development of fatty liver [17].
Studies have shown that high glucose promotes miR-34a
expression in mesangial cells (MCs). Restraining miR-34a
expression can inhibit cell proliferation and relieve glomeru-
lar hypertrophy in diabetic mice [18]. However, it is not yet
clear about the function and mechanism of metformin on
Egr1 expression in MCs under high glucose conditions
and whether miR-34a could regulate Egr1 expression via
SIRT1/AMPKα pathways.

The aim of this study is to clarify the function of Egr1
on the inflammation and fibrosis in high glucose-cultured
rat mesangial cells (RMCs) in vitro, as well as to explore
the effects of metformin on miR-34a pathway activity
and Egr1 expression.

2. Materials and Methods

2.1. Reagents and Antibodies. Metformin and 5-amino-4-
imidazolecarboxamide riboside-1-b-D-ribofuranoside (AICAR)
were bought from Beyotime Institute of Biotechnology
(China). The antibodies used in this study include rabbit
polyclonal anti-FN (H-300), rabbit polyclonal anti-SIRT1
(H-300), rabbit polyclonal anti-Egr1 (C-19), rabbit poly-
clonal anti-CTGF (H-55), and rabbit polyclonal anti-glycer-
aldehyde-3-phosphate dehydrogenase (GAPDH) (FL-335)
from Santa Cruz Biotechnology (Santa Cruz, CA, USA)
and rabbit monoclonal anti-AMPKα (4188S) and rabbit
monoclonal anti-phospho-AMPKα (Thr172) (4811S) from
Cell Signaling Technology (USA).

2.2. Cell Culture. We purchased rat mesangial cells (RMCs)
from HBZY-1 cells, a rat mesangial cell line (China Center
for Type Culture Collection, Wuhan, China). The cells were
cultured in MEM medium (Life Technologies, Carlsbad,
CA, USA) containing 10% fetal bovine serum (ABGENT,
San Diego, CA, USA). The cells from the same passage were
diluted to about 5× 105/mL and seeded in a six-well plastic
plate (2mL for each well). The cultures were incubated in
a humidified atmosphere of 5% CO2 and 95% air at 37°C.
After pre-incubation in MEM without fetal bovine serum
overnight, cells were used for subsequent experiments.

2.3. Transient Transfection. The small interfering RNAs
(siRNAs) for silencing rat SIRT1 were bought from Santa
Cruz Biotechnology (10μmol/L, Santa Cruz, CA, USA).
The siRNAs were for silencing rat Egr1 mRNA (GenBank
number NM_012551), and the inhibitor for suppressing rat
miR-34a was designed and synthesized by GeneChem
(Shanghai, China), whose sequences are listed in Table 1.
Reagent used in these experiments was Lipofectamine 2000
(Life Technologies, Carlsbad, CA, USA). For transient
transfection, RMCs were seeded into six-well culture plates
with complete medium at 30–50% confluency the day before
transfection. Dilute 100 pmol siRNA or 160 pmol inhibitor
in 250μL Opti-MEM® I Reduced Serum Medium without

Table 1: The gene sequences used for transfection.

Gene Sequences

Egr1-siRNA

E1-siRNA sense 5′-CCA ACA GUG GCA ACA CUU UTT-3′
Antisense 5′-AAA GUG UUG CCA CUG UUG GTT-3′

E2-siRNA sense 5′-CCA GUC CCA ACU CAU CAA ATT-3′
Antisense 5′-UUU GAU GAG UUG GGA CUG GTT-3′

E3-siRNA sense 5′-GGA CAA GAA AGC AGA CAA ATT-3′
Antisense 5′-UUU GUC UGC UUU CUU GUC CTT-3′

N-siRNA sense 5′-UUC UCC GAA CGU GUC ACG UTT-3′
Antisense 5′-ACG UGA CAC GUU CGG AGA ATT-3′

miR-34a inhibitor
Inhibitor 5′-ACA ACC AGC UAA GAC ACU GCC A-3′

Inhibitor-NC 5′-CAG UAC UUU UGU GUA CAA-3′
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serum. Mix Lipofectamine 2000 Transfection Reagent gently
before use, and then dilute 5μL in 250μL Opti-MEM I
Reduced Serum Medium. Dilute oligomer and reagent in
one tube, and incubate for 20 minutes at room temperature.
A total of 6 hours after transfection, cells were treated with
normal or high glucose media for 24 hours.

2.4. Isolation of MicroRNAs and miR-34a Quantitative Real-
Time PCR. miRcute miRNA Isolation Kit (TianGen Biotech,
Beijing, China) was used to isolate miRNAs. The primers for
miR-34a were designed and synthesized by GemmaGene
(Shanghai, China), whose sequences are listed in Table 2.
First-strand cDNA was synthesized with a miRcute miRNA
First-Strand cDNA Synthesis Kit (TianGen Biotech, Beijing,
China). A miRcute miRNA qPCR Detection Kit (SYBR
Green) (TianGen Biotech, Beijing, China) was used for
qRT-PCR, and the program conditions included 94°C for
2 minutes and 40 cycles of 94°C for 20 seconds and 60°C
for 34 seconds. Each sample was normalized to the corre-
sponding values of the U6 control [19], whose sequences
are listed in Table 2. Data analysis based on measurements
of the threshold cycle was performed using the 2−△△Ct

method [20]. For each sample, quantitative real-time PCR
was performed in triplicate.

