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ABSTRACT ARTICLE HISTORY
Hypertension is a severe public health problem that induces cardiac injury with alterations of Received 25 October 2021
gene expressions. The current study sought to evaluate the mechanism of microRNA(miR)-135a-5p Revised 28 December 2021
in NOD-like receptor family pyrin domain containing 3 (NLRP3) inflammasome-mediation of  Accepted 29 December 2021
cardiac inflammation and hypertensive cardiac fibrosis. Firstly, hypertensive mouse models were KEYWORDS

established using angiotensin Il (Ang Il), followed by miR-135a-5p agomir treatment. Hypertension; cardiac
Subsequently, mouse blood pressure and basic cardiac function indexes, histopathological fibrosis; miR-135a-5p; TXNIP;
changes, and cardiac fibrosis were all determined, in addition to detection of factors related to NLRP3; cardiac inflammation;
inflammation and fibrosis. Additionally, mice cardiac fibroblasts (CFs) were isolated and treated proinflammatory factor;
with Ang II. The binding relationship of miR-135a-5p and thioredoxin-interacting protein (TXNIP) protein-protein interaction
was predicted and testified, while the interaction of TXNIP and NLRP3 was detected by means of

a co-immunoprecipitation assay. It was found that miR-135a-5p was poorly-expressed in Ang IlI-

treated mice and further exerted cardioprotective effects against hypertensive heart diseases.

Moreover, over-expression of miR-135a-5p resulted in inhibition of inflammatory infiltration and

almost eliminated cardiac fibrosis, as evidenced by decreased Collagen (COL)-I, COL-Ill, a-smooth

muscle actin, NLRP3, tumor necrosis factor-a, and interleukin-6. Mechanically, miR-135a-5p inhib-

ited TXNIP expression to block the binding of TXNIP and NLRP3. On the other hand, TXNIP up-

regulation reversed the protective role of miR-135a-5p over-expression in CFs. Collectively, our

findings indicated that miR-135a-5p over-expression inhibited TXNIP expression to block the

binding of TXNIP and NLRP3, thereby alleviating hypertensive cardiac inflammation and fibrosis.
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Introduction

Hypertension poses a major risk factor for
a myriad of heart diseases, including left-sided
heart disease and valvular heart disease, ultimately
leading to heart failure and decreased quality of
life [1-3]. Increased blood pressure brings about
enhanced muscle mass of the left ventricle (LV)
and promotes extracellular matrix (ECM) remo-
deling and tissue stiffness, consequently precipitat-
ing cardiac fibrosis [4]. Inherently, cardiac fibrosis
is defined as the collagenous scar tissue produced
by the deposition of extracellular matrix proteins,
and further serves as a common pathological pro-
cess of cardiac diseases [5,6]. Besides, hypertension
can also trigger numerous chronic inflammatory
responses, contributing to the exacerbation of car-
diac fibrosis [7]. Meanwhile, there is a lack of
effective therapeutic targets in the treatment of
cardiac fibrosis due to dose limit and toxicity [8].
In lieu of the same, it would be prudent to address
the alleviation of hypertension-induced cardiac
inflammation and fibrosis in the form of the dis-
covery of novel targets.

NOD-like receptor family pyrin domain con-
taining 3 (NLRP3) represents a multiprotein oligo-
mer primarily enriched in activated immune and
inflammatory cells [9]. Interestingly, the NLRP3
inflammasome is capable of mediating the produc-
tion of apoptosis and inflammation-related pro-
teins to participate in hypertension-induced end-
organ damage [10,11] Moreover, NLRP3 is attrib-
uted to the inflammatory response in fibrosis of
numerous organs, including the liver, kidney, lung,
and heart [12-15]. More importantly, there is evi-
dence to suggest that the NLRP3 inflammasome
contributes to tissue scarring and cardiovascular
healing via overproduction of interleukin (IL)-1f
and IL-18 during cardiac fibrosis [12]. Therefore,
inhibition of NLRP3 inflammasome could prove
a potentially effectivestrategy for the treatment of
hypertensive cardiac fibrosis.

MicroRNAs (miRNAs), a type of short RNAs
with 18 to 25 nucleotides, are involved in the
alteration of cardiac functions, such as miR-145-
5p, miR-337-5p, miR-122-5p [16-18]. One such
miRNA, namely miR-135a, is known to play
a protective role in the life-cycle of cardiomyocytes
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and exerts cardioprotective both in cardiac injury
and ischemia-reperfusion injury [19-21]. What’s
more, prior studies have detected down-
regulation of miR-135a wupon isoproterenol-
induced cardiac fibrosis, and further suggested
miR-135a confer a therapeutic role in cardiac
fibrosis treatment [22,23]. Interestingly, miR-
135a-5p possesses the ability to negatively modu-
late the expression of NLRP3 via suppression of
thioredoxin-interacting protein (TXNIP) [24].
TXNIP, an intracellular inhibitor of the thiore-
doxin system, is known to participate in the
impairment of glucose homeostasis and the etiol-
ogy of cardiovascular dysfunction, including
hypertension [25]. Meanwhile, the inactivation of
TXNIP also exerts a restrictive effect on angioten-
sin IT (Ang II)-induced cardiac fibrosis and hyper-
trophy [26]. Nevertheless, the crosstalk of miR-
135a-5p and NLRP3 inflammasome/TXNIP in car-
diac fibrosis has not been discussed before and
requires further exploration.

