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Abstract

Background: Fetal origin of adult cardiovascular disease is one of the most pressing public 

concerns and economic problem in modern life. Maternal cigarette smoking/nicotine abuse 

increases the risk of cardiovascular disease in offspring. However, the underlying mechanisms and 

theranostics remain unclear. We hypothesized that fetal and neonatal nicotine exposure enhances 

microRNA-181a (miR-181a) which targets large-conductance Ca2+-activated K+ (BKCa) channels, 

resulting in increased coronary vascular tone in adult offspring.

Methods: Nicotine or saline was administered to pregnant rats via subcutaneous osmotic 

minipumps from gestational day 4 until postnatal day 10. Experiments were conducted in adult (~ 

6 month old) male offspring.

Results: Nicotine enhanced pressure-induced coronary vascular tone, which was abrogated by 

BKCa channel blocker. Nicotine selectively attenuated coronary BKCa β1 but not α subunit 

expression. Functionally, nicotine suppressed BKCa current density and inhibited BKCa activator 

NS1619-induced coronary relaxations. Furthermore, activation of BKCa increased coronary flow 

and improved heart ischemia/reperfusion-induced infarction. Nicotine selectively enhanced 

miR-181a expression. MiR-181a mimic inhibited BKCa β1 expression/channel current and 

decreased NS1619-induced coronary relaxation. Antioxidant eliminated the difference of BKCa 

current density between the saline and nicotine-treated groups and partially restored NS1619-

induced relaxation in nicotine group. MiR-181a antisense decreased vascular tone and eliminated 

the differences between nicotine exposed and control groups.

Conclusion: Fetal and neonatal nicotine exposure-mediated miR-181a overexpression plays an 

important role in nicotine-enhanced coronary vascular tone via epigenetic down-regulation of 
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BKca channel mechanism, which provides a potentially novel therapeutic molecular target of 

miR-181a/BKca channels for the treatment of coronary heart ischemic disease.
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1. Introduction

Fetal and neonatal nicotine exposure, either from maternal smoking or nicotine use during 

pregnancy, has become one of the most pressing public concerns in modern life [1, 2]. 

Epidemiologic studies suggest that maternal cigarette smoking is associated with increased 

risk of cardiovascular disease in offspring [3, 4], and clinical studies have suggested that 

cigarette smoking-induced myocardial ischemia is mediated by nicotine [5, 6]. Recently, 

studies in different animal models from our and other laboratories have demonstrated that 

perinatal nicotine exposure causes a cardiovascular dysfunction and develops coronary heart 

ischemia-sensitive phenotype in offspring [7–9]. However, the underlying epigenetic 

mechanisms remain largely unknown.

MicroRNAs (miRNAs) belong to a family of small noncoding RNAs with a single strand of 

18–25 nucleotides that regulate multiple target genes at the post-transcriptional level. 

Increasing evidence supports the pivotal role of miRNAs in the pathophysiological processes 

in the cardiovascular development and in the setting of coronary heart ischemic disease [10–

12]. Recent studies indicate that miR-181a was down-regulated in obese patients with 

cardiovascular disease [13]. However, an up-regulation of miR-181a has also been shown in 

patients with cardiovascular disease [14, 15]. These findings suggest that miR-181a may 

play a key role in the development of cardiovascular disease either through compensatory or 

pathologic mechanisms. As a pivotal epigenetic mechanism, miRNAs are also sensitive to 

various prenatal insults and contribute to the programming of cardiovascular disease in late 

life [16–18]. Furthermore, previous studies have shown that nicotine selectively regulates 

specific miRNA expression [19–21]. These novel findings suggest that miRNA-mediated 

signaling may be a novel therapeutic molecular target and a new mechanistic association 

between nicotine exposure and development of coronary heart ischemia-sensitive phenotype.

Ischemic heart disease is induced by insufficient coronary blood flow to the myocardium, 

typically due to exaggerated coronary artery constriction or a narrowed vascular wall with 

the condition of atherosclerosis. Large-conductance Ca2+-activated K+ (BKCa) channels are 

abundantly expressed in coronary vascular smooth muscle cells (SMCs). Activation of the 

channel induces vascular relaxation. Therefore, the BKCa channels play a key role in 

regulating coronary vascular tone and coronary blood flow [22, 23]. BKCa channel in 

vascular SMCs mainly consists of a pore-forming α subunit and regulatory β1 subunits [24]. 

Decreased BKCa β1 subunit expression has been observed in coronary heart ischemic 

disease and other cardiovascular disease [26, 27].