2.5. RNA Extraction and Quantitative Real-Time PCR. RNA
samples of RMCs were extracted by using RNAiso Plus
(TaKaRa Biotechnology, Dalian, China), according to the
manufacturer’s instructions. The Egr1 primers were designed
and synthesized by TaKaRa Biotechnology (Table 2). A total
of 1μg RNA was used for reverse transcription with the
PrimeScript RT Reagent Kit (TaKaRa Biotechnology, Dalian,
China). A total of 2μL cDNA products was mixed with
400nmol/L primer mixture. We used the two-step-plus-
melting curve program to process all reactions in Thermal
Cycler Dice Real Time System (TaKaRa Biotechnology,
Dalian, China). And the data were analyzed using the ΔCt
method in reference to β-actin. We used the 2−△△Ct method
[20] to analyze data based on measurements of the threshold
cycle. Data are representative of three independent experi-
ments performed in triplicate.

2.6. Protein Extraction and Western Blot Analysis. RMCs
were seeded into 10 cm culture Petri dishes for western blot.
After 0.5–24 hours, cells were harvested and lysed in RIPA
lysis buffer containing PMSF protease inhibitors. Protein
concentrations were determined by BCA assay (Beyotime
Institute of Biotechnology, China) according to the manufac-
turer’s recommendation. Samples were boiled at 100°C for
5min in 5× sample buffer. Equal amounts of protein (50μg
per sample) were separated by 8–12% SDS-PAGE and then
transferred onto a PVDF membrane with 200mA constant
current. The blots were incubated in blocking solution, 5%
BSA in Tris-buffered saline-Tween20 (TBS-T, pH7.6), for
2 hours at room temperature. And then membranes were
incubated with primary antibodies overnight at 4°C. Primary
antibodies for FN, SIRT1, Egr1, AMPKα, phospho-AMPKα,
and CTGF were used at a dilution ratio of 1 : 500 and nor-
malized to GAPDH, which was used at a dilution ratio of
1 : 1000. PVDF membranes were treated with anti-rabbit
(1 : 10000) secondary antibodies for 1 hour at room temper-
ature. We used MicroChemi 4.2 Bio-imaging system to
detect immunoreactive bands and used Gelpro32 software
to analyze the relative grey value. Data are representative
of three independent experiments.

2.7. Assay for Cell Supernatant MCP-1 and CXCL5
Concentrations. Cell culture supernatant samples were
centrifuged for 10min (6000 r/min, 4°C). MCP-1 (product
number: ELR-MCP1, RayBiotech, Norcross, GA, USA) com-
mercial sandwich ELISA Kit was used to test MCP-1 protein
levels. CXCL5 (product number: KA1828, Abnova, Taiwan)
commercial sandwich ELISA Kit was used to measure
CXCL5 protein levels.

2.8. Statistical Analyses. All data, normalized to baseline or
control activity in individual experiment, were assessed by
IBM SPSS statistical software package (v.19.0, IBM Corp.,
USA, 2010). Statistical significance was analyzed by ANOVA,
followed by LSD’s test for normally distributed values. And
the data were expressed as means± SDs. All p values reported
were two-tailed, and a p value of <0.05 was considered statis-
tically significant, whereas <0.001 was highly significant.

We followed the methods of Wu et al. [21].

Table 2: Primer sequences used for real-time PCR primers.

Primer Sequences

Egr1
Forward 5′-CAC CAG ACC ATG CTT CAG TGA GA-3′
Reverse 5′-GTT GCA TGG CTG TTC ACA GGA-3′

β-Actin
Forward 5′-TGA CAG GAT GCA GAA GGA GAT TAC-3′
Reverse 5′-GAG CCA ATC CAC ACA GA-3′

miR-34a
Forward 5′-AGC CGC TGG CAG TGT CTT A-3′
Reverse 5′-CAG AGC AGG GTC CGA GGT A-3′

U6
Forward 5′-CGA GCU GGU AAA GAA UUU ATT-3′
Reverse 5′-UAA AUU CUU UAC CAG CUC GTT-3′
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3. Results

3.1. High Glucose-Induced Higher Expression of Egr1 mRNA
and Protein in RMCs. To clarify the effects of high glucose
on Egr1 expression in MCs, we used a rat mesangial cell line
(HBZY-1 cells) [4]. Incubation of RMCs with high glucose
(30mmol/L) for 24 hours showed time-dependent upregula-
tion of Egr1 expression. Egr1 mRNA transcript levels had a
peak stimulation of 5.98-fold after 30 minutes of exposure
(p < 0 001), which returned towards the baseline at 24 hours
(Figure 1(a)). The Egr1 protein expression levels determined
by western blotting revealed similar temporal patterns, with
a peak stimulation of 5.06-fold after 2 hours of exposure
(p < 0 001) (Figure 1(b)). And then RMCs treated with
high mannitol (24.5mmol/L) serve as an osmotic control.
We cultured RMCs under conditions of normal glucose
(5.5mmol/L), high mannitol, or high glucose, respectively,
for 2 hours. Western blotting assays of Egr1 protein revealed
a significantly higher expression in high glucose conditions
compared with normal glucose (p < 0 001) (Figure 2). There

was no statistically significant difference between normal
glucose and high mannitol conditions (Figure 2), so we
eliminated the influence of osmotic pressure.

3.2. Activating AMPKα Suppresses High Glucose-Induced
Egr1 Expression in RMCs. It has been demonstrated that
AMPKα activity plays a certain protective effect on diabetic
kidney [22]. Activating AMPKα negatively regulated Egr1,
which led to inhibition of high glucose-induced inflamma-
tory cytokine in monocytic cells [7].