Based on the aforementioned data and findings,
we hypothesize that miR-135a-5p might regulate
NLRP3 inflammasome-mediated cardiac inflam-
mation to alleviate cardiac fibrosis via modulation
of the TXNIP expression. In order to validate our
hypothesis, we established hypertensive mouse and
cell models by means of Ang II treatment to
explore the role of miR-135a-5p and its down-
stream mechanism in AD. In this manner, the
current study set out to analyze the functional
mechanism of miR-135a-5p in cardiac inflamma-
tion, in an effort to provide a novel theoretical
basis for cardiac fibrosis treatment.

Methods and material
Animal grouping

A total of 24 C57BL/6 male mice (aged 8 weeks)
(HUAFUKANG Bioscience Co., Beijing, China)
were procured and raised in a constant tempera-
ture and humidity environment (temperature:
20 £ 1°C; humidity: 60 + 10%; light cycle: 12 h),
with ad libitum access to food and water. The mice
were randomly allocated into the following 4
groups: the sham group, the Ang II group, the
Ang II+agomir NC group, and the Ang II+miR-
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135a-5p agomir group. All animal experimentation
in the current study conformed to the Guidelines
for The Care and Use of Laboratory Animals pub-
lished by the National Institutes of Health (NIH)
[27], and was approved by the Animal Ethics
Committee of the 8th Medical Center of General
Hospital of PLA. Extensive efforts were made to
minimize the number and suffering of the
included animals.

Treatment of Ang Il and intramyocardial
injection of miR-135a-5p agomir

To induce hypertension, the C57BL/6 ] male mice
were infused with Ang II using ALZET osmotic
pumps (model 1007D; Cupertino, CA, USA) (at
a dosage of 1.5 mg/kg/day) as described in pre-
vious research [28]. Prior to Ang II treatment, the
mouse chest was dissected on the fourth rib.
Subsequently, the mice were intramyocardially
injected with agomir NC and miR-135a-5p agomir
(50 uL, 300 nmol/kg) (Guangzhou RiboBio Co.,
Ltd, Guangzhou, Guangdong China) [29].
Simultaneously, mice in the sham group were
treated with the same amounts of normal saline
as the control.

Blood pressure and cardiac functions

Blood pressure and cardiac function indices were
assessed after 2 weeks of Ang II treatment. Blood
pressure readings [systolic blood pressure (SBP),
diastolic blood pressure (DBP)] were obtained
using a noninvasive tail-cuff blood pressure system
(Muromachi Kikai Co, Ltd, MK-2000ST NP-NIBP
Monitor, Tokyo, Japan). Mean arterial pressure
(MAP) was calculated using the following formula:
MAP = (SBP+2x DBP)/3 [30].

Thereafter, the mice were lightly anesthetized
with an intravenous injection of ketamine
(50 mg/kg) and xylazine (50 mg/kg).
Subsequently, LV functions were assessed by
means of two-dimensional echocardiography
using a Vevo770 high-resolution ultrasound ima-
ging system (VisualSonics, Toronto, ON, Canada)
equipped with an RMV 707B scan head (30 MHz)
(VisualSonics). Briefly, the mice were examined on
the left lateral position in the anterior chest wall
and LV functions were analyzed using parasternal

long- and short- axes. Cardiac functions of mice
(body temperature: at 37°C, heart rate: 450 times/
min) were reflected by detection results of left
ventricular ejection fraction (LVEF), left ventricu-
lar fraction shortening (LVFS), and LV mass [31]
based on the manufacturer’s guidelines of Vevo
770 system. Afterward, the mice were sacrificed
with an intraperitoneal injection of ketamine
(1 g/kg) and xylazine (100 mg/kg) to obtain car-
diac tissues for subsequent biochemical and histo-
pathological analyses [28].

Histological staining

Referring to prior research [32], following fixation
with 4% paraformaldehyde and paraftin-
embedding, the cardiac tissues were sliced into
sections (thickness of 5 pm) and cultured with
hematoxylin and eosin solution (H&E, Sigma, St
Louis, MO, USA) and Masson’s trichrome
(Polysciences, Bay Shore, N.Y., USA) for observa-
tion of the myocardial histopathological structure
and myocardial fibrosis.

All cardiac sections were collected and stored
digitally using a Nikon slide scanner. To evaluate
myocardial fibrosis, 20X Massons-Trichrome images
of the entire LV were exported, and the Image-]
software (National Institutes of Health, Bethesda,
MD, USA) was adopted to calculate the collagen
fraction (%) as the ratio of the total fibrosis area
(blue) to the total tissue area. The above-mentioned
experiments were performed by independent techni-
cians who were blinded to mice grouping.

