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Abstract 

Background: Diabetic nephropathy (DN) is a critical and the most common microvascular complication and its 
pathogenesis is still faintly understood. Thus, this study was performed to examine the long non-coding RNA ZNFX1 
Antisense Gene Protein 1 (lncRNA ZFAS1) biological function and mechanism of regulation in DN.

Method: Human glomerular mesangial cells (HGMC) were induced with high glucose (HG, 25 mM) to establish 
HG-induced cell viability, pro-inflammation observed in DN. After, target miRNA and mRNA were predicted through 
Lncbase and Targetscan. Subsequently, the expression of ZFAS1, miR-588, and ROCK1 in DN clinical samples and 
cell-model was examined through qRT-PCR and western blot analysis. We upheld the targeted interaction between 
miR-588 and ZFAS1 or ROCK1 through a dual-luciferase reporter assay. The proliferation of the cell was also examined 
through CCK-8 assay, while the level of HG-induced oxidative stress was established by measuring reactive oxygen 
species (ROS) level, and also the activities of antioxidant enzymes in the cell. Lastly, the level of accumulated extracel-
lular matrix (ECM) protein-fibronectin and collagen type IV, and inflammatory cytokines produced by the cell was 
analyzed through western blot analysis and ELISA.

Results: ZFAS1 was significantly upregulated in the DN blood samples and HG-induced HGMC. Prediction result 
revealed that the ZFAS1 endogenously targets the miR-588 seed sequence while miR-588 plays a role in post-tran-
scriptional regulation of ROCK1 mRNA. Moreover, we found that miR-588 expression was significantly downregulated 
in DN blood samples and negatively correlates with ZFAS1 expression. Further results show that silencing ZFAS1 had 
a protective effect on HG-induced proliferation, oxidative stress, fibrosis, and inflammation in HGMC while miR-588 
inhibition and ROCK1 overexpression reversed this effect.

Conclusions: Altogether, our data suggest that ZFAS1 regulates the proliferation, oxidative stress, fibrosis, and inflam-
mation of high glucose-induced diabetic nephropathy through the miR-588/ROCK1 axis.
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Introduction
Diabetic nephropathy (DN), a critical and the most 
common microvascular complication of diabetes mel-
litus, remains the leading cause of end-stage renal dis-
ease in the US and also in China [1, 2]. Although its 
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pathogenesis is complex and has not been fully under-
stood, it is majorly associated with type 2 diabetes 
(T2DM) and is characterized by a pathological increase 
in the level of urinary albumin, renal fibrosis, inflamma-
tion, and glomerular lesions which causes a reduction 
in glomerular filtration rate (GFR) in patients [3]. Fur-
thermore, accumulating evidence shows that the pooled 
prevalence of DN in China is about 21.8%, and its treat-
ment remains ineffective while its diagnosis is always late 
[1]. Moreover, several studies have shown that the muta-
tion or knockdown of numerous genes could be respon-
sible for the progression of the disease. For instance, Xu 
et  al. demonstrated that a deletion of the SMAD3 gene 
could transcriptionally inhibit lncRNA Erbb4-IR, conse-
quently, increase miR-29b transcription, and protect the 
kidney from progressive renal injury in DN [4]. Contra-
rily, a conditional knockout of HIF-1α was reported to 
worsen the tubular injury, exacerbate kidney dysfunction, 
and lead to the accumulation of reactive oxygen species 
(ROS) in DN [5]. Also, the aberrant expression of regu-
latory molecules such as the microRNA (miRNA), and 
lncRNA has been identified as a major determinant in 
the pathogenesis and progression of DN [6–11]. And 
the identification of these molecules and a comprehen-
sive understanding of their supervisory mechanism and 
pathway in DN is very key to the development of a novel 
approach to the early detection, prognosis, and treatment 
of DN in patients.

Generally, the lncRNAs (with length > 200nt) consti-
tute a major part of the ncRNAs and are deemed to be 
involved in the regulation of gene expression. For exam-
ple, the ZFAS1 was reported to promote the tumorigen-
esis and development of colorectal cancer by regulating 
the DDX21-POLR1B axis, while its aberrant expression 
is associated with prognosis and chemosensitivity in cer-
vical cancer [12, 13]. However, the functional effect and 
underlying mechanism of lncRNA on DN progression 
have yet to be further investigated.

