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LncRNA TUG1 ameliorates diabetic nephropathy by  
inhibiting miR-21 to promote TIMP3-expression 
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Abstract: Diabetic nephropathy (DN) is one of the most important microvascular diseases in diabetic patients and 
has been the first cause of end stage renal disease (ESRD). In this study, we are aims to investigate the genetic 
mechanisms of lncRNA in the regulation of DN renal fibrosis. First, we have found that the expression of lncRNA 
TUG1 in db/db DN mice kidney tissue and high glucose-stimulated NRK-52E cells were down-regulated and the 
overexpression of lncRNA TUG1 could inhibit cell fibrosis of high glucose-stimulated of NRK-52E. Second, online 
software program Starbase predicts that miR-21 is a target gene of lncRNA TUG1 and TIMP3 is the target gene of 
miR-21, which have been verified by luciferase reporter assay and RNA Binding Protein Immunoprecipitation (RIP). 
Last, the renal fibrosis in DN mice and cell fibrosis in high glucose-stimulated NRK-52E cells were also evaluated. 
We have proven that overexpression of lncRNA TUG1 can promote the expression of TIMP3 through targeting the 
miR-21, thereby inhibiting cell fibrosis in high glucose-stimulated NRK-52E cells and renal fibrosis in DN mice. Our 
results indicated that lncRNA TUG1 could indirectly regulated the expression of TIMP3 by targeting miR-21. LncRNA 
TUG1 inhibited high glucose-stimulated NRK-52E cell fibrosis and renal fibrosis in DN mice, which provides a theo-
retical basis for the treatment of DN fibrosis.
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Introduction

Diabetic nephropahy (DN) is the most common 
and refractory microvascular complication of 
diabetes, and a leading cause of end-stage 
renal disease (ESRD) in worldwide, of which 
growing incidence and mortality have caused a 
heavy health and economic burden on society 
[1]. The main pathological features of diabetic 
nephropathy are glomerulosclerosis, deposi-
tion of extracellular matrix (ECM) and fibrosis in 
the tubule interstitium [2, 3]. Although much 
effort was given explore the pathogenesis of 
DN, there are still many patients from DN enter-
ing ESRD, suggesting that there are still some 
unknown factors and mechanisms that regu-
late early DN events [4].

Long non-coding RNA (lncRNA) is defined as a 
class of non-coding RNAs over 200 nucleotides 
[5]. Taurine upregulated gene 1 (TUG1), a 
lncRNA is originally identified as contributing to 
the formation of photoreceptors and plays a 

key role in retinal development [6]. In addition, 
TUG1 is required for the regulation of several 
tumor carcinogenesis, such as osteosarcoma 
and melanoma [7]. In recent years, lncRNA has 
gained significant attention in DN, and previous 
studies have found that lncRNA TUG1 played an 
important role in DN progress [8]. Studies have 
revealed that lncRNA TUG1 could regulates 
mitochondrial bioenergetics, and alleviated 
ECM accumulation in DN by modulating miR-
377 targeting peroxisome proliferator-activated 
receptor γ (PPARγ) [9, 10]. However, the role of 
lncRNA TUG1 in renal fibrosis in DN remains 
unclear.

MicroRNA (miRNA) is a non-coding single-
stranded RNA approximately 22 nt that binds to 
the 3’ untranslated region (3’UTR) of the target 
gene and silences the target gene to prevent its 
translation into protein [11]. Many studies have 
confirmed that miRNAs participated in the 
pathogenesis of DN through regulatory signal-
ing pathways [12-14]. More than 20 miRNAs 
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were identified involved in the molecular patho-
genesis of DN [15]. Several key miRNAs, includ-
ing miR-192, miR-200b, miR-200c, miR-216a, 
and miR-217, were found upregulated in renal 
tissue of DN mice [16, 17]. For example, miR-
192 targeted the ZEB1/2 gene and activated 
the TGF-β1 signaling pathway, leading to 
increased transcription of collagen type α 2 
(Col1α2) and elevated urinary albumin levels 
which participated in renal fibrosis [18]. In addi-
tion, previous studies showed that miR-21 acti-
vated Akt kinase signaling pathway by targeting 
PTEN gene, which leaded to abnormal increase 
of renal fibrosis protein Col1α2, fibronectin and 
glomerular hypertrophy [19].