Enzyme-linked immunosorbent assay (ELISA)

Referring to prior research [33], the cardiac tissues
were ground on ice to prepare a homogenate, fol-
lowed by centrifugation at 10,000 g for 10 min to
obtain the supernatant. Subsequently, cardiac
fibroblasts (CFs) from all groups were harvested
and rinsed with phosphate buffer saline (PBS) 3
times. After centrifugation at 1200 g for 5 min, the
CFs were cultured with PBS containing cell lysates
at 4°C for 10 min, followed by another round of
centrifugation at 170,000 g for 5 min to obtain the
supernatant. Afterward, the contents of inflamma-
tory factors [tumor necrosis factor (TNF)-a and
IL-6], Collagen (COL)-I, and COL-III were



measured with the help of ELISA kits (Cusabio
Biotech, Newark, USA).

Isolation and treatment of mouse cardiac
fibroblasts (CFs)

CFs were isolated from the LV of C57/BL6 mice
and characterized with positive expression levels of
vimentin and negative expression levels of desmin
(a smooth muscle marker) and factor VIII (an
endothelial  cell  marker) [34,35]. CFs
(N = 1 x 10”) of the third generation were used
for subsequent experimentation [31]. Next, the
CFs were subjected to transfection with miR-
135a-5p mimic (50 pmol), TXNIP over-
expression plasmid (0.2 uM, oe-TXNIP), and cor-
responding controls (GenePharma, Shanghai,
China) using the Lipofectamine 2000 reagent
(Invitrogen, Carlsbad, CA, USA). After a 24 h
[36] period of transfection, the cells were treated
with 100 nM Angll for 24 h before subsequent
analyses.

Reverse transcription quantitative polymerase
chain reaction (qRT-PCR)

Referring to prior research [37], total RNA content
was extracted from the cells (N = 1 x 107) and tissues
using RNeasy Mini kits (Qiagen, Valencia, CA,
USA), and then reverse-transcribed into the comple-
mentary DNA (cDNA) with reverse transcription
kits (RR047A, Takara, Tokyo, Japan). To detect
miRNA, the miRNA was reverse-transcribed into
cDNA using miRNA First Strand ¢cDNA Synthesis
(Tailing Reaction) kits (B532451-0020, Sangon
Biotech, Shanghai, China). Subsequently, QRT-PCR
was carried out using YBR® Premix Ex Taq™ II
(Perfect Real Time) kits (DRR081, Takara) and real-
time fluorescence quantitative PCR apparatus (ABI
7500, ABI, Foster City, CA, USA). PCR was ampli-
fied with the following two steps: the first step was

Table 1. gPCR primers.
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pre-denaturation at 95°C for 30 s, and the second
step was PCR under 40 thermal cycles (95°C for 5
s and 60°C for 34 s). Each sample was set with 3
duplicate wells. qQPCR primers were provided by
Sangon Biotech (Table 1). Ct value of each well was
recorded with GAPDH or U6 serving as the internal
reference. The relative gene expression was calcu-
lated using the 2722 method [38]. AACt = (mean
Ct value of target genes from the experiment group -
mean Ct value of housekeeping genes from the
experiment group) - (mean Ct value of target
genes from the control group - mean Ct value
from housekeeping genes of the control group).

Western blot assay

Referring to prior research [37], tissues (5 mg) or
cells (1 x 107) were lysed with an enhanced RIPA
lysis solution containing protease inhibitor (Boster
Biological Technology Co. Ltd, Wuhan, China).
Next, the protein concentration was quantified
using bicinchoninic acid (BCA) protein quantifi-
cation Kkits (Boster Biological Technology Co. Ltd).
Subsequently, the proteins were isolated using 10%
sodium dodecyl sulfate polyacrylamide gel electro-
phoresis (SDS-PAGE) and electrically-transferred
onto polyvinylidene fluoride (PVDF) membranes.
Afterward, the membranes were blocked with 5%
bovine serum albumin at room temperature for
2 h to block the nonspecific binding, followed by
incubation with diluted primary anti-rabbit
TXNIP (# 14715S, Cell Signaling Technology,
Danvers, MA, USA), NLRP3 (ab263899, dilution
ratio of 1:1000), and P-actin (ab8227, dilution ratio
of 1:2000) respectively at 4°C overnight. Following
washing, the membranes were cultured with the
secondary horseradish peroxidase-labeled goat
anti-rabbit IgG (ab205718, dilution ratio of
1:2000) at room temperature for 1 h. With the
exception of TXNIP, all the aforementioned anti-
bodies were provided by Abcam (Cambridge, MA,

Gene Forward Primer (5'-3') Reverse Primer (5'-3")
miR-135a-5p AACCCTGCTCGCAGTATTTGAG GCGGCAGTATGGCTTTTTATTCC
TXNIP AGTGATTGGCAGCAGGTC GGTATCTGGGATGTTTAGG

IL-6 TAGTCCTTCCTACCCCAATTTC TTGGTCCTTAGCCACTCCTTC
TNF-a CCTCCCTCTCATCAGTTCTA ACTTGGTGGTTTGCTACGAC

u6 CTCGCTTCGGCAGCACA AACGCTTCACGAATTTGCGT
GAPDH CAGTCACTACTCAGCTGCCA GAGGGTGCTCC GGTAG
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USA). The Western blots were visualized following
the addition of an enhanced chemiluminescence
working solution (EMD Millipore, Billerica, MA,
USA). The gray value of each band in Western blot
images was quantified using the Image Pro Plus
6.0 software (Media Cybernetics, San Diego, CA,
USA), with B-actin serving as the internal refer-
ence. Experiments in each group were performed 3
times to obtain the mean value.

