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MiR‑196a‑5p hinders vascular 
smooth muscle cell proliferation 
and vascular remodeling 
via repressing BACH1 expression
Ying Tong 1,2,3, Dan‑Dan Wang 1,3, Yan‑Li Zhang 1, Shuai He 1, Dan Chen 1, Ya‑Xian Wu 1 & 
Qing‑Feng Pang 1*

Hyperproliferation of vascular smooth muscle cells (VSMCs) is a driver of hypertensive vascular 
remodeling. This study aimed to uncover the mechanism of BTB and CNC homology 1 (BACH1) 
and microRNAs (miRNAs) in VSMC growth and hypertensive vascular remodeling. With the help of 
TargetScan, miRWalk, miRDB, and miRTarBase online database, we identified that BACH1 might 
be targeted by miR‑196a‑5p, and overexpressed in VSMCs and aortic tissues from spontaneously 
hypertensive rats (SHRs). Gain‑ and loss‑of‑function experiments demonstrated that miR‑196a‑5p 
suppressed VSMC proliferation, oxidative stress and hypertensive vascular remodeling. Double 
luciferase reporter gene assay and functional verification showed that miR‑196a‑5p cracked down 
the transcription and translation of BACH1 in both Wistar Kyoto rats (WKYs) and SHRs. Silencing 
BACH1 mimicked the actions of miR‑196a‑5p overexpression on attenuating the proliferation and 
oxidative damage of VSMCs derived from SHRs. Importantly, miR‑196a‑5p overexpression and BACH1 
knockdown cooperatively inhibited VSMC proliferation and oxidative stress in SHRs. Furthermore, 
miR‑196a‑5p, if knocked down in SHRs, aggravated hypertension, upregulated BACH1 and promoted 
VSMC proliferation, all contributing to vascular remodeling. Taken together, targeting miR‑196a‑5p to 
downregulate BACH1 may be a promising strategy for retarding VSMC proliferation and hypertensive 
vascular remodeling.
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Hypertension, a multifactorial disease, precedes multiple cardiovascular  disorders1–4. Vascular remodeling, a 
pathological benchmark of several cardiovascular  ailments5, mainly manifest hyperproliferation of vascular 
smooth muscle cells (VSMCs), particularly in hypertension and  atherosclerosis6,7. Thus, VSMCs have long been 
recognized as a target in the prevention and treatment of hypertension.

Noncoding RNAs, such as microRNA (miRNAs), are highly expressed in VSMCs exerting specific roles in 
VSMC phenotype switching, proliferation and migration, all of which are critical characteristics of hypertensive 
vascular  remodeling8. miRNAs can induce translation repression or mRNA degradation by binding to the 
3′-untranslated regions (3′-UTRs) of a target mRNA  sequence9. The potentiality of miRNAs in countering 
hypertensive and cardiovascular remodeling has been extensively studied in patient cohorts and animal  models10. 
New effective miRNA-based strategies in the diagnosis, prevention and treatment of hypertensive vascular 
remodeling are needed.

BTB and CNC homology 1 (BACH1), a stress-responsive transcriptional factor, can suppress the activity of 
cytoprotective  factors11. For example, BACH1 deletion can activate myocardial expression of heme-oxygenase 
(HO)-1, reduce myocardial cell death in mice with ischemia/reperfusion injury, and alleviate cardiovascular 
oxidative  damage11. Depletion of BACH1 protects the heart from pressure overload in  mice11. VSMC-specific loss 
of BACH1 inhibits the transformation and proliferation of VSMCs, highlighting a crucial role of BACH1 in VSMC 
phenotypic transition and vascular  homeostasis12. BACH1 deletion or knockdown attenuates atherosclerosis by 
suppressing endothelial cell  inflammation13,14. BACH1 expression was upregulated in small arteries and VSMCs 
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from spontaneously hypertensive rats (SHRs)15. Likewise, the expression of cytoprotective HO-1 diminishes 
in aged hypertensive mice, whereas its putative regulator BACH1 is  upregulated16. These findings suggest a 
fundamental role of BACH1 in hypertensive vascular remodeling. However, this role and associated mechanisms 
remain to be fully elucidated. Here, we screened miRNAs that regulate BACH1, and explored the performance 
of miR-196a-5p/BACH1 axis in hypertensive vascular remodeling.