Given the fact that our recent studies in nicotine-exposed pregnant rat model have 

demonstrated an aberrant development of heart ischemia-sensitivity phenotype in adult 

offspring [8, 9, 28], we first evaluated in the present study whether nicotine exposure altered 
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coronary reactivity. Next, we examined whether nicotine exposure epigenetically down-

regulated BKCa channel expression/activity. Finally, we investigated whether nicotine 

exposure selectively enhanced miR-181a expression and tested the specific hypothesis that 

therapeutic inhibition of miR-181a could rescue nicotine-induced exaggerated coronary 

vascular tone via epigenetic down-regulation of BKCa channel expression/activity in 

offspring.

2. Materials and Methods

The full details of the methods are presented in the Supplementary Material Section online.

2.1. Experimental animals

The procedures and protocols were approved by the Institutional Animal Care and Use 

Committee of Loma Linda University. All animal studies followed the guidelines in the 

National Institutes of Health Guide for the Care and Use of Laboratory Animals. Time-dated 

(day 2 of gestation) pregnant Sprague-Dawley rats were purchased from Charles River 

Laboratories (Portage, MI). On day 4 of gestation, the rats were randomly divided into two 

groups: saline control and nicotine-treated groups. Saline or nicotine (at 4 μg/kg/min) was 

individually administered to pregnant rats through osmotic minipumps from day 4 of 

pregnancy to 10 days after birth, as described in detail previously [8, 9, 28, 29]. The dose of 

nicotine resulted in blood levels closely resembling those of moderate human smokers [30]. 

Our previous studies have shown similar effects of perinatal nicotine on cardiac function in 

both male and female offspring [8, 9], therefore, the adult male offspring (~ 6 month-old) 

were kept to use for the underlying mechanism studies.

2.2. Measurement of coronary artery myogenic tone

To measure coronary vascular myogenic tone, septal coronary arteries were isolated as we 

described previously [31]. The detail methods were presented the Supplementary Material 

Section online.

2.3. Relaxation Studies

For relaxation studies, the pressurized arteries were pre-contracted with the sub-maximal 

concentration of norepinephrine (3 μM), followed by increasing concentrations of BKCa 

channel activator NS1619. Arterial diameter data were recorded using the SoftEdge Data 

Acquisition Subsystem, as described previously [31].

2.4. Measurement of BKCa channel current

Coronary arterial SMCs were isolated and enzymatically dissociated from both nicotine-

treated and control offspring, and whole-cell K+ currents were recorded using an EPC 10 

patch-clamp amplifier with Patchmaster software, as we previously described [32]. The 

detail methods were presented the Supplementary Material Section online.
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2.5. Measurement of heart ischemia/reperfusion (I/R) injury

A heart ischemia/reperfusion (I/R) Langendorff preparation system was used, as we 

previously described [8, 9, 28]. The detail methods were presented the Supplementary 

Material Section online.

2.6. MicroRNA Transfection

The method of microRNA transfection has been described in our previous studies [33]. The 

detail methods were presented the Supplementary Material Section online.

2.7. Real-Time Reverse Transcription PCR (RT-PCR) analysis

Total RNA was isolated from coronary arterial segments using TRIzol reagent (Invitrogen, 

CA) and subjected to reverse transcription with miScript cDNA Synthesis system (Bio-Rad, 

Hercules, CA). Quantification of mature miRNAs was performed using the miScript II RT 

kit and the miScript SYBER Green PCR kit with miScript Primer Assay kit (Qiagen) 

according to the manufacturer’s instructions as described previously [33, 34]. SNORD61 

was used as the internal control.

2.8. Western Immunoblotting

Protein abundance of BKCa channel in coronary arteries was measured as described 

previously [9, 32]. The detail methods were presented the Supplementary Material Section 

online.

2.9. Statistical analysis

All data are expressed as the mean ± SEM obtained from the number (n) of experimental 

animals given. Differences between the groups were compared by Student’s t-test or analysis 

of variance (ANOVA) using the GraphPad Prism software, where appropriate. For all 

comparisons, P-values less than 0.05 indicated statistical significance.

3. Results

3.1. Effect of nicotine exposure on pressure-dependent myogenic tone and BKCa 

channel-mediated relaxation in coronary arteries.

As shown in Figure 1A, the pressure-induced vascular tone in the nicotine-treated group was 

significantly higher than in saline control group. Pretreatment with BKCa channel inhibitor 

TEA (1.0 mM) increased the pressure-induced vascular myogenic tone in saline control 

group and eliminated the difference between the saline control and nicotine-treated groups 

(Figure 1B). In pressurized coronary arteries, BKCa channel opener NS1619 induced dose-

dependent relaxations in both saline control and nicotine-exposed offspring (Figure 1C). 

However, NS1619-induced vascular relaxations in nicotine-exposed group were lower than 

in the saline control group (maximal relaxation: 86.8 ± 4.9% vs. 34.0 ± 4.8%; P < 0.05).
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3.2. Effect of nicotine exposure on coronary vascular BKCa channel expression and 
activities.