A recent study has found that high glucose or 
DN could significantly reduce the matrix degra-
dation ability of membrane cells, and ECM con-
version was regulated by the activity of metal-
loproteinases (MMPs) and tissue inhibitor of 
metalloproteinase (TIMPs) [20]. Among them, 
MMPs are the main enzymes that degrade cell 
matrix (ECM), and TIMPs are specific inhibitors 
of MMPs [21, 22]. Four TIMPs (TIMP-1, TIMP-2, 
TIMP-3, TIMP-4) have been found to have differ-
ent inhibition activity on MMPs [23]. TIMPS are 
non-covalently bonded with MMPs at a ratio of 
1:1 to block MMPs binding with its substrates. 
Studies have shown that TIMP3 was the most 
highly expressed TIMP protein in the kidney and 
associated with inflammation, renal fibrosis 
and tubule interstitial damage in mice [24]. In 
DN mice, the expression of TIMP3 was greatly 
reduced by interaction with FoxO1/STAT1 [25]. 
Recent studies have shown that TIMP3 defi-
ciency is a marker for DN in mice and humans, 
and the absence of TIMP3 selectively exacer-
bated DN [26, 27]. TIMP3 expression was regu-
lated by many miRNAs, such as miR-21, miR-
181b, miR-182, miR-216 and miR-221/2 [27]. 
Especially studies have found that miR-21 
could affect TIMP3 expression in DN mice, but 
the detailed mechanism was still unknown.

It was found that miR-21-5p was a target gene 
of lncRNA TUG1 by Starbase prediction, miR-21 
promoted renal fibrosis in DN by targeting PTEN 
and SMAD7 [28]. It was predicted that miR-21 
can target TIMP3, and the loss of TIMP3 can 
promote DN and renal fibrosis [27]. However, 
the relationship between lncRNA TUG1 and 
miR-21, miR-21 and TIMP3 has not been 
studied. 

In our study, we suggested that the expression 
of lncRNA TUG1 was decreased in DN mice kid-
ney tissue and high glucose-stimulated NRK-
52E cells, and lncRNA TUG1 could regulate  
the expression of TIMP3 by targeting miR-21. 
Moreover, the overexpression of LncRNA TUG1 
could inhibit cell fibrosis in high glucose-stimu-
lated NRK-52E cells and renal fibrosis in DN 
mice, which provides a theoretical basis for the 
treatment of DN fibrosis.

Materials and methods

Animal model

6-8 weeks old SPF diabetic model mice (strain 
C57BL/KsJ-db/db mice) and control normal 
mice (db/m mice) purchased from Nanjing 
University model animals graduate School. All 
the animal procedures were conducted in 
accordance with the “Guide for the Care and 
Use of Laboratory Animals” published by the 
National Institutes of Health. During the experi-
ment, the mice were freely eaten standard feed 
and drink water under constant temperature 
conditions, and the lights alternated for 12 
hours.

Cell culture

Rat proximal tubular epithelial cells (NRK-52E) 
strain was purchased from the American ATCC 
(American Type Culture Collection) cell bank. 
NRK-52E was cultured in normal glucose 
DMEM/F12 complete medium. The DMEM 
medium contained 25 mm glucose and 5.5 mm 
glucose to simulate the high glucose status and 
normal physiological environment. 

Protein extraction 

Total cellular protein extraction: the cells were 
washed twice with pre-cooled PBS, then the 
cells were collected and putted into a 1.5 ml EP 
tube, centrifuged at 4°C, 800 rpm for 5 min, 
and the precipitate was retained. Add 100 μl of 
protein lysate (added protease inhibitor cock-
tail II), lyse on ice for 30 min, shake every 5 min, 
centrifuge at 4°C, 14,000 rpm for 20 min. The 
supernatant was collected in a new EP tube. 
Total protein extraction from kidney tissue: 0.1 
g of kidney tissue samples were cut and washed 
twice with pre-cooled PBS, and tissue pellets 
were collected by centrifugation each time 
(whole process was carried out on ice). Add 
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500 μl of pre-cooled protein lysate, then trans-
fer to an autoclaved tissue grinder, and fully 
grind the homogenate in an ice bath; collected 
the lysate and placed into an EP tube, placed 
on ice for 1 h, shaken every 10 min; centrifuged 
at 14,000 rpm, 4°C for 30 min, and the super-
natant liquid was collected in a new EP tube. 