Immunofluorescence

Referring to prior research [30], separated cells
were subjected to immunofluorescent staining
according to the provided instructions. To detect
a-SMA expression pattern in CFs, cells of each
group were seeded into coverslips containing the
medium and cultured in a humidified incubator
with 5% CO, and 95% air at 37°C. After the slides
were covered by cells, the cells fixed in 4% paraf-
ormaldehyde were incubated with anti-rabbit a-
SMA (ab124964, dilution ratio of 1:250, Abcam)
in a humid and dark room at 4°C. Subsequently,
the coverslips were washed with 0.1% Triton-X
and 1x PBS three times with 5 min of each time,
and then incubated with goat anti-mouse IgG
(Alexa Fluor® 488) (ab150077, dilution ratio of 1:
500, Abcam) in a humid and dark room at 4°C for
1 h. Afterward, fluorescence images were obtained
using a fluorescence microscope. The fluorescence
intensity of a-SMA was quantified using the
Image-Pro Plus 6.0 software and expressed as the
relative value.

Dual-luciferase reporter assay

The binding sites of miR-135a-5p and TXNIP were
predicted with the help of the ENCORI: The
Encyclopedia of RNA Interactomes. (sysu.edu.cn)
website [39]. Next, the TXNIP 3'UTR fragments
containing the binding sites of miR-135a-5p
(TXNIP-WT) and TXNIP 3'UTR containing
mutated binding sites of miR-135a-5p (TXNIP-
WT) were cloned into the pMIR-reporter plasmids
(Beijing Huayueyang Biotechnology, Beijing,
China). Subsequently, constructed luciferase
reporter plasmids and mimic NC or miR-135a-5p
mimic were co-transfected into mouse CFs
(Shanghai Beinuo Biotechnology, Shanghai,

China). After 48 h, cells lysates were prepared,
followed by detection of luciferase activity using
assay kits (K801-200, Biovision, Mountain View,
CA, USA).

RNA-binding protein immunoprecipitation (RIP)

Referring to prior research [37], the binding of
miR-135a-5p and TXNIP was detected using RIP
assay kits. Next, cells (N = 1 x 107) from each
group were rinsed with pre-cooled PBS and the
supernatant was discarded. Subsequently, the cells
were ice-bathed with an equal volume of RIPA
lysis solution (P0013B, Beyotime, Shanghai,
China) before centrifugation at 4°C for 10 min to
obtain the supernatant. A portion of cell extracts
was used as the Input and the remaining were co-
precipitated with antibodies. Following sample
digestion with protease K, RNA content was
extracted for subsequent detection of miR-135a-
5p and TXNIP. AGO2 antibody (ab32381, dilution
ratio of 1: 100, Abcam) were mixed for 30 min at
room temperature with anti-rabbit IgG (ab109489,
dilution ratio of 1: 100, Abcam) as the negative
control. Experiments in each group were per-
formed 3 times to obtain the mean value.

Co-immunoprecipitation (Co-IP)

Referring to prior research [40], cells (N =1 x 107)
from each group were lysed with a lysis buffer
(50 mM Tris-HCI (pH 7.4), 150 mM NacCl, 10%
glycerinum, 1 mM ethylene damine tetraacetic
acid, 0.5% NP - 40 and protease inhibitor), and
the cell debris was removed by means of centrifu-
gation. After the concentration of lysis solution
was determined with a BCA reagent, equal
amounts of protein were collected from each
group and supplemented with the same volume
of cell lysis solution. Subsequently, each sample
was incubated with the following antibodies:
TXNIP (# 14715S, dilution ratio of 1:50, Cell
Signaling Technology), NLRP3 (ab263899, dilution
ratio of 1: 30, Abcam), and 15 uL protein A/G
beads (Santa Cruz Biotechnology, Santa Cruz,
CA, USA) for 2 h. After 3 rounds of washing, the
beads were harvested using centrifugation, added
with an equal volume of reducing loading buffer,
and boiled at 100°C for 5 min. Afterward, the



samples were isolated with SDS-PAGE and trans-
ferred onto PVDF membranes (Millipore,
Temecula, CA, USA) for Western blot analysis.

Statistical analysis

SPSS21.0 statistical software (IBM Corp, Armonk,
NY, USA) and GraphPad Prism 9.0 software
(GraphPad Software Inc., San Diego, CA, USA)
were adopted for data statistical analyses and
graphing, respectively. Measurement data were
expressed as mean + standard deviation (SD),
and in line with normal distribution and homo-
geneity of variance. The ¢ test was adopted for
pairwise comparisons, while one-way or two-way
analysis of variance (ANOVA) was utilized for
multi-group comparisons, and Tukey’s multiple
comparisons test was adopted for posttest check-
ing. P value was obtained from two-sided tests.
A value of P < 0.05 was regarded statistically
significant.