Results
Identification of miRNA targeting BACH1
BACH1, a well-known oxidative stress-responsive transcription factor, is related to oxidative damage of 
cardiovascular  syste11,17,18, and is critically linked to cardiovascular disorders, including  hypertension12. 
Potential miRNAs that regulated BACH1 were explored using TargetScan, miRWalk, miRTarBase, and miRDB 
databases. Overall, 823 miRNAs, 2045 miRNAs, 144 miRNAs, and 187 miRNAs were found to regulate BACH1 
in TargetScan, miRWalk, miRTarBase, and miRDB databases, respectively (Fig. 1a). Venn diagrams visualized 
30 overlapping miRNAs (Fig. 1a, right panel). The conserved sites for miRNA families broadly conserved among 
vertebrates are shown in (Fig. 1b). According to the TargetScan database, four miRNAs with higher prediction 
scores were selected, including let-7g-5p, miR-30a-5p, miR-92b-3p, and miR-196a-5p (Fig. 1c). We then detected 
the mRNA levels of let-7g-5p, miR-30a-5p, miR-92b-3p, and miR-196a-5p in artery tissues of WKYs and SHRs. 
The mRNA level of miR-92b-3p was higher, while those of let-7g-5p and miR-196a-5p were lower in SHR aortic 
tissues when compared with controls (Fig. 1d). Interestingly, the decrease in miR-196a-5p expression was more 
pronounced in SHR-derived aortic tissues (Fig. 1d). Further, we used dual-luciferase reporter gene assay to 
determine the interaction between miR-196a-5p and BACH1. The TargetScan analysis revealed that BACH1 
had a miR-196a-5p binding site at the 3’-untranslated region (3’-UTR). Meanwhile, the luciferase activity of 
wild-type BACH1 reported gene was inhibited by co-transfection of miR-196a-5p mimics, while the luciferase 
activity of BACH1-mutant reported gene was not changed by miR-196a-5p mimics, indicating that miR-196a-5p 
overexpression directly repressed the transcription of BACH1 in VSMCs (Fig. 1e). In summary, miR-196a-5p 
may participate in hypertensive vascular remodeling by targeting BACH1.

Influences of miR‑196a‑5p on VSMC proliferation of WKYs and SHRs
Aberrant proliferation of VSMCs is a hallmark of vascular remodeling related diseases, including  hypertension1,5. 
We then assessed whether miR-196a-5p can be manipulated to regulate the growth of VSMCs from WKYs and 
SHRs. The effectiveness of the transfection of the miR-196a-5p mimic and the knockdown of miR-196a-5p was 
confirmed by the changes of miR-196a-5p levels in VSMCs (Fig. 2a, c). The growth of VSMCs from SHRs was 
more pronounced than that from WKYs, but was inhibited by overexpression of miR-196a-5p, as evidenced by 
CCK-8 and EdU assays (Fig. 2b). Meanwhile, silencing miR-196a-5p not only induced the proliferation of WKY 
VSMCs, but also potentiated the proliferation of SHR VSMCs (Fig. 2d).

Influences of miR‑196a‑5p on VSMC oxidative stress in WKYs and SHRs
Oxidative stress acts to initiate the phenotypic transformation of VSMCs and subsequent VSMC proliferation, 
apoptosis and migration in various vascular diseases, including hypertensive vascular  remodeling19,20. We 
determined the role of miR-196a-5p in the production of ROS in VSMCs from WKYs or SHRs. ROS fluorescence 
was more intense in SHR VSMCs, but reduced after ectopic miR-196a-5p expression that showed no effect on 
WKY VSMCs (Fig. 3a). The performance of miR-196a-5p was also confirmed by the activity of NAD(P)H oxidase 
(Fig. 3b), along with the protein levels of NOX-2 and NOX-4 expression, two isoforms of NAD(P)H oxidase 
as primary resources of ROS in cardiovascular  cells21,22, Both NOX2 and NOX4 protein expression in VSMCs 
was increased in the SHR. The miR-196a-5p mimic inhibited protein expression of NOX2 rather than NOX4 
(Fig. 3c). In contrast, deficiency of miR-196a-5p further increased oxidative stress in SHR VSMCs (Fig. 3d–f).