Western blot

Protein were separated by a sodium dodecyl 
sulfate-polyacrylamide gel (SDS-PAGE) and 
transferred onto a nitrocellulose filter mem-
brane (GE, USA). The membrane was blocked 
with 5% skimmed milk in Tris-buffered saline, 
and then incubated at 37°C with primary anti-
bodies against anti-TIMP3, α-SMA, TGF-β1 
(1:500, Cell Signaling, MA), anti-P-Smad3, 
t-Smad3, CTGF, Fibronectin, and Collagen I 
(1:200, Abcam, USA). Subsequently, Goat anti-
rabbit secondary antibody (1:3000, Biorad, 
USA) labeled with horseradish peroxidase 
(HRP) were added into the blots incubated at 
37°C for 1 h. The protein signals were exposed 
with a storage phosphor screen. The ratio of 
the band of the target protein to the β-actin 
band of the internal reference protein were 
defined the quantification of protein expres-
sion. All the experiments were performed in 
triplicate.

Masson staining

First, dewaxed the paraffin sections into water, 
and placed into the solution with equal volume 
of hematoxylin dye solution and aqueous solu-
tion of ferric chloride, stained for 10 minutes. 
Rinse the excess stain on the section and place 
it in 1% hydrochloric acid for color separation 
until the chromatin and nucleus are clearly vis-
ible for about 20 sec. The sections were washed 
with water for 5 min, and placed in an aqueous 
ammonia solution for 10 sec to make the nuclei 
blue. The sections were washed with water for 
1 min, and stained in ponceau red acid magen-
ta staining solution for 10 min, then immersed 
in an aqueous acetic acid solution for 1 min, 
immersed in phosphomolybdic acid aqueous 
solution for 1 min, immersed in an aqueous 
acetic acid solution for 1 min. then stained with 
aniline blue staining solution for 1 min, and 
then immersed in an aqueous acetic acid solu-
tion for 1 min. Finally, sections were dehydrated 
with absolute ethanol, transparent with xylene, 
and sealed with a neutral gel.

Target prediction and luciferase assay

We successfully predict binding sites between 
lncRNA TUG1 and miR-21, miR-21 and 3’UTR of 
TIMP3 through the methods of starbase (http://
starbase.sysu.edu.cn), with TargetScan (http://
www.targetscan.org) website to investigate the 
potential targets of miR-21. The LncRNA TUG1 
and 3’UTR of TIMP3 sequence as well as the 
mutant which interacts with miR-21 was ampli-
fied by PCR and inserted into the pRL-TK vector 
(Promega, USA). For dual luciferase assay, each 
plasmid together with miR21 mimic or a nega-
tive control mimic was co-transfected into cells. 
After 48 hours, the luciferase activity was 
detected using a dual luciferase assay system 
kit. Co-transfection with pRL-TK expressing 
Renilla luciferase was used as an internal 
control.