Results

The current study set out with the establishment of
hypertensive mouse and in vitro cell models using
treatment of Ang II, and subsequent experimenta-
tion revealed that miR-135a-5p expression levels
were decreased in tissues and cells upon modeling,
whereas miR-135a-5p over-expression alleviated
cardiac fibrosis and inflammation in hypertensive
mice. Mechanically, miR-135a-5p inhibited TXNIP
expression to reduce the binding of TXNIP to
NLRP3, thereby suppressing cardiac fibrosis and
inflammation.

miR-135a-5p over-expression alleviated cardiac
fibrosis of hypertensive mice

Existing evidence suggests that miR-135a is cap-
able of alleviating cardiac fibrosis [20]. However,
its regulatory mechanism on hypertensive cardiac
fibrosis remains elusive. Following the establish-
ment of hypertensive mouse models, miR-135a-5p
expression patterns were detected by means of RT-
qPCR. It was found that miR-135a-5p expression
levels were markedly reduced in cardiac tissues of
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Ang II-induced hypertensive mice (P < 0.05,
Figure 1(a)).

To further explore the function of miR-135a-
5p on cardiac fibrosis, the hypertensive mice
were intramyocardially injected with miR-135a-
5p agomir to over-express miR-135a-5p
(P < 0.05, Figure 1(a)). Subsequently, blood
pressure and basic cardiac function indexes
were detected, which revealed that Ang II mark-
edly increased blood pressure (P < 0.05, Figure 1
(b)), accompanied by reduction in LVEF and
LVFS and an increase in LV mass (P < 0.05,
Figure 1(c)), whereas miR-135a-5p agomir
reversed the aforementioned effects of Ang II
on inhibiting LVEF and LVFS and promoting
LV mass (P < 0.05, Figure 1(c)). Together,
these findings suggested that miR-135a-5p ago-
mir exerts cardioprotective functions in estab-
lished hypertensive heart disease.

To further elucidate the role of miR-135a-5p
agomir in cardiac functions of Ang II-induced
hypertensive mice, we detected the histopathologi-
cal changes of cardiac tissues in much detail. The
results of H&E staining illustrated that compared
with the sham group, the cells were disorderly
arranged, cardiac fibers were obviously fracted, in
addition to increased infiltration of pro-
inflammatory cells in Ang II-treated mice.
Following treatment of miR-135a-5p agomir,
there was a marked reduction in Ang II-induced
inflammatory infiltration (Figure 1(d)).
Meanwhile, Masson staining illustrated that Ang
IT markedly facilitated cardiac fibrosis, whereas
miR-135a-5p agomir almost eliminated the cardiac
fibrosis (P < 0.05, Figure 1(e)). Collectively, these
findings indicated that miR-135a-5p could alleviate
cardiac fibrosis of hypertensive mice and exert
cardioprotective functions.

miR-135a-5p over-expression attenuated
cardiac inflammation of hypertensive mice

As the process of inflammation confers
a significantly stimulating role in hypertensive car-
diac remodeling, blocking the activation of NLRP3
inflammasome could relieve cardiac inflammation
and fibrosis [41]. Herein, the results of Western
blotting showed that Ang II significantly increased
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Figure 1. miR-135a-5p overexpression alleviated cardiac fibrosis of hypertensive mice. At 24 h before establishment of the
hypertensive mouse model, mice were intramyocardially injected with miR-135a-5p agomir. (a): miR-135a-5p expression detected
via RT-qPCR; (b): Blood pressure, including systolic blood pressure (SBP), diastolic blood pressure (DBP) and mean arterial pressure
(MAP); (c): Basic cardiac function indexes; (d): Histopathological changes of cardiac tissues observed via H&E staining; (e): Cardiac
fibrosis observed via Masson staining. N = 6, data were represented as mean + SD. Data in figures A, C and E were analyzed using
one-way ANOVA and data in figure B were analyzed using two-way ANOVA, followed by Tukey’s multiple comparison test. *

P < 0.05.

the NLRP3 expression, whereas miR-135a-5p ago-
mir exerted the opposite role (P < 0.05, Figure 2
(a)). Meanwhile, RT-qPCR and ELISA results
further illustrated that TNF-a and IL-6 levels
were markedly augmented by Ang II while

diminished upon miR-135a-5p agomir (P < 0.05,
Figure 2(b,c)). Together, these findings indicated
that miR-135a-5p over-expression inhibited the
levels of NLRP3 and inflammatory cytokines to
relieve cardiac inflammation and fibrosis.
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Figure 2. miR-135a-5p overexpression attenuated cardiac inflammation of hypertensive mice. a: NLRP3 expression in cardiac tissues
detected via Western blot analysis; b-c: TNF-a and IL-6 levels in cardiac tissues determined via RT-gPCR and ELISA. N = 6, data were
represented as mean + SD. Data in figure A were analyzed using one-way ANOVA and data in figures b-c were analyzed using two-
way ANOVA, followed by Tukey’s multiple comparison test. * P < 0.05.