Influences of miR‑196a‑5p on BACH1 expression in VSMCs from WKYs and SHRs
Similar to the results in vivo, the expression of miR-196a-5p was obviously diminished at the mRNA level in 
SHR-derived VSMCs (Fig. 4a). Conversely, the mRNA and protein levels of BACH1 were largely lifted up in SHR 
VSMCs, when compared with those in WKY VSMCs, and were then markedly reversed by BACH1 knockdown 
(Fig. 4b). In addition, miR-196a-5p mimics transfection reduced the expression of BACH1 in both SHR and WKY 
VSMCs at mRNA and protein levels (Fig. 4c). Deletion of miR-196a-5p exhibited opposite Influences (Fig. 4d).

Influences of BACH1 knockdown on VSMC proliferation and oxidative stress in WKYs and SHRs
Similar to what we observed in VSMCs transfected with miR-196a-5p mimics, loss of BACH1 prevented the 
aberrant proliferation of VSMCs in SHR (Fig. 5a–b). Moreover, silencing BACH1 and upregulating miR-
196a-5p collectively curbed the proliferation of VSMCs from SHR (Fig. 5c–d). Meanwhile, BACH1 knockdown 
attenuated the formation of ROS and NADPH oxidase activation in SHR VSMCs (Fig. 6a–d). Consistently, 
BACH1 downregulation and miR-196a-5p upregulation imparted inhibitory influences on ROS generation and 
NOX2, but not on NOX4 in SHR VSMCs (Fig. 6e–h).

Influences of miR‑196a‑5p knockdown on blood pressure and BACH1 expression
The blood pressure of the tail artery measured weekly by using a noninvasive computerized tailcuff system (NIBP, 
ADInstruments, Sydney, New South Wales, Australia). MiR-196a-5p knockdown had no significant effect on 
blood pressure in WKY, but aggravated hypertension at two weeks in the SHRs. (Fig. 7a). The miR-196a-5p 
levels fell in both the aortic and mesenteric artery (MA) tissues of WKYs and SHRs, reaffirming the efficacy of 
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miR-196a-5p knockdown (Fig. 7b). miR-196a-5p knockdown increased BACH1 mRNA levels in the aortic and 
MA tissues of SHRs, compared with those of WKYs (Fig. 7c). Immunohistochemical analysis further confirmed 
that miR-196a-5p knockdown promoted BACH1 expression (Fig. 7d–e).

Figure 1.  Identification of BACH1-targeting miR-196a-5p from miRNAs differentially expressed in the VSMCs 
of WKYs and SHRs. (a) Overlapping miRNAs in TargetScan, miRWalk, miRtarbase and miRDB. (b) Online 
prediction for BACH1 by TargetScanHuman. (c) Scores of prediction. (d) miRNA levels. (e) Prediction of the 
binding site of miRNA by TargetScanHuman. In the dual luciferase reporter assay, BACH1 was targeted by miR-
196a-5p in VSMCs of WKY. FFLuc, Firefly luciferase; RenLuc, Renilla luciferase; WT, wild type; Mut, mutant 
type. Values were denoted as mean ± SEM. # p < 0.05 vs WKY; * p < 0.05 vs Ctrl; $ p < 0.05 vs Pre-Scr. n = 4–6.
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Figure 2.  Influences of miR-196a-5p on VSMC proliferation in WKYs and SHRs. VSMC growth was assessed 
with CCK-8 and EdU assays. (a, c) miR-196a-5p levels in VSMCs. (b) Influences of miR-196a-5p mimics 
on VSMC proliferation. At 24 h after normal control (Ctrl, 50 nmol/L) or miR-196a-5p mimics (50 nmol/L) 
treatment. (d) Influences of miR-196a-5p siRNA on VSMC growth. At 48 h after control lentivirus (Scr-siRNA, 
40 MOI) or miR-196a-5p siRNA (40 MOI) treatment. Values were denoted as mean ± SEM. * P < 0.05 vs Ctrl. # 
P < 0.05 vs WKY. n = 4–6.
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Influences of miR‑196a‑5p knockdown on PCNA expression and vascular remodeling
MiR-196a-5p knockdown promoted the PCNA expression in the aortic tissues of SHRs (Fig. 8a–b). Masson’s 
staining demonstrated larger media thickness, media thickness/lumen diameter ratio, and media cross-sectional 
area in the aortas and MA tissues of SHRs after miR-196a-5p knockdown (Fig. 8c–d), and the enlarged images 
of masson’ s staining in MA were provided in Supplement Figure S1. Taken together, miR-196a-5p attenuated 
vascular smooth muscle proliferation, vascular remodeling, and hypertension in SHRs.