Thus, the purpose of this study was to determine the 
involvement of ZFAS1 in the development and progres-
sion of DN and its probably regulatory mechanism with 
the hope that the result could help to further understand 
the pathogenesis of the disease and also the development 
of effective treatment for it. Using Lncbase, we predicted 
that ZFAS1 targets miR-588 in DN which abnormal 
expression has been reported to be involved in the patho-
genesis of prostate cancer [14], human breast cancer [15], 
colorectal cancer [16], hepatocellular carcinoma [17], and 
osteosarcoma [18], but not in DN. Similarly, Targetscan 
predicted that miR-588 targets ROCK1 mRNA. We con-
firmed that ZFAS1 regulates HGMC proliferation, oxi-
dative stress, fibrosis, and inflammation in HG-induced 
DN through the miR-588/ROCK1 axis and could be a 

potential diagnostic and prognostic tool, and also a ther-
apeutic target for the prevention and treatment of DN.

Materials and methods
Serum samples collection
Blood samples that were gotten from DN (n = 20) and 
normal healthy (n = 20) individuals at the Affiliated 
Hospital of Qingdao University were spun at 2000×g 
for 10 min to obtain the serum, and were kept in liquid 
nitrogen at − 80  °C for further analysis. The study was 
conformed to the standard by the Declaration of Hel-
sinki. This study was approved by the Medical Ethics 
Committee of the Affiliated Hospital of Qingdao Uni-
versity (Approval No. KE-2019–2201). Informed consent 
was obtained from each patient before enrollment in this 
study.

Cell culture and induction of high glucose
Human glomerular mesangial cells (HGMC) were bought 
from Sciencell Research Laboratories (Carlsbad, CA, 
USA). Dulbecco’s modified Eagle’s medium (DMEM, 
Invitrogen, USA) comprising 10% FBS (Gibco, USA) was 
used to cultured HGMC cells (Ximbio, USA) with 5% 
 CO2 at 37  °C. HGMC cells were cultured under normal 
glucose condition (Normal, 5.5 mM glucose) or HG con-
dition (30 mM glucose) for 96 h. HG treatment was per-
formed to mimic the DN cells.

Cell transfection
MiR-588 inhibitors and the negative controls (miR-NC) 
were acquired from RiboBio (China). SiRNA target-
ing lncRNA ZFAS1 sequence (si-ZFAS1) was used for 
silencing the expression of lncRNA ZFAS1 in this study 
(GeneChem, China). The transfection was done using 
Lipofectamine 2000 reagent according to the manufac-
turer’s instructions (Invitrogen, USA). After, the cellu-
lar effect of this transfection was investigated through 
various molecular experiments such as cell viability 
and inflammatory cytokine production. For ROCK1 
overexpression, the CDS sequencing of ROCK1 was 
constructed into pcDNA-3.1 (GeneChem, China) and 
transfected into HGMCs cells by using Lipofectamine 
2000.

Intracellular reactive oxygen species (ROS), superoxide 
dismutase (SOD), and malondialdehyde (MDA) Estimation
HGMCs ROS contents were evaluated using DCF fluo-
rescence (Sigma-Aldrich) at a wavelength of 525 nm. The 
activity of SOD and level of MDA was estimated in the 
cellular supernatant with a commercial kit (Nanjing Insti-
tute of Bioengineering, China) at the wavelength of 412 
nm in accordance with the manufacturer’s instruction.
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Quantitative real‑time polymerase chain reaction 
(qRT‑PCR)
HGMC RNA was extracted with TRIzol (Invitrogen, 
USA). After, reverse transcription was used to synthe-
size cDNA using HiScript QRT Super Mix (Vazyme, 
USA). The qRT-PCR analysis was done with a 7500 
Real-Time PCR System (Applied Biosystems. USA) 
using the SYBR premix Ex TaqIIkit (TaKaRa, China) 
measured by using the  2−ΔΔCt method. GAPDH was the 
endogenous control for ZFAS1, ROCK1, and U6 was 
the endogenous control of miR-588. The primers uti-
lized in this experiment were gotten from GenePharma 
(Shanghai, China).

Cell viability analysis
The cell viability assay was performed with CCK-8 
in accordance with the manufacturer’s instructions 
(Dojindo, Japan). Briefly, approximately 5 ×  103 cells 
were seeded in 96-well plates, 10 µL CCK-8 solution 
(Solarbio, Beijing China) was added and incubated for 
2 h at 37 °C. subsequently, the Microplate Reader (Bio-
Rad) was employed to estimate the optical density at 
450 nm.