miR-135a-5p over-expression suppressed Ang
ll-induced inflammation and fibrosis of cardiac
fibroblasts (CFs)

To further validate the role of miR-135a-5p in
hypertensive cardiac fibrosis, we isolated and cul-
tured mouse CFs [31], which were subjected to
treatment with Ang II. Subsequent RT-qPCR
results illustrated that miR-135a-5p expression
levels were markedly decreased as a result of Ang
II treatment (P < 0.05, Figure 3(a)). Afterward,
Ang IlI-treated CFs were transfected with miR-
135a-5p mimic to over-express miR-135a-5p
mimic (P < 0.05, Figure 3(b)). The results of
Western blotting, RT-qPCR, and ELISA, all
revealed that Ang II markedly facilitated the
expressions of NLRP3, TNF-a, and IL-6, while
miR-135a-5p mimic inhibited the promoting role
of Ang II on the release of inflammatory factors
(P < 0.05, Figure 3(c-e)), which highlighted the
ability of miR-135a-5p to suppress Ang II-induced
inflammation of CFs.

Furthermore, we adopted ELISA to detect the
expression patterns of COL-I and COL-III, which
revealed that Ang II promoted the expressions of
COL-I and COL-III, while miR-135a-5p mimic
reversed the aforementioned effects of Ang II
(P < 0.05, Figure 3(f)). Moreover, immunofluores-
cence detection showed that Ang II elevated
a-SMA levels, while miR-135a-5p mimic inhibited
the encouraging role of Ang II on a-SMA
(P < 0.05, Figure 3(g)). Together, the above find-
ings indicated that miR-135a-5p suppressed Ang
II-induced inflammation and alleviated fibrosis
of CFs.

miR-135a-5p negatively-regulated TXNIP

To further explore the downstream mechanism of
miR-135a-5p in hypertension-induced cardiac
fibrosis, TXNIP was predicted to be
a downstream target of miR-135a-5p through the
ENCORI: The Encyclopedia of RNA Interactomes.
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Figure 3. miR-135a-5p overexpression suppressed Ang ll-induced fibrosis and inflammation of CFs. Mouse CFs were treated with
Ang Il and then transfected with miR-135a-5p mimic. a-b: miR-135a-5p expression detected via RT-gqPCR; C: NLRP3 expression
determined via Western blot analysis; d-e: TNF-a and IL-6 levels measured via gRT-PCR and ELISA; f: COL-l1 and COL-IIl expression
determined via ELISA; g: a-SMA level detected via immunofluorescence. Cell experiments were performed 3 times, and data were
represented as mean * SD. Data in figures a-b were analyzed using t test. Data in figures ¢ and g were analyzed using one-way

ANOVA. Data in figures B-C were analyzed using two-way ANOVA,

(sysu.edu.cn) website (Figure 4(a)). Meanwhile,
there is evidence to suggest that TXNIP knock-
down can alleviate Ang II-mediated cardiac fibro-
sis and hypertrophy [26]. Besides, prior studies
have shown that TXNIP can further bind to
NLRP3 to regulate inflammation  [42].
Additionally, we speculated that miR-135a-5p
inhibits TXNIP to affect the binding of TXNIP to

followed by Tukey's multiple comparison test. * P < 0.05.

NLRP3, thus participating in hypertension-
induced cardiac fibrosis and inflammation. miR-
135a-5p was found to bind to TXNIP by means of
dual-luciferase reporter and RIP assay (P < 0.05,
Figure 4(b,c)). Furthermore, TXNIP patterns in
cardiac tissues of different treatment groups were
detected via RT-qPCR and Western blotting. It
was found that TXNIP was up-regulated in cardiac
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tissues of Ang II-induced hypertensive mice, while
inhibited in response to miR-135a-5p agomir
(P < 0.05, Figure 4(d,e)). Besides, cell experimen-
tation revealed that miR-135a-5p mimic could
markedly inhibit Ang II-induced TXNIP up-
regulation (P < 0.05, Figure 4(f-g)). Collectively,
the aforementioned findings indicated that miR-
135a-5p could negatively regulate TXNIP.

miR-135a-5p over-expression reduced the
binding of TXNIP and NLRP3

Furthermore, we adopted a Co-IP assay and found
that there is an interactive binding of TXNIP and
NLRP3 in mouse CFs (Figure 5(a)). Ang II-treated

mouse CFs were transfected with mimic NC or
miR-135a-5p mimic. The results of Co-IP revealed
that the binding between TXNIP and NLRP3 was
reduced upon miR-135a-5p over-expression
(Figure 5(b)). Meanwhile, TXNIP was found to
be over-expressed in mouse CFs via oe-TXNIP
plasmid (P < 0.05, Figure 5(c)). Ang II-treated
mouse CFs were simultaneously transfected with
miR-135a-5p mimic and oe-TXNIP, and subse-
quent experimentation showed that oe-TXNIP
reversed the inhibitory role of miR-135a-5p
mimic in TXNIP (P < 0.05, Figure 5(d,e)) and
facilitated the binding of TXNIP and NLRP3
(Figure 5(f)). Taken all, the aforementioned find-
ings indicated that TXNIP and NLRP3 could bind
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followed by Tukey’s multiple comparison test. * P < 0.05.