Firstly, we incubated RMCs under conditions of normal
glucose, high mannitol, or high glucose, respectively, for
24 hours. Results determined by western blotting revealed
that high glucose obviously reduced AMPKα phosphoryla-
tion (p < 0 001) (Figure 2). Whereas there was no statisti-
cally significant difference under normal glucose and high
mannitol conditions (Figure 2), we eliminated the influence
of osmotic pressure.

To explore the effects of AMPKα on Egr1 generation,
RMCs were pretreated with 1mmol/L AMPKα activator
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Figure 1: The effects of high glucose on Egr1 mRNA (a) and protein (b) expression. RMCs were incubated with high glucose (30mmol/L
glucose) for 0–24 hours. mRNA expression was determined by quantitative real-time PCR, and protein expression was determined by
western blotting. ∗p < 0 05, ∗∗p < 0 001 versus time zero control. All results represent means± SD obtained from three independent
experiments in triplicate. Egr1: early growth response factor 1; GAPDH: glyceraldehyde-3-phosphate dehydrogenase.
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AICAR for 30 minutes prior to high glucose and incubated
for 2 hours for detection of Egr1 and 24 hours for detection
of AMPKα. Western blotting assays of AMPKα phosphoryla-
tion revealed that AICAR increased phosphorylated AMPKα
(p < 0 05) (Figure 3). The higher expression of Egr1 protein
induced by high glucose was dramatically reduced by AICAR
(p < 0 001) (Figure 3). This suggests that activating AMPKα
prevents the higher expression of Egr1 protein induced by
high glucose.

3.3. High Glucose Upregulates miR-34a Expression in RMCs.
To analyze the effects of high glucose on miR-34a expression
in RMCs, we treated RMCs with normal glucose, high man-
nitol, or high glucose, respectively, for 24 hours. The results,
examined by qReal-time PCR, indicated that high glucose
raised miR-34a expression when compared to normal glu-
cose (p < 0 001) (Figure 4). Whereas there was no statistically
significant difference between normal glucose and high
mannitol conditions in miR-34a expression (Figure 4), we
eliminated the influence of osmotic pressure.

3.4. High Glucose Suppresses the Activation of SIRT1/AMPKα
via Inducing miR-34a Higher Expression in RMCs. miR-34a
regulates the development of obesity and age-related diseases
via inhibiting SIRT1 expression [23]. In addition, miR-34a
regulates AMPKα activity through mediating SIRT1 pathway
to suppress the development of fatty liver [17].

At first, RMCs were cultured with conditions of normal
glucose, high mannitol, or high glucose, respectively, for
24 hours. We found that high glucose significantly
decreased SIRT1 protein expression in RMCs (p < 0 001)
(Figure 2). Whereas there was no statistically significant dif-
ference under normal glucose and high mannitol conditions
(Figure 2), we eliminated the influence of osmotic pressure.

To confirm the role of miR-34a on regulating the
activation of SIRT1/AMPKα pathways in high glucose
conditions, we transfected RMCs with miR-34a inhibitor,
which had a reduction of 74.51% in miR-34a mRNA expres-
sion (p < 0 001) (Figure 5(a)). The effects of high glucose on
suppressing the activation of SIRT1/AMPKα pathways were
significantly reversed in miR-34a inhibitor-transfected cells
(p < 0 001) (Figure 5(b)).

Based on transfecting with miR-34a inhibitor, we treated
the RMCs with SIRT1-siRNA, which suppressed SIRT1
protein expression with a reduction of 65.91% (p < 0 001)
(Figure 6(a)). SIRT1-siRNA obviously decreased phosphory-
lated AMPKα though RMCs had been transfected with
miR-34a inhibitor in high glucose conditions (p < 0 001)
(Figure 6(b)). This suggests that suppressing miR-34a
expression reverses the inhibitory effects of high glucose
on AMPKα activation via promoting SIRT1 expression.

3.5. miR-34a Upregulates Egr1 Expression via Suppressing
the Activation of SIRT1/AMPKα in High Glucose-Cultured
RMCs. Our research has demonstrated that high glucose-
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Figure 2: High glucose obviously suppresses SIRT1 protein and the p-AMPKα/AMPKα ratio (by western blotting) in RMCs and increases
Egr1 protein (by western blotting) in RMCs. RMCs were incubated with normal glucose (NG, 5.5mmol/L glucose), high mannitol (HM,
5.5mmol/L glucose + 24.5mmol/L mannitol), or high glucose (HG, 30mmol/L glucose). ∗p < 0 001 versus NG control. All results
represent means± SD obtained from three independent experiments in triplicate and normalized to GAPDH. SIRT1: sirtuin 1; Egr1: early
growth response factor 1; p-AMPKα: phosphorylated adenosine monophosphate-activated protein kinase α; AMPKα: adenosine
monophosphate-activated protein kinase α; GAPDH: glyceraldehyde-3-phosphate dehydrogenase.
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stimulated miR-34a higher expression. Inhibiting miR-34a
transcript reversed the suppressing effects of high glucose
on the activation of SIRT1/AMPKα pathways. Activating
AMPKα decreased high glucose-stimulated Egr1 expres-
sion. Therefore, we further explored whether miR-34a

regulates Egr1 expression via regulating the activation of
SIRT1/AMPKα pathways.