Discussion
Abnormal vascular remodeling elevates peripheral resistance and subsequent development of  hypertension23,24. 
VSMCs may be targeted to treat vascular remodeling and associated  hypertension25. Emerging evidences showed 
that miRNAs are used as biomarkers or therapeutic targets for several  disease1,26,27, and the dysregulation of 
miRNAs is related to the pathogenesis of oxidative  stress28,29 and vascular  disease30,31. Our previous researches 

Figure 3.  Influences of the miR-196a-5p on oxidative stress in VSMCs from WKYs and SHRs. After a 24-h 
treatment with normal control (Ctrl, 50 nmol/L), or miR-196a-5p mimics (50 nmol/L). After a 48-h treatment 
with control lentivirus (Scr-siRNA, 40 MOI) or miR-196a-5p siRNA (40 MOI). (a, d) ROS production assessed 
by red DHE fluorescence, and cell nuclei were stained blue with DAPI. (b, e) NAD(P)H oxidase activity. (c, 
f) NOX2 and NOX4 protein levels. Values were denoted as mean ± SEM. * p < 0.05 vs Ctrl; # p < 0.05 vs WKY. 
n = 4–6.
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have found that miR-135a-5p, miR-31-5p and miR-155-5p are related to VSMC proliferation and  migration32–34. 
MiR196a-5p is associated with cardiovascular diseases, but its role in hypertension is still  unclear35,36. In this 
study, we found that under a hypertensive state, miR-196a-5p attenuated VSMC proliferation, oxidative stress 
and vascular remodeling by inhibiting the expression of BACH1. High expression of miR-196a-5p suppress 
the growth of VSMCs in SHRs. We provide robust evidence that miR-196a-5p might be exploited to cope with 
hypertensive vascular remodeling via repressing BACH1 transcription.

BACH1 can rein cellular responses to oxidative  stress37. BACH1 also develops a negative association with 
Nrf2, a transcriptional factor that helps to maintain intracellular oxidation  homeostasis38,39. BACH1 deficiency 
brings beneficial outcomes in many  disorders40, including hypertensive  diseases16. BACH1 regulates the expres-
sion of a battery of genes involved in oxidative stress and inflammatory  responses41, two driving forces for the 
development of hypertensive vascular  remodeling20. Elevated expression of BACH1 is observed in the vasculature 
from  SHRs15. miRNAs- and BACH1-derived therapies may open a new window to prevent or treat hypertensive 
vascular remodeling. Here, we screened candidate miRNAs that may regulate BACH1 using TargetScan, miR-
Walk, miRDB, and miRTarBase online databases, and found that miR-196a-5p could directly bind to BACH1 
mRNA (3’-UTR). The present study showed that BACH1 was targeted by miR-196a-5p in VSMCs. In view of the 
direct binding of miR-196a-5p with BACH1 and the obvious downregulation of miR-196a-5p in SHR VSMCs, 
we will further explore the contribution of miR-196a-5p to the biology of VSMCs in the context of hypertension.

In the present study, sustained miR-196a-5p expression attenuated the proliferation of VSMCs from SHRs, 
while miR-196a-5p ablation made SHR VSMCs more migrative, implying that miR-196a-5p can suppress VSMC 
migration and hypertensive vascular remodeling by restraining BACH1. Accordingly, loss of BACH1 attenuated 
the proliferation and oxidative damage of SHRs’ VSMCs. By contrast, overexpression of BACH1 led to abnormal 
VSMC proliferation and oxidative burst. Collectively, the miR-196a-5p/BACH1 axis may be exploited to design 
new protective interventions for vascular remodeling in hypertension.

Figure 4.  Influences of miR-196a-5p on BACH1 expression in VSMCs. (a) miR-196a-5p expressions in WKY 
and SHR VSMCs. (b) BACH1 mRNA and protein levels. After a 48-h treatment with control lentivirus (Scr-
siRNA, 80 MOI) or BACH1-siRNA (80 MOI). (c) Influences of miR-196a-5p mimics on BACH1 mRNA and 
protein levels in VSMCs. At 24 h after negative control (Ctrl, 50 nmol/L) or miR-196a-5p mimics (50 nmol/L) 
treatment. (d) Influences of miR-196a-5p knockdown on BACH1 mRNA and protein levels in VSMCs. At 48 h 
after control lentivirus (Scr-siRNA, 40 MOI) or miR-196a-5p siRNA (40 MOI) treatment. Values were denoted 
as mean ± SEM. * p < 0.05 vs Scr or Ctrl. # P < 0.05 vs WKY. n = 4.
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Conclusions
Collectively, miR-196a-5p protects against hypertension-induced VSMC oxidative stress, growth and vascular 
remodeling by suppressing the expression of BACH1. The miR-196a-5p/BACH1 axis is critically implicated 
in the proliferation of VSMCs under a hypertensive state, and may be employed to halt hypertensive vascular 
remodeling.