RNA extraction and qRT-PCR

We added l ml Trizol Reagent to each dish and 
gently shake to bring it into contact with the 
bottom of the bottle for 5 min to ensure ade-
quate lysis, and transfer to a 1.5 ml Eppendorf 
tube. We then add 0.2 ml of chloroform, mix 
well and shake vigorously for 30 sec, and put at 
room temperature for 5 min, centrifuged 12000 
rpm at 4°C for 5 min. We carefully transferred 
the upper aqueous phase to a new Eppendorf 
tube and added 0.5 ml isopropanol, mixed and 
put it for 10 min at room temperature, then cen-
trifuged at 12000 rpm for 4 min at 4°C. We dis-
carded the supernatant, added 75% alcohol to 
wash the RNA pellet, the centrifuged at 4°C 
7500 rpm for 5 min. The supernatant was dis-
carded and the RNA pellet was air-dried for 
about 10 min, dissolved in deionized water 
treated with DEPC. Reverse-transcribed into 
complementary DNA (cDNA) using the High 
Capacity cDNA Archive kit (Applied Biosystems, 
Foster City, CA). Quantitative real-time poly-
merase chain reaction was performed Using an 
ABI PRISM 7700 System and TaqMan reagents 
(Applied Biosystems). Each reaction was per-
formed in triplicate using standard Reaction 
conditions and U6 was used as an internal ref-
erence gene, Sequences of the Applied Bio- 
systems primers were as follows. miR-21: 
5’-GCCACCACACCAGCTAATTT-3’ (sense) 5’-CTG- 
AAGTCGCCATGCAGATA-3’ (antisense). LncRNA 
TUG1 primer: 5’-GAACTACTGCGGAACCTCAA-3’ 
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(sense), Reverse: 5’-ACTTGGTGAGCACCACTCC- 
3’, siTUG1: 5’-GGGAUAUAGC CAGAGAACAAUUC- 
UA-3’ (sense), 5’-UAGAAUUGUUCUCUGGCUAUA- 
UCCC-3’ (antisense).

RNA immunoprecipitation (RIP) 

RNA immunoprecipitation assays were per-
formed using ChIP-IT (Active Motif, Carlsbad, 
CA, USA), according to the Active Motif protocol. 
AntiAGO2 antibodies and IgG (Cell Signaling 
Technology, Danvers, MA, USA) were used in 
this study.

Statistical analysis

Results of the experimental studies are mean ± 
SD, as statistical analysis was performed using 
Student’s t test on Graph Pad Prism 5. Values 
of P\0.05 were considered statistically differ-
ent. All experiments were performed at least 
three independent times.

Results

LncRNA TUG1 is down-regulated in db/db DN 
mice kidney tissue and high glucose-stimulat-
ed NRK-52E cells

To test the expression level of lncRNA TUG1 in 
kidney tissue of db/db DN mice, we construct-
ed C57BL/KsJ-db/db mice (10 mice) and their 
littermate db/m mice (10 mice). First, we 
detected the extend of renal fibrosis between 
them by Masson staining, results suggested 
that the degree of renal fibrosis was significant-
ly enhanced in db/db mice (Figure 1A). 
Subsequently, we further detected the mRNA 
expression level of lncRNA TUG1, the results of 
qRT-PCR showed that the mRNA expression 
level of lncRNA TUG1 was significantly down-
regulated in db/db mice (Figure 1B).

Next, we constructed a high glucose-induced 
NRK-52E cell and further detected the mRNA 
expression level of lncRNA TUG1 by qRT-PCR. 

Figure 1. LncRNA TUG1 is down-regulated in db/db DN mice kidney tissue and high glucose-stimulated NRK-52E 
cells. A. Masson staining was used to detect the degree of renal fibrosis between db/db DN and db/m mice (left 
panel), the extent of fibrosis is quantified by Image Pro Plus, Student’s t-test: ***P < 0.001 (right panel). B. qRT-PCR 
detected the expression level of lncRNA TUG1 mRNA in db/db DN and db/m mice. C. qRT-PCR was also carried out 
to detect the expression level of lncRNA TUG1 in high glucose-stimulated NRK-52E cells. Student’s t-test: ***P < 
0.001.
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The results showed that compared with the 
control mice NRK-52E-NC, the expression of 
lncRNA TUG1 mRNA was inhibited in NRK-52E-
HG mice (Figure 1C). These results indicated 
that lncRNA TUG1 expression levels were down-
regulated in both db/db DN mice kidney tissue 
and high glucose-stimulated NRK-52E cells.