Firstly, we transfected RMCs with miR-34a inhibitor for
6 hours and then cultured with high glucose for 24 hours.
The results examined by western blot revealed that miR-34a
inhibitor dramatically reduced the high glucose-stimulated
Egr1 protein expression (p < 0 001), while it had no effect
on the basal levels under normal glucose (Figure 5(b)). This
suggests that inhibition of miR-34a gene expression could
suppress Egr1 expression induced by high glucose in RMCs.

What is more, RMCs were transfected with miR-34a
inhibitor as well as SIRT1-siRNA, then exposed for 24
hours to high glucose. SIRT1-siRNA significantly increased
Egr1 expression though RMCs had been transfected with
miR-34a inhibitor in high glucose conditions (p < 0 001)
(Figure 6(b)). This suggests that miR-34a inhibitor
could mediate Egr1 overexpression via activating SIRT1/
AMPKα pathways.

3.6. High Glucose Upregulates the Expression of Fibrosis
Factors and Inflammation Factors via Promoting Egr1
Expression in RMCs. Inflammation reaction and fibrosis are
the main features of early DKD [1, 24]. To confirm the effects
of Egr1 on inflammation and fibrosis in high glucose-
cultured RMCs, we suppressed Egr1 expression by transfect-
ing RMCs with Egr1-siRNA. RMCs were transfected with
three different Egr1-siRNAs (E1-siRNA, E2-siRNA, and
E3-siRNA) targeting Egr1 gene or nonspecific siRNA
(N-siRNA) for 6 hours and then cultured with high glucose
for 24 hours. Compared with high glucose control group,
transfection with three different Egr1-siRNA decreased
Egr1 expression. And E2-siRNA was the most efficient,
with reduction of 62.05% in the Egr1 protein expression
(p < 0 001) (Figure 7(a)). We therefore used E2-siRNA in
subsequent experiments. Whereas there was no statistically
significant difference between the HG and N-siRNA groups
in the Egr1 protein expression (Figure 7(a)), we eliminated
the influence of transfection.

As shown in Figure 7(b), the results revealed that E2-
siRNA dramatically reduced the high glucose-stimulated
expression of fibrosis factors (FN and CTGF) (p < 0 001),
and inflammation factors (MCP-1 and CXCL5) (p < 0 001),
whereas it had no effect on their basal expression levels under
normal glucose. This suggests that silencing Egr1 expression
prevents the higher expression of fibrosis and inflammation
factors induced by high glucose in RMCs.

3.7. Metformin Suppresses High Glucose Stimulation of the
Expression of Fibrosis and Inflammation Factors. Metformin
inhibits renal fibrosis in vivo [13], and it reduces the micro-
albuminuria in T2DM patients. In this study, we further
explored the function and mechanism of metformin on
the fibrosis and inflammation stimulated by high glucose
in RMCs.

Firstly, RMCs were incubated with different concentra-
tions of metformin for 1 hour prior to high glucose treatment
for 24 hours. We observed that different concentrations of
metformin (10, 50, and 100μmol/L) significantly reduced
the expression of FN and CTGF stimulated by high glucose
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(p < 0 05). Additionally, 50μmol/L metformin was the most
efficient, with a reduction of 62.14% in FN (p < 0 001) and
56.15% in CTGF (p < 0 001) protein expression when com-
pared with high glucose (Figure 8). We therefore pretreated
RMCs with metformin at a concentration of 50μmol/L for
1 hour and then grew them in normal or high glucose for
24 hours. The results were determined by ELISA, the
expression of MCP-1 and CXCL5 stimulated by high glu-
cose was dramatically reduced by metformin pretreatment
(p < 0 001), whereas there was no effect on their basal expres-
sion levels under normal glucose (Figure 8). This suggests

that metformin restrains the high glucose-stimulated expres-
sion of fibrosis and inflammation factors in RMCs.

3.8. Metformin Prevents High Glucose-Induced miR-34a
Expression in RMCs. There are studies that discovered that
metformin downregulates miR-34a expression in nonalco-
holic fatty liver disease and inhibits liver fibrosis [15]. In this
study, we demonstrated that high glucose obviously increases
miR-34a expression in RMCs. We then explored whether
metformin regulated miR-34a expression in high glucose-
cultured RMCs. We pretreated RMCs with 50μmol/L
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Figure 5: miR-34a inhibitor significantly suppresses miR-34a expression (by quantitative real-time PCR) stimulated by high glucose (a).
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metformin for 1 hour prior to normal or high glucose treat-
ment for 24 hours. The results, examined by qReal-time
PCR, indicated that miR-34a expression in RMCs pretreated
with metformin was obviously lower than high glucose group
(p < 0 001) (Figure 9). This suggests that metformin restrains
high glucose-stimulated miR-34a expression.

3.9. Metformin Activates SIRT1/AMPKα Pathways in High
Glucose-Cultured RMCs. To investigate the effects of met-
formin on SIRT1/AMPKα activity the downstream path-
ways of miR-34a, we pretreated RMCs with 50μmol/L
metformin for 1 hour prior to normal or high glucose
treatment for 24 hours. We discovered that the protein

expression of SIRT1 in metformin pretreatment group
was obviously higher than that in high glucose group
(p < 0 001). Meanwhile, the results also revealed that met-
formin pretreatment significantly increased the pAMPK/
AMPKα ratio compared with high glucose (p < 0 001)
(Figure 10). This suggests that, in high glucose-cultured
RMCs, metformin not only reverses the SIRT1 protein
expression, but also activates AMPKα.