Figure 5.  Influences of BACH1 knockdown on VSMC proliferation. VSMC proliferation was evaluated with 
CCK-8 and EdU incorporation assays. (a, b) Influences of BACH1-siRNA on VSMC proliferation. At 48 h 
after PBS, control lentivirus (Scr-siRNA, 80 MOI) or BACH1-siRNA (80 MOI) treatment. (c, d) Influences of 
BACH1-siRNA on miR-196a-5p mimic-induced VSMC proliferation in SHRs. SHR-VSMCs were treated for 48 
h with PBS, control lentivirus (Scr-siRNA, 80 MOI) or BACH1-siRNA (80 MOI), followed by normal control 
(Ctrl, 50 nmol/L) or miR-196a-5p mimics (50 nmol/L) for 24 h. Values were denoted as mean ± SEM. * p < 0.05 
vs PBS; # p < 0.05 vs WKY or Ctrl. n = 4–6.
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Figure 6.  Influences of BACH1 knockdown on oxidative stress in VSMCs from WKYs and SHRs. After a 
48-h of treatment with PBS, control lentivirus (Scr-siRNA, 80 MOI) or BACH1-siRNA (80 MOI). Influences of 
BACH1-siRNA on miR-196a-5p mimic-induced oxidative stress in VSMCs of SHRs. SHR-VSMCs were treated 
with PBS, control lentivirus (Scr-siRNA, 80 MOI) or BACH1-siRNA (80 MOI) for 48 h, followed by normal 
control (Ctrl, 50 nmol/L) or miR-196a-5p mimics (50 nmol/L) for 24 h. (a, b, e, f) ROS production was detected 
by red DHE fluorescence, and cell nuclei were stained blue with DAPI. (c, g) NAD(P)H oxidase activity. (d, h) 
NOX2 and NOX4 protein expression. Values were denoted as mean ± SEM. * p < 0.05 vs. PBS; # p < 0.05 vs. WKY 
or Ctrl. n = 4–6.



9

Vol.:(0123456789)

Scientific Reports |        (2024) 14:16904  | https://doi.org/10.1038/s41598-024-68122-2

www.nature.com/scientificreports/

Materials and methods
Experimental animals
Male Wistar-Kyoto rats (WKYs) and SHRs were obtained from Vital River Laboratory Animal Technology Co. 
Ltd (Beijing, China). Male rats aged at 8 weeks were used for isolation of primary VSMCs and male rats aged 
10 weeks were used for animal  experiments30. Animal-involved procedures complied with the Guide for the 
Care and Use of Laboratory Animals (NIH, 8th edition, 2011), and received approval from the Experimental 
Animal Care and Use Committee of Nanjing Medical University (IACUC No: 2107007). Animals were housed 
in a 12-h light/12-h dark cycle with a temperature controlled room. The rats were fed with a standard chow and 
tap water ad libitum. The rat was euthanized with an overdose of pentobarbital sodium (200 mg/kg, iv) at the 
end of the experiment.

Primary culture of VSMCs
Primary rat aortic tissues were sampled for isolation of VSMCs. Briefly, through longitudinal incision was per-
formed to peel off the intima, which was then separated and treated with 0.4% Type 1A collagenase in PBS for 
digestion for 30 min. The cells were isolated and re-suspended in DMEM mixed with 10% fetal bovine serum, 
100 IU/mL penicillin and 10 mg/mL streptomycin maintained in 5%  CO2 at 37 °C.

Knocking down BACH1 in VSMCs
BACH1-siRNA-lentivirus (1 ×  109 TU/mL) were produced by Generay Biotech Co., Ltd. (Shanghai, 
China). Sequence of BACH1-siRNA-lentivirus nucleotide was 5′-GGA ACC GAC AAG ATC CGA ACT-3′. 