Overexpression of lncRNA TUG1 inhibits high 
glucose-stimulated of NRK-52E cell fibrosis

To explore the effect of lncRNA TUG1 on cell 
fibrosis, we overexpressed lncRNA TUG1 in high 
glucose-suppressed NRK-52E cells and down-
regulated the expression of lncRNA TUG1 by 
small RNA interference strategy. First, we 
detected the expression level of lncRNA TUG1 
by qRT-PCR. Results showed that the expres-
sion level of lncRNA TUG1 was significantly up-
regulated in cells overexpressing lncRNA TUG1, 
while the expression level of lncRNA TUG1 was 
down-regulated in siTUG1 cells (Figure 2A). 
Subsequently, we evaluated the expression 
level of the cell fibrosis maker gene by western 
blot. The results showed that in the cells over-
expressing lncRNA TUG1, the fibrosis maker 
genes TGF-β1, α-SMA, P-Smad3, t-Smad3, 
CTGF, Fibronectin, and Collagen I were signifi-
cantly decreased, while in siTUG1 cells, these 
maker genes were significantly up-regulated 
(Figure 2B). These results indicated that 
lncRNA TUG1 inhibited cell fibrosis of high glu-
cose-stimulated of NRK-52E cells. 

The target gene of lncRNA TUG1 is miR-21

We performed sequence alignment of lncRNA 
TUG1 with miR-21, and then listed miR-214 tar-
get sites region (Figure 3A left panel). We also 
used a luciferase assay in NRK-52E cells to 
identify whether miR-21 was the target of 
lncRNA TUG1. We constructed a wild type 
(TUG1 wt) or mutated (TUG1 mut) lncRNA TUG1 
vector. The NC mimics and miR-214 mimics 
were co-transfected with either TUG1 wt or 
TUG1 mut vector into NRK-52E cells, respec-
tively. The cells were harvested and luciferase 
reporter activity was measured at 48 hours 
after co-transfection. Results showed that co-
transfection with miR-214 mimics and TUG1 wt 
resulted in a significant reduction in luciferase 
reporter activity compared with control cells. 
After mutating the nucleotides of seeding 
sequence in lncRNA TUG1, the inhibitory effect 
of miR-214 mimics on luciferase reporter activ-
ity were largely abolished (Figure 3A right 
panel)). These results demonstrated miR-21 is 
a target gene of lncRNA TUG1. Furthermore, 
RIP assay showed that both TUG1 and miR-21 
could bind with AGO2 protein in the RNA silenc-
ing pathway (Figure 3B).

The results of qRT-PCR suggested that the 
expression level of miR-21 was also significant-
ly increased in db/db DN mice and high glu-
cose-stimulated NRK-52E cells (Figure 3C). To 
further verify this result, we detected the 

Figure 2. Overexpression of lncRNA TUG1 inhibits high glucose-stimulated of NRK-52E cell fibrosis. A. qRT-PCR 
detected the mRNA expression level of lncRNA TUG1 in high glucose-stimulated cells transfected with NC, TUG1 
OE, siNC or siTUG1. Student’s t-test: ***P < 0.001. B. Western blot was performed to evaluate the expression level 
of TUG1 and fibrosis related maker genes TGF-β1, α-SMA, P-Smad3, t-Smad3, CTGF, Fibronectin, and Collagen I. 
β-actin was used as loading control (left). The relative density of western blot was quantified by Image Pro Plus. 
Student’s t-test: **P < 0.01, ***P < 0.001.
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expression levels of miR-21 in cells transfected 
with pcDNA, TUG1 OE, si-NC, and si-TUG1, 
respectively. Results showed that overexpres-
sion of lncRNA TUG1 inhibited miR-21 expres-
sion. And down-regulation of lncRNA TUG1 pro-
motes miR-21 expression (Figure 3C). Taken 
together, these results confirmed that miR-21 
is the target gene of lncRNA TUG1.

TIMP3 is the target gene of miR-21

To explore the target gene of miR-21, we per-
formed sequence alignment of miR-21 with 
TIMP3 3’-UTR (Figure 4A left panel), then we 
also carried out a luciferase assay in NRK-52E 

cells as above to identify whether TIMP3 was 
the target of miR-21. The NC mimics and miR-
214 mimics were co-transfected with either 
TIMP3-wt or TIMP3-mut vector into NRK-52E 
cells, respectively. Dual luciferase reporter 
assay showed that miR-21 can inhibit the 
reporter gene when co-expressed with TIMP3-
wt, but not with TIMP3-mut (Figure 4A, right 
panel), which demonstrated that a direct bind-
ing of miR-21 to the 3’-UTR of TIMP3.