3.10. Metformin Prevents High Glucose-Induced Egr1
Expression in RMCs. We explored whether metformin regu-
lated Egr1 the downstream of SIRT1/AMPKα pathways.
We pretreated RMCs with 50μmol/L metformin for 1 hour
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prior to normal or high glucose treatment for 2 hours. The
results, examined by western blotting, indicated that the
Egr1 protein expression in RMCs pretreated with metformin
was obviously lower than high glucose group (p < 0 001)
(Figure 10). This suggests that metformin downregulates
the Egr1 protein expression stimulated by high glucose
in RMCs.

4. Discussion

Metformin has been a first-line treatment for T2DM since
the 1850s [9]. Due to its superior safety and relatively low risk
of side effects, metformin has been tested for its effectiveness
in the treatment of other diseases. Recent studies have
demonstrated that metformin has obvious therapeutic effects
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in cancer and cardiovascular [10, 11]. Moreover, it can
prevent renal fibrosis [13] and the inflammatory response
in diabetic microvascular endothelial cells [8].

Both of ECM accumulation [25, 26] and inflammatory
response [1, 24] in glomerular mesangial cells are the early
pathological features of DKD. Our study confirms that
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high glucose stimulates inflammatory factors (MCP-1 and
CXCL5) and fibrosis factors (FN and CTGF) expression.
When we treated high glucose-cultured MCs with metfor-
min, the results revealed that the expression of inflammation
and fibrosis cytokines declined. And metformin at a concen-
tration of 50μmol/L has a maximum inhibition effect. It
prompts that metformin can weaken the inflammation and
fibrosis in high glucose-cultured MCs. The concentration in
our study has a certain clinical significance according to the
pharmacokinetics of metformin [27].

Egr1, a zinc-finger transcription factor of the immediate
early gene family, plays a role in regulation of inflammation
in cholestatic liver injury [28], ischemic and reperfusion lung
injury [29], and atherogenesis [6]. High glucose rapidly
upregulates Egr1 expression in glomerular endothelial cells
[30], renal tubular epithelial cells [5], aortic endothelial cells
[6], and renal cortical fibroblasts [30]. In this study, the
results revealed that the expression of Egr1 increased in
MCs under 30mmol/L glucose, compared with that of
normal glucose. The mRNA transcription levels of Egr1
peaked after 30 minutes of exposure to high glucose, while
the Egr1 protein expression peaked after 2 hours of exposure.
This is consistent with the report byWang et al. [4] providing
evidence that high glucose-induced transcription factor
Egr1 expression in MCs. Meanwhile, they confirmed that
Egr1 was upregulated in kidney tissue from 40-week-old
diabetes rats [4].

Egr1 aggravates renal failure via facilitating NF-κB-
mediated renal innate immunity [5]. Suppressing Egr1
activity inhibits renal interstitial fibrosis via downregulation
of TGF-β, α-smooth muscle actin (αSMA), and type I colla-
gen [31]. We extended to explore the effects of Egr1 on
MCs in high glucose medium. MCs were transfected with
Egr1-siRNA and incubated under high glucose conditions;
the expression levels of fibrosis and inflammatory cytokines
were lower than that of MCs transfected with the nonspecific
siRNA. Similarly, the study byWang et al. [4] confirmed that
Egr1 upregulates ECM synthesis in MCs under high glucose.
These results suggest that high glucose upregulates Egr1 to
aggravate the inflammation and fibrosis in MCs.

As a kind of small RNA nonencoded in the body,
miRNAs can regulate target gene expression at the tran-
scription levels [32]. Studies have found that miRNAs
could regulate a variety of mechanism to affect diabetes
development and may play certain roles in the pathogenesis
of DKD [33, 34]. High glucose can promote miR-34a over-
expression in MCs. Moreover, downregulating miR-34a
expression inhibits cell proliferation and then alleviates
glomerular hypertrophy in diabetic mice [18].

We have demonstrated that the expression of miR-34a
increased under high glucose in MCs in this study. It is well
established that SIRT1 is a direct target of miR-34a [16].
Some scholars have found that the inflammatory reactions
were attenuated by activating SIRT1/AMPKα signaling
pathways in diabetic retinal endothelial cells [8]. We also
found that MCs treated with high glucose significantly
decreased SIRT1 protein generation. Meanwhile, high glu-
cose reduces the activation of AMPKα by phosphorylation
of a threonine residue (Thr172) in RMCs.

We transfected MCs with miR-34a inhibitor to clarify the
effects of miR-34a on regulating the activity of SIRT1/
AMPKα in high glucose environment. miR-34a inhibitor
attenuates the negative effects of high glucose on the expres-
sion of SIRT1 protein in RMCs. As well, miR-34a inhibitor
reverses the negative effects of high glucose on AMPKα
activity. It should be noted that treatment with siRNA-
SIRT1 prevents the activating effects of miR-34a inhibitor
on AMPKα in high glucose-stimulated MCs. In previous
study, Ding et al. [17] have found a similar result: miR-34a
inhibition increases the levels of phosphorylated AMPKα
separately through mediating PPARα regulation and SIRT1
pathway in hepatic steatosis mice. These results suggest that
miR-34a suppresses AMPKα phosphorylation via downregu-
lating SIRT1 in high glucose-cultured MCs.

Study has found that AMPKα activity directly inhibits
Egr1 expression in hyperglycemic conditions [7]. We treated
MCs with AMPKα activator AICAR prior to high glucose.
Results revealed that AICAR obviously downregulates
high glucose-stimulated Egr1 expression. Moreover, inhi-
bition of SIRT1 activity via aldose reductase (AR) causes
increased acetylation and prolonged expression of Egr1
leading to proinflammatory and prothrombotic responses
in diabetic atherosclerosis [6]. We have drawn inferences
that miR-34a suppresses AMPKα phosphorylation via down-
regulating SIRT1 in high glucose-cultured MCs. Then we
extended to clear whether miR-34a indirectly regulates Egr1
expression via adjusting the activity of SIRT1/AMPKα
signaling pathways.