Figure 7.  Influences of the miR-196a-5p knockdown on blood pressure and BACH1 expression of WKYs 
and SHRs. The rat was intravenously injected with control lentivirus (Scr-siRNA) or miR-196a-5p-siRNA-
lentivirus (miR-196a-5p siRNA, 2 ×  1011 plaque forming units/mL, 100 µL). (a) Systolic blood pressure (SBP), 
diastolic blood pressure (DBP), and mean arterial pressure (MAP) were measured once a week in awake 
state. (b) miR-196a-5p levels in the aortic and MA tissues. (c) BACH1 mRNA levels in aortic and MA tissues. 
(d) Bar graph showing the relative density of BACH1 staining in aortic tissues. (e) Representative images of 
immunohistochemistry for BACH1 (brown color) in aortic tissues. Values were denoted as mean ± SEM. * 
p < 0.05 vs WKY. # p < 0.05 vs Scr-siRNA. n = 4.
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BACH1-siRNA-lentivirus (MOI = 80) were introduced to infect VSMCs, with scrambled siRNA as negative 
control. Forty eight hours later, the expression of BACH1 was calculated.

Transfection of miR‑196a‑5p mimics
VSMCs (5 ×  105 cells/well) were planted into 6-well plates for 18 h of culture, followed by transfection with 50 
nmol/L miR-196a-5p mimics, or 6 μL of negative controls containing RNAifectin™ reagent. The medium was 
replaced six hours later to eliminate the reagent. The efficiency of transfection was detected after 24 h. All trans-
fection reagents were offered by Applied Biological Materials Inc. (Richmond, BC, Canada).

Knocking down miR‑196a‑5p in VSMCs and rats
Lentiviral vectors, which targeted miR-196a-5p (miR-196a-5p siRNA) and scrambled siRNA (Scr-siRNA), were 
provided by Genomeditech Co., Ltd (Shanghai, China). Transfection of VSMCs with Scr-siRNA or miR-196a-5p 

Figure 8.  Influences of the miR-196a-5p knockdown on vascular remodeling of WKYs and SHRs. The rat was 
intravenously injected with control lentivirus (Scr-siRNA) or miR-196a-5p-siRNA-lentivirus (miR-196a-5p 
siRNA, 2 ×  1011 plaque forming units/mL, 100 µL). (a) Bar graph showing the relative density of PCNA staining 
in aortic tissues. (b) Representative images of immunohistochemistry for PCNA (brown color) in aortic tissues. 
(c) Representative images of Masson’s staining of aortic and MA tissues. (d) Bar graph showing the Masson’s 
staining analysis for media thickness, lumen diameter and their ratio in aortic and MA tissues. Values were 
denoted as mean ± SEM. * p < 0.05 vs WKY. # p < 0.05 vs Scr-siRNA. n = 4.



11

Vol.:(0123456789)

Scientific Reports |        (2024) 14:16904  | https://doi.org/10.1038/s41598-024-68122-2

www.nature.com/scientificreports/

siRNA (40 MOI) was accomplished in 6-well plates. All WKYs or SHRs were intravenously injected with miR-
196a-5p siRNA or Scr-siRNA (2 ×  1011 plaque forming units/mL, 100 μL).

VSMC proliferation assay
CCK8 method and EdU incorporation assay were used to valuate VSMC proliferation. According to the manu-
facturer’s instructions, VSMC proliferation was measured with CCK-8 kits (Beyotime Institute of Biotechnol-
ogy, Shanghai, China) and then absorbance was detected at 450 nm using a microplate reader (ELX800, BioTek, 
Vermont, USA). EdU incorporation assay (Cell-Light™ EdU Apollo®567 In Vitro Imaging Kit, Guangzhou Ribo-
Bio, Guangzhou, China) was also used to examine VSMC proliferation. EdU-positive cells were counted, and 
normalized according to total Hoechst 33,342 stained cells.

DHE assay
Dihydroethidium (DHE) assay was performed to evaluate ROS level in VSMCs. Incubation of VSMCs (about 
3 ×  105 cells/mL) was accomplished in six-well plates with 10 μM DHE in the dark and humidity at 37 °C for 30 
min, then 40,6-diamidino-2-phenylindole (DAPI) was used to stain cell nuclei for 10 min at room temperature. 
Having been washed thrice with PBS, fluorescence was examined under excitation at 518 nm and emission at 
605 nm with a fluorescence microscope (DP70, Olympus Optical, Tokyo, Japan).