Nicotine exposure had no effect on protein abundance of BKCa α subunit but decreased the 

abundance of BKCa β1 subunit in coronary arteries of adult offspring as compared to the 

controls (Figure 2A). The whole-cell K+ current densities in coronary arterial myocytes in 

the voltage range of −60 mV to +80 mV were significantly higher in control than in 

nicotine-exposed offspring (at +80 mV: control, 63.8 ± 0.9 pA/pF; nicotine, 41.7 ± 2.4 

pA/pF; P < 0.05; Figure 2B). As shown in Figure 2B, whole-cell K+ currents were sensitive 

to blockade by BKCa channel inhibitor TEA (1.0 mM). Treatment with TEA eliminated the 

differences of whole-cell K+ currents between the control and nicotine-exposed animals. As 

shown in Figure 2C, BKCa current densities, determined as the TEA-sensitive portion of the 

whole-cell K+ currents, were suppressed by nicotine exposure. The BKCa currents in 

nicotine exposed coronary arterial myocytes were lower than in control groups (at +80 mV: 

control, 38.2 ± 2.5 pA/pF; nicotine, 17.2 ± 2.5 pA/pF; P < 0.05) (Figure 2C). Similar TEA-

insensitive portion of the whole-cell K+ currents in coronary myocytes of control and 

nicotine-exposed offspring suggests that the currents primarily mediated by voltage-gated 

potassium (Kv) channels were not altered by nicotine exposure.

3.3. Effect of reactive oxygen species (ROS) on nicotine-mediated BKCa channel 
activities.

Our previous studies have shown that perinatal nicotine exposure enhances ROS production 

in vasculatures [35]. To determine the role of ROS in BKCa channel activator NS1619-

induced vascular tone, we measured the NS1619-induced coronary vascular relaxation with 

or without of antioxidant N-acetyl-cysteine (NAC) treatment. As shown in Figure 2D, 

NS1619-induced coronary vascular relaxations were not significantly altered by antioxidant 

in saline control offspring (maximal relaxation: 86.8 ± 4.9% vs. 99.7 ± 2.5%; P > 0.05). 

However, treatment with NAC reduced the effect of nicotine and partially restored the 

NS1619-induced relaxations in nicotine-exposed offspring (maximal relaxation: 34.0 ± 4.8% 

vs. 62.2 ± 4.6%; P < 0.05).

To determine the role of ROS in the nicotine-mediated effect on BKCa channel activities, 

whole-cell K+ and BKCa channel currents were determined in the presence of NAC in 

myocytes freshly isolated from coronary arteries of control and nicotine-exposed animals. In 

the presence of NAC treatment, there was no significant difference of whole-cell K+ current 

densities between the control and nicotine-exposed offspring (at +80 mV: control, 59.7 ± 1.5 

pA/pF; nicotine, 62.5 ± 1.3 pA/pF; P > 0.05; Figure 2E). Similarly, there was also no 

difference of BKCa current densities between the control and nicotine-exposed offspring (at 

+80 mV: control, 30.2 ± 2.4 pA/pF; nicotine, 34.0 ± 1.5 pA/pF; P > 0.05; Figure 2F).

3.4. Effect of nicotine exposure on miRNAs expression and the role of miR-181a on 
nicotine-mediated coronary vascular tone.

As shown in Figure 3A, nicotine exposure selectively enhanced the expression levels of 

miR-181a in coronary arteries as compared to the controls (16.96 ± 1.84% vs. 31.52 

± 4.99%; P < 0.05). To see whether inhibition of miR-181a attenuates nicotine-mediated 

coronary vascular tone, coronary arteries isolated from both control and nicotine-exposed 
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offspring were transfected with anti-miR181a. As shown in Figure 3B, miR-181a-LNA 

significantly inhibited pressure-induced coronary vascular tone in the nicotine-exposed 

offspring and eliminated the differences of vascular tone between the control and nicotine-

exposed offspring. To see whether the nicotine-mediated changes of miR-181a start in the 

neonatal period and continuing to adulthood, we measured the miR-181a levels in neonatal 

hearts (because of the technique limitation, we cannot isolate coronary arteries in early age 

of offspring). As shown in Figure 1S, nicotine exposure also enhanced the levels of 

miR-181a in neonatal hearts as compared to the controls (58.33 ± 3.63% vs. 89.98 ± 6.83%; 

P < 0.05).