Treatment with miR-34a inhibitor restrained the Egr1
expression stimulated by high glucose in MCs. In addi-
tion, the inhibition of miR-34a inhibitor on Egr1 expres-
sion can be restored when we transfected MCs with
SIRT1-siRNA in high glucose medium. We did not find
Egr1 is a direct target protein of miR-34a according to
TargetScan Release 5.0. We presumed that miR-34a might
indirectly promote Egr1-mediated inflammation and fibro-
sis via suppressing the activation of SIRT1/AMPKα in
high glucose-cultured RMCs. However, the specific mech-
anism of miR-34a regulating Egr1 activity still needs more
researches to elucidate.

What is more, metformin downregulates miR-34a
expression in nonalcoholic fatty liver disease and results in
preventing liver fibrosis [15]. And then we treated MCs
with metformin prior to high glucose. As a result, the high
glucose-stimulated miR-34a expression was significantly
reduced after metformin treatment. What is more, treatment
with metformin resulted in activating SIRT1/AMPKα path-
ways and significantly reduced Egr1 in high glucose-
cultured MCs. We speculated that metformin might promote
SIRT1/AMPKα activity and downregulate the downstream
Egr1 protein via suppressing miR-34a in high glucose-
stimulated MCs. It suggests that metformin might alleviate
the inflammation and fibrosis in high glucose-stimulated
MCs via regulating miR-34a-mediated SIRT1/AMPKα activ-
ity and the downstream Egr1 protein expression. However,
more detailed researches are needed in order to further
explore the specific mechanism of metformin regulating
miR-34a expression.
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At present, the clinical application of metformin is
prudent in diabetic patients with mild renal insufficiency
[35]. Our study indicates that metformin prevents high
glucose-stimulated fibrosis and inflammatory cytokines in
MCs. It promotes that metformin might provide protection
against diabetic kidney injury. Metformin might also have a
certain inhibitory effect on inflammation and fibrosis in early
DKD. However, our study lacks evidence in animal model
in vivo experiments. It still needs more detailed researches
to elucidate whether the beneficial effect of metformin on
miR-34a expression is direct or indirect and to explore the
possible mechanism. It is of great significance to elucidate
whether the clinical application of metformin is relaxed
restrictions on renal function.

5. Conclusion

Consequently, our experimental results show that miR-34a
suppresses the activation of SIRT1/AMPKα and results in
promoting Egr1-mediated inflammation and fibrosis in high
glucose-cultured RMCs. Meanwhile, metformin attenuates
high glucose-stimulated inflammation and fibrosis in RMCs

by regulating miR-34a-mediated SIRT1/AMPKα activity
and the downstream Egr1 protein (Figure 11).

Based on the abovementioned analysis, our study prelim-
inary discusses the mechanism of metformin attenuating
high glucose-stimulated inflammation and fibrosis at the
cellular level. And we enriched the effects of miR-34a path-
ways regulating Egr1 expression in high glucose-cultured
MCs. Thus, we believe our findings provide a new theoretical
foundation to elucidate the molecular mechanism of metfor-
min regulating the DKD development. It provides a founda-
tion for future researches considering Egr1 as a therapeutic
target and a new direction for the clinical application of
metformin in early DKD.
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phosphorylation expression. miR-34a suppresses the activation of SIRT1/AMPKα and results in promoting Egr1-mediated inflammation
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AICAR: 5-amino-4-imidazolecarboxamide riboside-1-b-D-ribofuranoside; Egr1: early growth response factor 1; FN: fibronectin; CTGF:
connective tissue growth factor; MCP-1: monocyte chemoattractant protein 1; CXCL5: chemokine C-X-C motif ligand 5; RMCs: rat
mesangial cells.

13International Journal of Endocrinology



Acknowledgments

This study was supported by the “Natural Science
Foundation of Liaoning Province [201602862],” Liaoning
province, China.

References

[1] Q. Y. Wang, Q. H. Guan, and F. Q. Chen, “The changes
of platelet-derived growth factor-BB (PDGF-BB) in T2DM
and its clinical significance for early diagnosis of diabetic
nephropathy,” Diabetes Research and Clinical Practice, vol. 85,
no. 2, pp. 166–170, 2009.

[2] J. S. Huang, C. T. Chuang, M. H. Liu, S. H. Lin, J. Y. Guh, and
L. Y. Chuang, “Klotho attenuates high glucose-induced fibro-
nectin and cell hypertrophy via the ERK1/2-p38 kinase signal-
ing pathway in renal interstitial fibroblasts,” Molecular and
Cellular Endocrinology, vol. 390, no. 1-2, pp. 45–53, 2014.

[3] V. P. Sukhatme, “The Egr transcription factor family: from
signal transduction to kidney differentiation,” Kidney Interna-
tional, vol. 41, no. 3, pp. 550–553, 1992.

[4] D. Wang, M. P. Guan, Z. J. Zheng et al., “Transcription factor
Egr1 is involved in high glucose-induced proliferation and
fibrosis in rat glomerular mesangial cells,” Cellular Physiology
and Biochemistry, vol. 36, no. 6, pp. 2093–2107, 2015.