NAD(P)H oxidase activity assay
NAD(P)H oxidase was determined for activity using a commercial kit (Abcam; Cambridge, MA, USA), with 
optical density read at 450 nm by a Microplate Reader (STNERGY/H4, BioTek, Vermont, USA).

Dual luciferase reporter assay
VSMCs were allowed to grow to a confluence 85–90%, followed by co-transfection with 1 µg/mL pcDNA-BACH1 
reporter plasmids, produced by Generay Biotech Co., Ltd. (Shanghai, China), and then with normal control 
and miR-196a-5p mimics (50 nmol/L) by the Lipofectamine™3000 transfection reagent. Luciferase activity was 
computed using the dual-luciferase reporter assay system.

Western blot analysis
Sample homogenization in lysis buffer containing 1% PMSF was accompanied by protein extraction with a BCA 
protein assay kit (BCA; Pierce, Santa Cruz, CA, USA), isolation with sodium dodecyl sulfate–polyacrylamide 
gel electrophoresis (SDS-PAGE), as well as blotting with a polyvinylidene fluoride (PVDF) membrane. Then, 
Enhanced Chemiluminescence Detection Kit (Thermo Fisher Scientific, Rockford, IL, USA) was adopted to deter-
mine bands of proteins. Antibodies against NOX2 (1:2000, A19701), NOX4 (1:2000, A11274), BACH1(1:2000, 
A5393), β-actin ( 1:2000, AC006) and secondary antibodies (1:10,000, AS014) were purchased from ABclonal 
(ABclonal Technology Co.,Ltd, Wuhan, China).

Measurement of miR‑196a‑5p level
Following total RNA exactiong with miRcute miRNA isolation kit were quantification with NanoDrop 2000 
Spectrophotometer (Thermo-Fisher Scientific, Wilmington, DE, USA), reverse-transcription to cDNA by the 
miRcute Plus miRNA First-Strand cDNA kit (Tiangen Biotech). Quantitative Reverse Transcriptase PCR (qRT-
PCR) was implemented to determine the expression of miRNA, with U6 small nuclear RNA as an internal 
control for normalization.

Immunohistochemistry
The expression levels of BACH1 and PCNA were expressed in the aortic tissues of WKYs and SHRs. Primary 
anti-BACH1 antibodies (1:100) and anti-PCNA antibodies (1:100) were offered by from Abcam and Protein 
Tech Group Inc. Santa Cruz Biotechnology Inc provided the horseradish peroxidase-conjugated goat anti-rabbit 
antibody. Positive cells were shown by 3,3-Diaminobenzidine. After counterstaining with hematoxylin, photos 
were taken by a light microscope (BX-51, Olympus, Tokyo, Japan). ImageJ software (v1.80; NIH, Bethesda, 
Maryland) was used for quantitative analysis of intensity of density, tissue area measurement and ratio of inten-
sity of density to tissue  area42.

Masson’s staining
Masson’s trichrome staining was used to assess vascular remodeling of aortas and MAs from WKYs and  SHRs30. 
Photos were made by a light microscope, and quantitation was run on the ImageJ software. Vascular remodeling 
was assessed according to parameters of media thickness, lumen diameter, ratio of media thicknesses to lumen 
diameter, outer diameter, and media cross-sectional area.

Blood pressure measurement
Tail artery blood pressure was measured weekly in conscious WKYs and SHRs using a tail-cuff system (NIBP, 
ADInstruments, Sydney, New South Wales, Australia). The blood pressure values from four measurements were 
averaged as the result.

Real‑time PCR
Total RNA extraction was performed using Trizol reagent (Life Technologies, Gaithersburg, MD, USA). RNA 
concentration and purity were determined by the optical density at 260 and 280 nm. Reverse transcriptase 
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reactions were introduced by the PrimeScript® RT reagent kits (Takara, Otsu, Shiga, Japan) and ABI PRISM 7500 
sequence detection PCR system (Applied Biosystems, Foster City, CA, USA). GAPDH small nuclear RNA was 
used as an internal control for normalization. Primers sequences are listed in the Online-only Data Supplement 
(Table S1).

Statistical analysis
Data expressed as mean ± SEM statistical significance was determined by One-way/two-way ANOVA, followed 
by Bonferroni’s post-test, when appropriate. A level at p < 0.05 indicated statistical difference.

Quality assessment
The quality of the included animal studies was evaluated according to the ARRIVE 2.0 guideline.

Data availability
The datasets generated during this study are available from the corresponding author on reasonable request.
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