to each other, such that miR-135a-5p over-
expression reduced the binding of TXNIP and
NLRP3.

miR-135a-5p over-expression targeted TXNIP to
suppress NLRP3-mediated inflammation and
fibrosis of cardiac fibroblasts (CFs)

Lastly, we testified the crosstalk of miR-135a-5p
and the TXNIP/NLRP3 axis in CFs. Briefly, the
Ang II-treated mouse CFs were simultaneously
transfected with miR-1354-5p mimic and oe-
TXNIP. Subsequent results of Western blotting,
RT-qPCR, and ELISA showed that compared
with the miR-135a-5p mimic + oe-NC group,
NLRP3, TNF-a, and IL-6 expression levels were
all significantly augmented in the miR-135a-5p
mimic + oe-TXNIP group (P < 0.05, Figure 6
(a-¢)). In addition, ELISA also illustrated that
compared with the miR-135a-5p mimic + oe-NC
group, COL-I and COL-III expression levels were
markedly elevated in the miR-135a-5p mimic + oe-

TXNIP group (P < 0.05, Figure 6(d)). Moreover,
immunofluorescence detection showed that com-
pared with the miR-135a-5p mimic + oe-NC
group, a-SMA expression levels were markedly up-
regulated in the miR-135a-5p mimic + oe-TXNIP
group (P < 0.05, Figure 6(e)). Altogether, the
above-mentioned findings indicated that miR-
135a-5p over-expression targeted TXNIP to sup-
press NLRP3-mediated inflammation and fibrosis
of CFs.

Discussion

Hypertension serves as a critical factor in the induc-
tion of cardiac remodeling, further manifested by
inflammation and fibrosis of the myocardium
[43,44]. Interestingly, the hard-done works of our
peers have highlighted the involvement of miRNAs
in the epigenetic regulation of hypertensive heart
diseases [45]. In the current study, we set out to
analyze the functional mechanism of miR-135a-5p
in cardiac inflammation, and the obtained findings
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indicated that over-expression of miR-135a-5p inhi-
bits TXNIP expression to reduce the binding of
TXNIP and NLRP3, thereby alleviating cardiac
inflammation and fibrosis.

Firstly, we established hypertensive mouse mod-
els by means of Ang II induction and uncovered
that miR-135a-5p was markedly decreased in Ang
II-treated mice. Similarly, prior studies have docu-
mented poor expressions of miR-135a upon iso-
proterenol-induced cardiac fibrosis, wherein miR-
135a was indicated to play a therapeutic role in
cardiac fibrosis treatment [22,23]. To further ana-
lyze the role of miR-135a-5p in hypertensive car-
diac  fibrosis, Ang II-treated mice were
intramyocardially injected with miR-135a-5p ago-
mir. Subsequent findings illustrated miR-135a-5p
agomir brought about a reduction in blood pres-
sure and improvements in LVEF and LVES, which
were suggestive of improved cardiac functions of
hypertensive mice. Furthermore, histopathologic
examination illustrated that miR-135a-5p agomir
diminished Ang II-induced inflammatory infiltra-
tion and almost eliminated cardiac fibrosis.
Meanwhile, there is a plethora of evidence to
underscore the cardioprotective effects of miR-
135a-5p. For instance, previous studies have
shown that up-regulation of miR-135a-5p fights
against hypoxia-induced cardiomyocyte injury
[46], wehreas also protects cardiomyocytes from
doxorubicin-induced oxidative stress and apopto-
sis [47]. Altogether, the aforementioned findings
and evidence make it plausible to suggest that
miR-135a-5p exerts cardioprotective functions
and alleviates cardiac fibrosis of hypertensive mice.

Additionally, hypertension is known to contri-
bute to macrophage polarization and inflamma-
tory responses, further precipitating cardiac
remodeling [43]. Meanwhile, existing evidence
suggests that NLRP3 plays a synergistic role with
other pro-inflammatory cytokines, such as TNF-a
and IL-6, thereby contributing to myocardial
injury [48]. It is also noteworthy that activation
of NLRP3 inflammasome plays a critical role in the
initiation of cardiac inflammation and fibrosis
[41]. Herein, our experiments revealed that
NLRP3 was up-regulated by Ang II, while down-
regulated in response to miR-135a-5p agomir. On
a separate note, TNF-a and IL-6 are well-
established inflammatory cytokines, which are