[5] L. C. Ho, J. M. Sung, Y. T. Shen et al., “Egr-1 deficiency
protects from renal inflammation and fibrosis,” Journal of
Molecular Medicine, vol. 94, no. 8, pp. 933–942, 2016.

[6] S. Vedantham, D. Thiagarajan, R. Ananthakrishnan et al.,
“Aldose reductase drives hyperacetylation of Egr-1 in hyper-
glycemia and consequent upregulation of proinflammatory
and prothrombotic signals,” Diabetes, vol. 63, no. 2, pp. 761–
774, 2014.

[7] Y. M. Ha, E. J. Park, Y. J. Kang, S. W. Park, H. J. Kim, and K. C.
Chang, “Valsartan independent of AT1 receptor inhibits tissue
factor, TLR-2 and -4 expression by regulation of Egr-1 through
activation of AMPK in diabetic conditions,” Journal of Cellular
and Molecular Medicine, vol. 18, no. 10, pp. 2031–2043, 2014.

[8] Z. Zheng, H. Chen, J. Li et al., “Sirtuin 1–mediated cellular
metabolic memory of high glucose via the LKB1/AMPK/
ROS pathway and therapeutic effects of metformin,” Diabetes,
vol. 61, no. 1, pp. 217–228, 2012.

[9] M. Foretz, B. Guigas, L. Bertrand, M. Pollak, and B. Viollet,
“Metformin: from mechanisms of action to therapies,” Cell
Metabolism, vol. 20, no. 6, pp. 953–966, 2014.

[10] D. R. Morales and A. D. Morris, “Metformin in cancer treat-
ment and prevention,” Annual Review of Medicine, vol. 66,
no. 1, pp. 17–29, 2015.

[11] B. Bao, A. S. Azmi, S. Ali, F. Zaiem, and F. H. Sarkar, “Metfor-
min may function as anti-cancer agent via targeting cancer
stem cells: the potential biological significance of tumor-
associated miRNAs in breast and pancreatic cancers,” Annals
of Translational Medicine, vol. 2, no. 6, p. 59, 2014.

[12] G. Arunachalam, S. M. Samuel, I. Marei, H. Ding, and C. R.
Triggle, “Metformin modulates hyperglycaemia-induced
endothelial senescence and apoptosis through SIRT1,” British
Journal of Pharmacology, vol. 171, no. 2, pp. 523–535, 2014.

[13] R. C. Cavaglieri, R. T. Day, D. Feliers, and H. E. Abboud,
“Metformin prevents renal interstitial fibrosis in mice with
unilateral ureteral obstruction,” Molecular and Cellular Endo-
crinology, vol. 412, pp. 116–122, 2015.

[14] N. Amador-Licona, J. M. Guízar-Mendoza, E. Vargas,
G. Sánchez-Camargo, and L. Zamora-Mata, “The short-term
effect of a switch from glybenclamide to metformin on blood
pressure and microalbuminuria in patients with type 2 diabe-
tes mellitus,” Archives of Medical Research, vol. 31, no. 6,
pp. 571–575, 2000.

[15] A. Katsura, A. Morishita, H. Iwama et al., “MicroRNA profiles
following metformin treatment in a mouse model of non-
alcoholic steatohepatitis,” International Journal of Molecular
Medicine, vol. 35, no. 4, pp. 877–884, 2015.

[16] M. Yamakuchi, M. Ferlito, and C. J. Lowenstein, “miR-34a
repression of SIRT1 regulates apoptosis,” Proceedings of the
National Academy of Sciences of the United States of America,
vol. 105, no. 36, pp. 13421–13426, 2008.

[17] J. X. Ding, M. Li, X. Y. Wan et al., “Effect of miR-34a in
regulating steatosis by targeting PPARα expression in nonal-
coholic fatty liver disease,” Scientific Reports, vol. 5, no. 1,
article 13729, 2015.

[18] L. Zhang, S. Y. He, S. D. Guo et al., “Down-regulation of miR-
34a alleviates mesangial proliferation in vitro and glomerular
hypertrophy in early diabetic nephropathy mice by targeting
GAS1,” Journal of Diabetes and its Complications, vol. 28,
no. 3, pp. 259–264, 2014.

[19] T. Fukao, Y. Fukuda, K. Kiga et al., “An evolutionarily
conserved mechanism for microRNA-223 expression revealed
by microRNA gene profiling,” Cell, vol. 129, no. 3, pp. 617–
631, 2007.

[20] K. J. Livak and T. D. Schmittgen, “Analysis of relative
gene expression data using real-time quantitative PCR
and the 2−ΔΔCT method,” Methods, vol. 25, no. 4, pp. 402–
408, 2001.

[21] C. Wu, C. Lv, F. Q. Chen, X. Y. Ma, Y. Shao, and Q. Wang,
“The function of miR-199a-5p/Klotho regulating TLR4/
NF-κB p65/NGAL pathways in rat mesangial cells cultured
with high glucose and the mechanism,”Molecular and Cellular
Endocrinology, vol. 417, pp. 84–93, 2015.

[22] E. S. Koh, J. H. Lim, M. Y. Kim et al., “Anthocyanin-rich
Seoritae extract ameliorates renal lipotoxicity via activation
of AMP-activated protein kinase in diabetic mice,” Journal of
Translational Medicine, vol. 13, no. 1, p. 203, 2015.

[23] T. Fu, S. Seok, S. Choi et al., “MicroRNA 34a inhibits beige
and brown fat formation in obesity in part by suppressing
adipocyte fibroblast growth factor 21 signaling and SIRT1
function,” Molecular and Cellular Biology, vol. 34, no. 22,
pp. 4130–4142, 2014.