Next, the expression levels of TIMP3 in DN mice 
and high glucose-stimulated NRK-52E cells 
were detected respectively. The western blot 

Figure 3. The target gene of lncRNA TUG1 is miR-21. A. Sequence alignment between lncRNA TUG1 with miR-21 
(left). Dual luciferase reporter assay was used to measure the relative fluorescence activity in NRK-52E cells co-
transfected with NC-mimics and TUG1-wt, miR-21 mimics and TUG1-wt, NC-mimics and TUG1-mut, or miR-21 mim-
ics and TUG1-mut. Student’s t-test: ***P < 0.001 (right). B. RNA binding protein immunoprecipitation (RIP) assay 
determined the interaction between lncRNA TUG1, miR-21 with AGO2, Student’s t-test: ***P < 0.001. C. qRT-PCR 
detected the expression level of miR-21 in db/db DN mice and HG-stimulated NRK-52E cells (top panel). qRT-PCR 
was also used to evaluate the mRNA expression levels of lncRNA TUG1 or miR-21 in cells transfected with pc-DNA, 
pc-TUG1, si-NC, and si-TUG1 respectively (bottom panel). Student’s t-test: ***P < 0.001.
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Figure 4. miR-21 target gene TIMP3. A. Sequence alignment between miR-21 and the 3’-UTR of TIMP3 gene (left). The wild type (wt) or mutant (mut) 3’-UTR of 
TIMP3 gene was fused with fluorescence reporter genes, and co-transfected with NC-mimics or miR-21 mimics into NRK-52E cells. Dual luciferase reporter assay 
was used to measure the relative fluorescence activity. Student’s t-test: ***P < 0.001 (right). B. Western blots detected the expression levels of TIMP3 in DN mice 
and high glucose-stimulated NRK-52E cells. β-actin was used as loading control. The relative intensity of bends were quantified by Image Pro Plus, Student’s t-test: 
***P < 0.001.
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results showed that the expression level of 
TIMP3 was decreased not only in DN mice but 
also in high glucose-stimulated NRK-52E cells 
(Figure 4B). This result further proved that the 
differential expression of TIMP3 in DN mice 
and high glucose-stimulated NRK-52E cells 
might be regulated by lncRNA TUG1 and 
miR-21. 

LncRNA TUG1 inhibits high glucose-stimulated 
NRK-52E cell fibrosis via miR-21

In order to detect whether lncRNA TUG1 regu-
lates cell fibrosis through miR-21, we transfect-
ed NC, TUG1 OE, or co-transfected TUG1 and 
miR-21 into high glucose-stimulated NRK-52E 
cells and detected the expression levels of cell 
fibrosis marker genes, including α-SMA, TGF-
β1, P-Smad3, t-Smad3, CTGF, Fibronectin, and 
Collagen I. Western blot results suggested that 
in the lncRNA TUG1 OE cells, the expression of 
TIMP3 was significantly increased, while the 
expression of TIMP3 was decreased after co-

transfected of miR-21, indicating that lncRNA 
TUG1 can regulate the expression of TIMP3 
through miR-21. In addition, in lncRNA TUG1 OE 
cells, the expression level of the cell fibro- 
sis-related marker genes was significantly 
decreased, but compared with the cells of the 
control group, the expression levels of these 
marker genes had no significant difference in 
the cells co-transfected TUG1 and miR-21, 
(Figure 5). These results indicate that lncRNA 
TUG1 can promote the expression of TIMP3 
through miR-21, thereby inhibits cell fibrosis in 
high glucose-stimulated NRK-52E cells.

Overexpression of lncRNA TUG1 can improve 
renal fibrosis in DN mice

To further explore the effect of lncRNA TUG1 on 
renal fibrosis in DN mice, we firstly detected the 
expression level of TUG1 in NC mice and TUG1 
OE mice by qRT-PCR. The results showed that 
the expression level of TUG1 was significantly 
increased in TUG1 OE mice (Figure 6B). 