Enzyme‑linked immunosorbent assay (ELISA)
After 48 h of culture, the cell culture supernatants were 
obtained to evaluate the levels of inflammation-related 
factors TNF-α, IL-1β, and -6 using the ELISA kit (R&D 
Systems, USA) and the Microplate Reader (Bio-Rad) at 
450 nm.

Western blot assay
Protein extraction was done with RIPA buffer (Bey-
otime. China). The concentration was evaluated, 
denatured, and separated by SDS-PAGE. It was then 
transferred to PVDF membranes (Beyotime) and 
blocked with milk (5%) for 2 h before incubation over-
night at 4  °C with primary antibodies (1:1000) against 
Fibronectin (FN), Collagen type IV, and ROCK1 and 
GAPDH. After, the membranes were incubated with 
HRP-conjugated secondary antibody (1:1000) for 1  h. 
The proteins were visualized with BeyoECL Moon 
(Beyotime, China).

Luciferase reporter assay
Luciferase reporter assay was performed in HGMC 
cells. First, ZFAS1 and ROCK1 fragments with (Wild 
type-WT) or without (Mutant type-MUT) the pre-
dicted miR-588 binding sites were introduced into pGl3 
plasmids (Promega, USA). Next, for 48 h, co-transfec-
tion of the recombinant vectors, miR-588, and miR-NC 

into HGMC cells using Lipofectamine 2000 (Invitrogen. 
USA) was performed, and Dual-Luciferase Reporter 
Assay System (Promega) was employed to analyze the 
resulting Luciferase activity.

RNA Immunoprecipitation (RIP) and RNA pull‑down assay
Detection of RIP was finished with Magna RIP RNA 
Binding Protein Immunoprecipitation Kit (Millipore, 
USA). ZFAS1 and miR-588 nucleotide sequence were 
used to treat HMGC cells which were later lysed with 
RIP lysis buffer comprising the protease inhibitors. Sub-
sequently, overnight, the addition of IgG and Ago2 anti-
body (Abcam) to the cell lysates was performed at 4  °C. 
Then, immunoprecipitated RNAs were acquired. The 
evaluation of levels of ZFAS1 and miR-588 was done 
with qRT-PCR analysis. Transfection of HGMC cells with 
biotin-labeled Bio-miR-NC and Bio-miR-588 (WT and 
MUT) was also performed. After 48  h of transfection, 
cells were removed, and the collection of bound RNA 
was done with Pierce™ Magnetic RNA Pull-Down Kit 
(Thermo Fisher Scientific) in accordance with the guide. 
Lastly, ZFAS1 enrichment in the biotin-coupled miRNAs 
needed to be measured with qRT-PCR.

Statistical analysis
All experiments were performed in triplicate. Data 
were analyzed with GraphPad Prism 6.0 (CA, USA) and 
expressed as the mean ± standard deviation. For com-
parisons, the Student’s t-test was employed and ANOVA 
together with Turkey’s test. The Spearman rank correla-
tion coefficient was performed to identify the correlation 
between miR-588 and ZFAS1 expression. p-values < 0.05 
were taken to be significant statistically.