[24] Q. Y. Wang and F. Q. Chen, “Clinical significance and
different levels of urinary monocyte chemoattractant protein-
1 in type 2 diabetes mellitus,” Diabetes Research and Clinical
Practice, vol. 83, no. 2, pp. 215–219, 2009.

[25] J. S. Duffield, “Cellular and molecular mechanisms in kidney
fibrosis,” Journal of Clinical Investigation, vol. 124, no. 6,
pp. 2299–2306, 2014.

[26] K. C. Leung, M. Tonelli, and M. T. James, “Chronic kidney
disease following acute kidney injury—risk and outcomes,”
Nature Reviews Nephrology, vol. 9, no. 2, pp. 77–85, 2013.

[27] G. T. Tucker, C. Casey, P. J. Phillips, H. Connor, J. D. Ward,
and H. F. Woods, “Metformin kinetics in healthy subjects
and in patients with diabetes mellitus,” British Journal of
Clinical Pharmacology, vol. 12, no. 2, pp. 235–246, 1981.

[28] K. Allen, H. Jaeschke, and B. L. Copple, “Bile acids induce
inflammatory genes in hepatocytes: a novel mechanism of

14 International Journal of Endocrinology



inflammation during obstructive cholestasis,” The American
Journal of Pathology, vol. 178, no. 1, pp. 175–186, 2011.

[29] S. F. Yan, T. Fujita, J. Lu et al., “Egr-1, a master switch coordi-
nating upregulation of divergent gene families underlying
ischemic stress,” Nature Medicine, vol. 6, no. 12, pp. 1355–
1361, 2000.

[30] R. N. Hasan, S. Phukan, and S. Harada, “Differential regulation
of early growth response gene-1 expression by insulin and glu-
cose in vascular endothelial cells,”Arteriosclerosis, Thrombosis,
and Vascular Biology, vol. 23, no. 6, pp. 988–993, 2003.

[31] H. Nakamura, Y. Isaka, M. Tsujie et al., “Introduction of DNA
enzyme for Egr-1 into tubulointerstitial fibroblasts by electro-
poration reduced interstitial α-smooth muscle actin expres-
sion and fibrosis in unilateral ureteral obstruction (UUO)
rats,” Gene Therapy, vol. 9, no. 8, pp. 495–502, 2002.

[32] G. Suchankova, L. E. Nelson, Z. Gerhart-Hines et al., “Concur-
rent regulation of AMP-activated protein kinase and SIRT1 in
mammalian cells,” Biochemical and Biophysical Research Com-
munications, vol. 378, no. 4, pp. 836–841, 2009.

[33] M. A. Reddy, W. Jin, L. Villeneuve et al., “Pro-inflammatory
role of microRNA-200 in vascular smooth muscle cells from
diabetic mice,” Arteriosclerosis, Thrombosis, and Vascular
Biology, vol. 32, no. 3, pp. 721–729, 2012.

[34] C. Lv, Y. H. Zhou, C. Wu, Y. Shao, C. L. Lu, and Q. Y. Wang,
“The changes in miR-130b levels in human serum and the
correlation with the severity of diabetic nephropathy,” Dia-
betes/Metabolism Research and Reviews, vol. 31, no. 7,
pp. 717–724, 2015.

[35] E. I. Silvio, J. L. Kasia, M. Helen, J. B. Clifford, and K. M.
Darren, “Metformin in patients with type 2 diabetes and
kidney disease: a systematic review,” JAMA, vol. 312, no. 24,
pp. 2668–2675, 2014.

15International Journal of Endocrinology


	Metformin Regulating miR-34a Pathway to Inhibit Egr1 in Rat Mesangial Cells Cultured with High Glucose
	1. Introduction
	2. Materials and Methods
	2.1. Reagents and Antibodies
	2.2. Cell Culture
	2.3. Transient Transfection
	2.4. Isolation of MicroRNAs and miR-34a Quantitative Real-Time PCR
	2.5. RNA Extraction and Quantitative Real-Time PCR
	2.6. Protein Extraction and Western Blot Analysis
	2.7. Assay for Cell Supernatant MCP-1 and CXCL5 Concentrations
	2.8. Statistical Analyses

	3. Results
	3.1. High Glucose-Induced Higher Expression of Egr1 mRNA and Protein in RMCs
	3.2. Activating AMPKα Suppresses High Glucose-Induced Egr1 Expression in RMCs
	3.3. High Glucose Upregulates miR-34a Expression in RMCs
	3.4. High Glucose Suppresses the Activation of SIRT1/AMPKα via Inducing miR-34a Higher Expression in RMCs
	3.5. miR-34a Upregulates Egr1 Expression via Suppressing the Activation of SIRT1/AMPKα in High Glucose-Cultured RMCs
	3.6. High Glucose Upregulates the Expression of Fibrosis Factors and Inflammation Factors via Promoting Egr1 Expression in RMCs
	3.7. Metformin Suppresses High Glucose Stimulation of the Expression of Fibrosis and Inflammation Factors
	3.8. Metformin Prevents High Glucose-Induced miR-34a Expression in RMCs
	3.9. Metformin Activates SIRT1/AMPKα Pathways in High Glucose-Cultured RMCs
	3.10. Metformin Prevents High Glucose-Induced Egr1 Expression in RMCs

	4. Discussion
	5. Conclusion
	Disclosure
	Conflicts of Interest
	Acknowledgments