Figure 5. LncRNA TUG1 inhibits high glucose-stimulated NRK-52E cell fibrosis via miR-21. Western blot determined 
the protein accumulation of TIMP3 and cell fibrosis maker genes including TGF-β1, α-SMA, P-Smad3, t-Smad3, 
CTGF, Fibronectin, and Collagen I in NRK-52E cells transfected with NC, TUG1 OE, or co-transfected with TUG1 and 
miR-21 i. β-actin was used as loading control. Relative density of western blot bends was quantified by Image Pro 
Plus. Student’s t-test: ***P < 0.001.
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Figure 6. Overexpression of lncRNA TUG1 can improve renal fibrosis in DN mice. A. Western blot was performed to detect the expression level of TIMP3 and cell 
fibrosis related genes in DN mice transfected with NC or TUG1 OE. β-actin was used as a loading control. Relative bends inensity was quantified by Image Pro Plus. 
Student’s t-test: ***P < 0.001. B. qRT-PCR detected the expression level of lncRNA TUG1 mRNA in DN mice transfected with NC or TUG1 OE. C. Masson staining 
and renal interstitial injury score were carried out to detect the extent of renal fibrosis in DN mice transfected with NC or TUG1 OE.
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Subsequently, western blot was used to detect 
the expression levels of the cell fibrosis-associ-
ated marker genes. Results showed that the 
expression of TIMP3 was significantly increased 
in the TUG1 OE mice, but these fibrosis marker 
genes α-SMA, TGF-β1, P-Smad3, t-Smad3, 
CTGF, Fibronectin, and Collagen I were signifi-
cantly decreased (Figure 6A), which indicated 
that overexpression of lncRNA TUG1 could 
inhibit renal fibrosis in DN mice.

To further confirm this result, we measured the 
extent of cell fibrosis by Masson staining and 
renal interstitial lesion score. The results 
showed that the degree of cell fibrosis was 
obviously decreased in TUG1 OE mice (Figure 
6C). In conclusion, these results demonstrate 
that overexpression of lncRNA TUG1 can 
reduce renal fibrosis in DN mice.

Discussion

Tubulointerstitial fibrosis is one of the main 
pathological features of DN. Our study demon-
strated that lncRNA TUG1 can improve renal 
fibrosis in DN by modulating miR-21 targeting 
TIMP3. Our results showed that lncRNA TUG1 
was down-regulated in db/db DN mice kidney 
tissues and high glucose-stimulated NRK-52E 
cells. Further experiments showed that lncRNA 
TUG1 could target miR-21, which could target 
the TIMP3 gene and regulate its expression. 
Finally, lncRNA TUG1 inhibited and improved 
fibrosis in high glucose-stimulated NRK-52E 
cells and DN mice by decreasing the expres-
sion of miR-21.

Recent studies have found that lncRNA plays 
an important role in DN [29]. Studies have 
shown that lncRNA-MIAT is highly expressed in 
diabetic mice and kidney cells cultured under 
high glucose conditions. Interference with 
lncRNA-MIAT can improve the pathologic fea-
tures of diabetes and repair damaged retinal 
blood vessels. Knockout of the MIAT gene 
reduces the release of pro-inflammatory fac-
tors caused by diabetes, thereby reducing reti-
nal vascular damage [30]. In addition, research 
have proven that lncRNA-HYMAI is involved in 
the development of transient neonatal diabe-
tes [31]. The lncRNAs ENSMUST00000147869 
and lncRNAs CYP4B1-PS1-001 protected and 
regulated fibrosis induced by DN [32, 33]. 
These findings indicate that lncRNA can be 
involved in the development of diabetes and 

diabetic nephropathy, and is closely related to 
diabetic nephropathy, but the specific mecha-
nism is still unclear. In our study, the expression 
level of lncRNA TUG1 was down-regulated in 
db/db DN mice and high glucose-stimulated 
NRK-52E cells, suggesting that TUG1 may play 
a role in the pathogenesis of DN. Thus, abnor-
mal expression of TUG1 in vivo and in vitro of 
DN suggests that it may be involved in the 
occurrence of DN. At the same time, western 
blot analysis showed that overexpression of 
TUG1 in high glucose-stimulated NRK-52E cells 
was effective in reducing the expression levels 
of renal fibrosis marker proteins TGF-β1, Col-4 
and FN, and inhibiting fibrosis of high glucose-
stimulated NRK-52E cells.