Results
ZFAS1 is highly expressed in DN blood samples 
and HG‑induced HGMC
At the initial stage of this study, blood samples were col-
lected from 20 diabetics nephropathy patients and 20 
normal healthy people. After, qRT-PCR was used to 
determine the ZFAS1 differential expression between 
the two groups. The result revealed that ZFAS1 is highly 
upregulated in DN patients compared to the normal peo-
ple’s sample and might be involved in the genesis of DN 
(p < 0.001, Fig.  1A). Furthermore, a DN cell model was 
built by inducing HGMC with high (25 mM) glucose 
concentration while the normal control cell group was 
induced with 5.5 mM of glucose. QRT-PCR analysis of 
ZFAS1 expression in the glucose-induced cells showed 
that ZFAS1 is significantly expressed in the high-glucose-
induced (HG) cell than the normal group (p < 0.001, 
Fig. 1B).
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ZFAS1 regulates HG‑induced proliferation, oxidative stress, 
fibrosis, and inflammation in mesangial cells
Further, glucose-induced cells were transfected with 
si-NC and si-ZFAS1 to examine the biological func-
tion of ZFAS1 in the DN. As showed in Fig. 2A the rela-
tive expression of ZFAS1 was significantly inhibited in 
the HG-induced cell, after knockdown with si-ZFAS1, 
compared to the negative control group (HG si-NC) 
(p < 0.001). Moreover, silencing ZFAS1 significantly 
reduced the viability of the HG-treated cell in a time-
dependent manner opposed to the negative control 
group (HG si-NC) (p < 0.01, Fig. 2B). We reviewed the 
level of oxidative stress induced in the HG-treated cell, 
after silencing ZFAS1, by measuring the expression 
of respective oxidative stress-related markers includ-
ing ROS, MDA, and SOD. Our results revealed that 
the level of ROS (as measured by DCF fluorescence) 
and MDA in the HG-treated cell were significantly 
reduced relative to the HG-si-NC (control) group, after 
silencing ZFAS1, while the SOD activity significantly 
increased (p < 0.001, Fig.  2C). Furthermore, western 
blot analysis was performed to detect the expression 
of the fibrogenesis-associated protein in HG-induced 
HGMC cells, after ZFAS1 knockdown. We found that 
the protein expression level of fibronectin and col-
lagen type IV was significantly inhibited in the HG si-
ZFAS relative to the control HG si-NC group (p < 0.001, 
Fig. 2D). Additionally, we measured the level of inflam-
matory cytokines IL-6, IL-1β, and TNF-α produced 
by the cells after HG induction and ZFAS knockdown 
through ELISA. The result shows that the induction of 
HGMC with HG consequently upregulated the level 
of inflammatory cytokines produced by the cell when 
compared to the normal HGMC group while silencing 
ZFAS1 significantly inhibited this (p < 0.001, Fig. 2E).

ZFAS1 endogenously targets the miR‑588 sequence
Using the lncbase database, we predicted that the ZFAS1 
targets miR-588 seed region sequences (Fig.  3A). This 
was further confirmed through a dual-luciferase reporter 
assay which showed that miR-588 mimics significantly 
reduced the luciferase activity of HGMC that were co-
transfected with the ZFAS1 wild type (WT) reporter 
plasmid compared to the control group (miR-NC) but 
had no inhibitory effect on the luciferase activity of the 
cell after mutating the predicted binding site of miR-
588 in the ZFAS1 mutant type (Mut) plasmid vector 
(p < 0.001, Fig.  3A). Furthermore, through biocatalyst 
RNA pull-down assay, we confirmed that biotin-coupled 
probes with wild type (WT) miR-588 sequence could 
pull-down more ZFAS1 than the one with the mutated 
miR-588 sequence (MUT) (p < 0.001, Fig.  3B). We also 
found that more ZFAS1 and miR-588 were significantly 
enriched in immunoprecipitated Ago2-containing com-
plexes compared to the IgG group, validating the ZFAS1-
miR-588 ability to bind through the RISC complex (p < 
0.001, Fig. 3C).

MiR‑588 regulates HG‑induced proliferation, oxidative 
stress, fibrosis, and inflammation in mesangial cells
The expression level of miR-588 in DN blood samples 
was subsequently measured in this study through qRT-
PCR. The result shows that miR-588 is significantly 
downregulated in DN samples relative to the normal ones 
and was inversely related to ZFAS1 expression (p < 0.001, 
Fig. 4A; and p < 0.0001, Fig. 4B). The further consequence 
shows that miR-588 expression is significantly repressed 
in HGMC after HG-induction (p< 0.001, Fig. 4C). On the 
other hand, we found that the overexpression of miR-588 
in HG-induced HGMC significantly reduced the cell via-
bility compared to miR-NC and also the fibronectin and 
collagen type IV protein expression (p < 0.01, Fig.  4D; 
and p< 0.001, Fig.  4E). Moreover, miR-588 upregulation 
markedly reversed the HG-induced upregulation of ROS 
and MDA, and downregulation of SOD, in the HG miR-
NC treatment group (p< 0.001, Fig.  4F). Similarly, the 
overexpression of miR-588 significantly reduced the level 
of inflammatory cytokines secreted after HG-induction 
(p< 0.001, Fig. 4G).