further enriched in CFs upon activation of inflam-
mation [49]. We came across an increase in TNF-a
and IL-6 levels following Ang II treatment,
whereas miR-135a-5p agomir exhibited the oppo-
site  trends, which underscores the anti-
inflammatory phenotype of miR-135a-5p in hyper-
tensive mice. On top of that, we isolated CFs from
mice and treated them with Ang II, followed by
transfection with miR-135a-5p mimic. It was
observed that Ang II facilitated the expressions of
NLRP3, TNF-a, and IL-6, while miR-135a-5p
mimic reversed the aforementioned trends of
inflammatory cytokines. Essentially, cardiac fibro-
sis is generally initiated by collagen deposition,
and is further evidenced by alterations of COL-I,
COL-IIL, and a-SMA [50]. We learned that Ang II
elevated the expressions of COL-I, COL-III, and
a-SMA, and unsurprisingly, miR-135a-5p mimic
reversed these protein changes. In accordance
with our findings, prior studies have illustrated
that miR-135a-5p is druggable with schisandrin
B to block the activation of NLRP3 inflammasome,
consequently mitigating airway inflammation [51];
and miR-135a is also capable of repressing inflam-
mation signaling pathways, a-SMA expression,
and augmented E-cadherin expression to ulti-
mately pulmonary  fibrosis  [52].
Altogether, the aforementioned in vitro and
in vivo findings elucidated that miR-135a-5p atte-
nuated cardiac inflammation and fibrosis in
hypertensive mice and Ang II-treated CFs.
Furthermore, we explored the downstream
mechanism of miR-135a-5p, and the initial results
of online database prediction directed our focus to
TXNIP. In addition, prior research has indicated
that miR-135a-5p possesses the ability to repress
TXNIP to retard the activation of the NLRP3
inflammasome, in so doing attenuating ischemic
brain injury [24]. On the other hand, TXNIP is
capable of binding to NLRP3 to induce nerve cell
injury [53]. Accordingly, we validated the binding
relationship between miR-135a-5p and TXNIP
with the help of dual-luciferase reporter and RIP
assays. Meanwhile, prior studies have identified
that TXNIP is up-regulated in mice with diabetic
cardiomyopathy, such that TXNIP knockdown
averts the stimulating role of Ang II in cardiac
fibrosis [26]. Herein, our findings illustrated that
TXNIP was up-regulated by Ang II in cardiac

relieve



tissues while undergoing down-regulation in
response to miR-135a-5p mimic, which indicated
that miR-135a-5p negatively regulated TXNIP to
antagonize the effects of Ang II. Besides, the
results of Co-IP assay revealed that TXNIP and
NLRP3 could indeed bind to each other, whereas
miR-135a-5p over-expression inhibited the bind-
ing of TXNIP and NLRP3. Additionally, we simul-
taneously transfected Ang II-treated CFs with
miR-135a-5p mimic and oe-TXNIP, and observed
that TXNIP over-expression reversed the inhibi-
tory role of miR-135a-5p mimic in TXNIP and
facilitated the binding of TXNIP and NLRP3.
Moreover, TXNIP over-expression facilitated the
inflammation and fibrosis of CFs, as manifested
by augmented expressions of NLRP3, TNF-a, IL-6,
COL-I, COL-III, and a-SMA. What’s noteworthy
is that the role of TXNIP in inflammation and
tibrosis of CFs is consistent with its role in prox-
imal tubule epithelial cells, hepatocytes, and lung
tibroblasts [15,54,55]. Overall, our findings evi-
denced that miR-135a-5p inhibits TXNIP to sup-
press NLRP3-inflammasomme mediated
inflammation and fibrosis of CFs. To the best of
our knowledge, our study is the first-of-its-kind to
shed a light on the mechanism of miR-135a-5p
targeting TXNIP  to restrict  NLRP3-
inflammasomme activation in CFs.

Conclusion

In summary, findings uncovered in the current
study highlighted the protective role of miR-135a-
5p in NLRP3-mediated cardiac inflammation and
fibrosis through the mechanism wherein miR-
135a-5p inhibited TXNIP to reduce the binding of
TXNIP and NLRP3. However, there are a few lim-
itations to our study. For instance, we failed to
detect miR-135a-5p agomir-mediated cytotoxicity
and which type of cells it affects or investigate the
regulatory role of abnormally low expressions of
miR-135a-5p in hypertensive mice and the function
of miR-135a-5p in hypertension-induced fibrosis of
other organs. In addition, our study was limited in
functional assessment and exploration of other sig-
naling pathways that may be involved in hyperten-
sion-induced fibrosis. Besides, since results from
mice may be different from humans, there is still
a need to validate the transition of obtained findings
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into clinical application. Meanwhile, the NLRP3
inflammasome consists of Caspasel, ASC, IL-1b,
etc., whereas the protein levels of Caspasel, ASC,
and other proteins are implicated in specific inflam-
matory cell death modes, such as pyroptosis, which
is a deeper regulatory mechanism and also the
future direction of our study. In that light, we were
unable to perform any detection of the expression
patterns of Caspasel, ASC, and IL-1b in the current
study. In the future, we will perform more func-
tional assessment and interference of miR-135a-5p
down-regulation, explore other signaling pathways
that affect cardiac fibrosis, and evaluate the role of
miR-135a-5p in  hypertension-induced organ
damage and further validate the role of miR-135a-
5p in human-derived CFs.
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