In addition, previous studies have shown that 
lncRNA TUG1 could modulate ECM accumula-
tion in DN by regulating miR-377 targeting 
PPARγ, and regulate mitochondrial biological 
energy of DN [9]. In this study, we found that 
TUG1 could regulate the expression of TIMP3 
gene through miR-21, and ultimately affected 
the level of fibrosis in diabetic nephropathy, 
which may be a new pathway for TUG1 to par-
ticipate in renal fibrosis. Many studies have 
shown that microRNA plays an important role in 
the pathogenesis of DN and renal fibrosis [14, 
34]. miR-21 is the most widely studied because 
many of its targets are related to DN [35]. 
Previous works have shown that miR-21 expres-
sion is up-regulated in diabetes mice and 
induced renal fibrosis by targeting MMP-9 or 
TIMPs [36], and is involved in the regulation of 
TGF-β1 and AKT activation [37]. In our study, 
lncRNA TUG1 was able to target miR-21 to regu-
late the expression of TIMP3, but whether it 
affected miR-21 targeting MMP-9 was still 
unknown. Moreover, overexpression of lncRNA 
TUG1 resulted in down-regulation of miR-21, 
decreased expression of fibrin and fibronectin, 
which was consistent with previous research.

TIMP3 was shown to be a target gene for miR-
21 in this study. Previous works have suggest-
ed that TIMP3 was the most highly expressed 
TIMPs in kidney, and associated with inflamma-
tion, renal fibrosis and tubulointerstitial dam-
age in mice [24]. The lack of TIMP3 has become 
a mark of DN in mice and humans [25]. In this 
study, the expression level of TIMP3 was sig- 
nificantly up-regulated when overexpressed 
lncRNA TUG1. The imbalance of MMPs/TIMPs 
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may induce ECM accumulation. For another, 
MMPs (such as MMP-2, MMP-9) could degrade 
ECM, but TGF-β1could inhibit ECM degradation 
by increasing TIMPs (TIMP-1) activity which 
inhibited MMPs expression and activity, and 
finally increase the accumulation of ECM [38, 
39]. In our study, the expression of TGF-β1 is 
significantly decreased in lncRNA TUG1 overex-
pressed mice and high glucose-stimulated 
NRK-52E cells, which relieved the inhibition of 
MMPs and increased the degradation of ECM, 
and ultimately reduced the fibrosis of renal 
tissue.

Fibrosis caused by diabetic nephropathy can 
lead to loss of glomerular connection with func-
tional tubules, abnormal renal function and 
persistent urinary protein, eventually leading to 
renal failure to form ESRD, which is one of the 
causes of high mortality in diabetic patients [3, 
40]. This study indicated that LncRNA TUG1 
could regulate DN-induced fibrosis, providing a 
theoretical basis for a better understanding of 
the regulatory mechanisms of various levels of 
diabetic nephropathy. At the same time, 
LncRNA may become a new drug target, provid-
ing new ideas for the treatment of diabetic 
nephropathy.

Conclusion

In conclusion, we proved that lncRNA TUG1 was 
down-regulated in kidney tissue of db/db DN 
mice and high glucose-stimulated NRK-52E 
cells. Dual luciferase assay suggested that 
miR-21 was the target gene of lncRNA TUG1, 
and miR-21 target downstream TIMP3 gene. 
Increased expression of TIMP3 could attenuate 
the expression of renal fibrosis marker genes, 
and thereby inhibited cell fibrosis in high glu-
cose-stimulated NRK-52E and renal fibrosis in 
DN mice. This study provides a possible theo-
retical basis for the future treatment of DN by 
editing lncRNA.
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