ROCK1 mRNA was a direct target of miR‑588
We also predicted the presence of miR-588 binding 
sites in the 3’UTR region of ROCK using Target scan 
software and performed dual-luciferase reporter gene 
experiments in HGMC cells to confirm the predic-
tion result (Fig.  5A). Results show that miR-588 could 

Fig. 1 The expression of ZFAS1 in DN blood samples and 
HG-induced HGMC(A and B) ZFAS1 is highly upregulated DN samples 
and HG-induced HGMC compared to the normal healthy or control 
group
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significantly inhibit the luciferase activity of the HGMC 
group that was co-transfected with the wild type 
(WT) ROCK reporter plasmid, compared to the miR-
NC, while it had no notable inhibiting effect on the 
luciferase activity of the cells co-transfected with the 
mutant type (MUT) ROCK reporter plasmid (p < 0.001, 
Fig. 5A). Furthermore, through qRT-PCR and Western 

blotting analysis, we observed that inhibiting miR-
588 expression in the HGMC markedly upregulated 
the mRNA and protein expression level of ROCK 
compared to the negative control group (NC inhibi-
tor), while the overexpression of miR-588 significantly 
reduced the ROCK expression (p < 0.001, Fig. 5B). Simi-
larly, inhibiting miR-588 in the HGMC cell restored 

Fig. 2 The lncRNA ZFAS1 regulates HG-induced proliferation, oxidative stress, fibrosis, and inflammation in mesangial cellsA ZFAS1 expression was 
significantly inhibited in the HG-induced cell, after silencing ZFAS1. Silencing ZFAS1 significantly inhibited the proliferation of the HG-induced cell 
compared to the negative control group (B). Oxidative stress induced after ZFAS1 knockdown in HG-treated HGMC. The level of ROS and MDA 
were significantly reduced in the HG-treated cell relative to the HG-si-NC group while the SOD activity significantly increased (C). The western blot 
analysis result showed that the protein expression level of fibronectin and collagen type IV was significantly inhibited in the HG si-ZFAS relative to 
the control HG si-NC group (D). The level of inflammatory cytokines IL-6, IL-1β, and TNF-α, produced by HG-induced cells after ZFAS1 knockdown. 
The inflammatory cytokines were significantly downregulated after ZFAS1 knockdown (E). All the experimental data are shown as mean ± SD of 
three independent experiments and the significance level was defined as p < 0.05 (**p < 0.01 and *** p < 0.001 vs. normal group; #p < 0.05, ##p < 
0.01, and ###p < 0.001 vs. HG-si-NC group)
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si-ZFAS1-downregulated expression of ROCK1 mRNA 
and protein (p< 0.001, Fig. 5C).

ZFAS1 inhibits HG‑induced proliferation, oxidative 
stress, fibrosis, and inflammation in mesangial cells 
via the miR‑588/ROCK1 axis
To confirm if ZFAS1 can inhibit the proliferation, oxida-
tive stress, fibrosis, and inflammation of mesangial cells 
through the miR-588/ROCK1 axis, the HG-induced 
HGMC was co-transfected with ROCK1 overexpres-
sion plasmid. As showed in Fig. 6A the ROCK1 protein 
expression was significantly upregulated in the HGMC 
after transfection with pcDNA-ROCK1, confirming the 
efficacy of the ROCK1 overexpression plasmid used for 
the experiment (p < 0.001). Our functional analysis exper-
iment result showed that the overexpression of ROCK1 
restored HG-induced cell viability that was diminished 
by the depleted ZFAS1 (p < 0.01, Fig.  6B). Consistently, 
the inhibition of miR-588 or overexpression of ROCK1 
partly restored the depleted level of ROS and MDA and 
repressed the SOD activity that was increased by ZFAS1 

knockdown (p < 0.001, Fig. 6C). Subsequent assessment 
of HG-induced cell fibrosis revealed that miR-588 inhibi-
tor or overexpressed ROCK1 recovered the downregu-
lated fibronectin and collagen type IV protein expression 
that was induced by silencing ZFAS1 in the cell, suggest-
ing that the inhibition of miR-588 or the overexpression 
ROCK1 could increase cell fibrosis in DN (p < 0.001, 
Fig.  6D). Also, the depleted level of IL-6, IL-1β, and 
TNF-α after knocking down ZFAS1 in the HG-induced 
cell was also recovered by miR-588 inhibition or ROCK1 
overexpression (**p < 0.01  ***p < 0.001, Fig.  6E). Alto-
gether, these data suggest that ZFAS1 inhibits the pro-
liferation, oxidative stress, fibrosis, and inflammation 
of HG-induced mesangial cells through the miR-588/
ROCK1 axis and its knockdown might be an effective 
therapeutic approach to DN treatment.

Discussion
DN is one of the complex diseases with diverse pathogen-
esis. Despite years of research, its development is not yet 
fully understood. Therefore, in this research, we provided, 

Fig. 3 ZFAS1 endogenously targets the miR-588 sequence. Bioinformatics prediction of target miRNA. Lncbase predicted that the ZFAS1 targets 
miR-588 seed region sequences. Dual-luciferase reporter assay experiment. MiR-588 mimics significantly reduced the luciferase activity of HGMC 
co-transfected with the ZFAS1 wild type (WT) reporter plasmid but had no inhibitory effect on that of ZFAS1 mutant type (Mut) plasmid (A). 
Biotinylated RNA pull-down assay. Biotin-coupled probes with wild type (WT) miR-588 sequence pull-down more ZFAS1 than those with the 
mutated miR-588 sequence (MUT) (B). RIP-qRT-PCR analysis. More ZFAS1 and miR-588 were significantly enriched in the immunoprecipitated 
Ago2-containing complexes compared to the IgG group (C). Experiments were carried out in triplicates and p < 0.05 was chosen as the significance 
level (*** p < 0.001 and ###p < 0.001)
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Fig. 4 MiR-588 regulates HG-induced proliferation, oxidative stress, fibrosis, and inflammation in mesangial cells. The expression level of miR-588 
in DN and HG-induced HGMC was significantly downregulated compared to the healthy or control group and was inversely related to ZFAS1 
expression (A–C). CCK-assay and western blot analysis revealed the overexpression of miR-588 in HG-induced HGMC significantly reduced the cell 
viability, and the fibronectin and collagen type IV protein expression level, compared to the negative control group (D and E). overexpression of 
miR-588 markedly reversed the HG-induced upregulation of ROS and MDA, and downregulation of SOD, in the HG miR-NC treatment group (F). The 
overexpression of miR-588 significantly reduced the level of the HG-induced inflammatory cytokines secreted (G). Significance level was defined as 
p< 0.05 (**p < 0.01 and *** p< 0.001 vs. normal group; ##p< 0.01, and ###p< 0.001 vs. HG-si-NC group)
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Fig. 5 ROCK1 mRNA was a direct target of miR-588. Targetscan prediction of miR-588 target mRNA. Dual-luciferase reporter experiments. MiR-588 
could significantly inhibit the luciferase activity of the HGMC co-transfected with the wild type (WT) ROCK reporter plasmid but had no inhibiting 
effect on that of the mutant type (MUT) ROCK group (A). QRT-PCR and Western blot analysis. Inhibiting miR-588 markedly upregulated the mRNA 
and protein expression level of ROCK in the HGMC compared to the negative control group while the overexpression of miR-588 reversed this (B). 
Inhibiting miR-588 restored si-ZFAS1-downregulated expression of ROCK1 mRNA and protein in the HGMC cell (C). (*** p < 0.001 ###p < 0.001)

(See figure on next page.)
Fig. 6 ZFAS1 inhibits HG-induced proliferation, oxidative stress, fibrosis, and inflammation in mesangial cells via the miR-588/ROCK1 axis. 
Transfecting pcDNA-ROCK1 overexpression plasmid into HGMC significantly upregulated ROCK1 expression (A). The overexpression of ROCK1 
restored HG-induced cell viability that was reduced by the depleted ZFAS1 (B). MiR-588 inhibition or overexpression of ROCK1 partly restored the 
depleted level of ROS and MDA and repressed the SOD activity that was increased by ZFAS1 knockdown (C). MiR-588 inhibitor or overexpressed 
ROCK1 also recovered the downregulated fibronectin and collagen type IV protein expression that was induced by ZFAS1 knockdown in the HGMC 
(D). The depleted level of IL-6, IL-1β, and TNF-α after ZFAS1 knockdown in the HG-induced cell was also recovered by miR-588 inhibition or ROCK1 
overexpression (E). Significance level was set at p < 0.05 (**p < 0.01, *** p < 0.001; ###p < 0.001)
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Fig. 6 (See legend on previous page.)
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for the first time, evidence that the ZFAS1 regulates the 
proliferation, oxidative stress, fibrosis, and inflamma-
tion of HG-induced DN through the miR-588/ROCK1 
axis. Numerous studies have shown that the ncRNAs are 
involved in the progression of DN and might be useful 
therapeutic targets for DN treatment [19]. For instance, 
the circRNA_010383 has been reportedly shown to pro-
mote proteinuria and cause the exacerbation of renal 
fibrosis in DN by sponging the miRNA-135a [10], while 
the lncRNA NR_038323 acts as a tumor suppressor in 
DN and suppresses renal fibrosis by endogenously tar-
geting the miR-324-3p/DUSP1 axis [20]. Specifically, the 
overexpression of ZFAS1 has been shown to promote 
the proliferative, invasive, and metastatic ability of pros-
tate cancer cells by regulating miR-135a-5p expression 
[21]. Exosomal ZFAS1 has also been declared to regulate 
the proliferation, invasion, migration, and apoptosis of 
esophageal squamous cell carcinoma by regulating the 
miRNA-124/STAT3 axis [22]. However, its role in DN 
has not been reported. In our study, ZFAS1 was found 
to be significantly upregulated in DN blood samples, and 
also in HG-induced cells, which suggest that the ZFAS1 
could serve as an effective biomarker or potential thera-
peutic target for treating DN.

Furthermore, functional study result shows that ZFAS1 
knockdown significantly inhibited the HG-induced HGMC 
proliferation and also aggravated its oxidative stress as indi-
cated by the decline in the ROS and MDA level, and also 
the significant increase in SOD activity. Accumulating 
report shows that the excessive proliferation of HGMC is 
a critical characteristic of DN [23]. Besides, HG-induced 
oxidative stress injury in HGMC has been recognized as a 
major contributor to the pathogenesis and development of 
DN [24, 25]. In line with previous studies [26, 27], we found 
that the level of accumulated extracellular matrix (ECM) 
protein-fibronectin and collagen type IV, and inflammatory 
cytokines produced after ZFAS1 knockdown was mark-
edly reduced, further suggesting a therapeutic potential of 
ZFAS1. To understand the ZFAS1 molecular mechanism 
of regulation in DN, target miRNA and mRNA were pre-
dicted and validated through a dual-luciferase reporter 
assay. The result showed that ZFAS1 endogenously sponges 
miR-588 through a regulatory ceRNA network, while 
miR-588 functions in the post-transcription inhibition of 
ROCK1 mRNA. The miR-588 acts as an anti-oncogene in 
lung squamous cell carcinoma by targeting the progranu-
lin mRNA, inhibiting the migration and invasion of the cell 
[28]. Its downregulation has also been reported to promote 
gastric cancer cell progression [29]. On the other hand, 
ROCK1 has also been declared to play an important role 
in DN [30, 31]. Its inhibition has has been demonstrated 

mainly block endothelial-to-mesenchymal transition, 
reduce glomerular endothelial permeability, and albu-
minuria in DN [30]. The inhibition of the RhoA/ROCK1 
pathway by 3-Hydroxy-3-methylglutaryl CoA reductase 
inhibitor has also been reported to block the HG-induced 
dysregulation of occludin and ZO-1 and could prevent the 
onset of albuminuria during the early stage of DN [32]. 
Moreover, our rescue experiment confirmed that miR-588 
inhibition and the overexpression of ROCK1 could par-
tially reverse the protective effect of ZFAS1 knockdown 
on the HG-induced proliferation, oxidative stress, fibrosis, 
and inflammation in HGMC. In summary, in this study, we 
focused on the ZFAS1 regulatory role and mechanism in 
the progression of DN and found that ZFAS1 regulates the 
proliferation, oxidative stress, fibrosis, and inflammation of 
HG-induced DN by downregulating miR-588 expression 
and upregulating ROCK1 mRNA and protein expression. 
ZFAS1 could be a potential diagnostic and prognostic tar-
get for DN and also a therapeutic target for its treatment.

Conclusions
The lncRNA ZFAS1 regulates the proliferation, oxidative 
stress, fibrosis, and inflammation of high glucose-induced 
diabetic nephropathy through the miR-588/ROCK1 axis. 
The ZFAS1 might be a novel biomarker for the early diag-
nosis, treatment, and prognosis of diabetic nephropathy in 
patients.
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