3.5. The role of miRNA in regulation of BKCa channel.

From the gene bank of rodent BKCa β1 encoded by Kcnmb1 mRNA sequence and the 

database on target miRNAs, we have identified that miR-181a is one of the key miRNAs 

which has predictive binding site at BKCa β1 mRNA 3’UTR region and can potentially 

regulate BKCa β1 gene expression (Figure 4A). To determine whether miR-181a directly 

regulates BKCa channel expression and activity, miR-181a mimic was transfected into the 

coronary arterial myocytes. As shown in Figure 4B, treatment with miR-181a mimic 

significantly knocked down BKCa β1 protein expression in coronary arteries. In addition, 

miR-181a mimic also attenuated BKCa current density in coronary SMCs (Figure 4C). 

Furthermore, miR-181a mimic (Figure 4D) decreased NS1619-induced coronary vascular 

relaxation as compared to the control (maximal relaxation: 36.04 ± 1.66% vs. 84.54 

± 3.21%; P < 0.05). However, miR-181a scramble (negative control) had no effects on 

NS1619-induced relaxation as compared to the control (maximal relaxation: 90.97 ± 3.11% 

vs. 84.54 ± 3.21%; P > 0.05).

3.6. Effect of NS1619 on coronary flow and ischemic heart injury.

To see whether BKCa channel-mediated coronary vascular tone plays a key role in coronary 

perfusion and heart ischemic injury, we performed experiments in ischemia/reperfusion (I/R) 

Langendorff preparation system [8, 9]. As shown in Figure 4E, the coronary flows both 

before and after I/R were significantly increased by infusion of the BKCa channel opener 

NS1619 as compared to the infusion of vehicle control. Furthermore, infusion with NS1619 

also decreased I/R-induced cardiac injury (Figure 4F).

4. Discussion

Myogenic tone is an intrinsic property of vasculature, particularly small arteries. Pressure-

induced myogenic tone is an important mechanism in the autoregulation of coronary blood 

flow [36]. Cardiac function is dependent on a constant oxygen supply from coronary 

circulation. The present study has shown increased coronary myogenic responses in the 

nicotine exposed offspring. Similarly, previous studies have also shown an increase in 

myogenic tone of systemic or coronary vessels in offspring in response to adverse perinatal 

stresses [31, 37]. Given the fact that perinatal nicotine exposure leads to a development of 

heart ischemia-sensitive phenotype in adult offspring [8, 9, 28], the present findings suggest 

that increased coronary vascular tone may be one of the key mechanisms underlying 

nicotine-mediated decrease in coronary flow and increase in heart ischemic injury. These 
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findings are also consistent with epidemiological studies showing an association of adverse 

intrauterine environmental exposure and an increased risk of coronary heart disease in adult 

life [38].

Myogenic tone is regulated by many different vasoconstrictor and vasodilator influences 

acting on the blood vessel. These influences can be separated into extrinsic factors that 

originate from outside of the blood vessel, and intrinsic factors that originate from the vessel 

itself. As an intrinsic factor, BKCa channel is predominately located in arterial SMCs. 

Activation of the channel induces vascular relaxation. Previous studies have demonstrated 

that BKCa channels play a key role in regulating coronary vascular tone and coronary blood 

flow [22, 23]. Our present findings that inhibition of BKCa channel by TEA (1 mM) 

enhanced coronary vascular tone and activation of BKCa channels by NS1619 induced dose-

dependent coronary relaxation in control animals, suggest that BKCa channels play a key 

role in the regulation of coronary vascular tone. Furthermore, in present studies we found 

that TEA treatment eliminated the differences of pressure-induced myogenic tone between 

the control and nicotine-exposed offspring and NS1619-induced coronary relaxations were 

attenuated in nicotine-exposed offspring as compared to the controls. This data suggests that 

nicotine-enhanced coronary vascular tone is regulated by BKCa channel signaling. The BKCa 

channel in SMCs consists of a pore-forming α subunit and regulatory β1 subunits [24]. The 

present findings that nicotine selectively decreased BKCa β1 but not α subunit protein 

expression and attenuated BKCa channel current density, suggest that down-regulation of 

BKCa β1 expression may be one of the key mechanisms underlying nicotine-mediated 

heightened coronary vascular tone. Similarly, decreased BKCa β1 subunit expression has 

been observed in coronary heart ischemic disease and other cardiovascular disease [26, 27].

The present finding that nicotine exposure down-regulated BKCa β1 subunit expression, 

suggests that epigenetic mechanisms are involved. There are at least three major epigenetic 

regulatory pathways including DNA methylation, histone modification, and non-coding 

RNAs. As a pivotal epigenetic mechanism, miRNAs are sensitive to various prenatal insults 

[16, 17]. Recent studies have shown that prenatal stress, including maternal cigarette smoke, 

modifies epigenetic signatures through miRNA signaling linked to disease during critical 

periods of fetal development [17, 18]. From the gene bank of rodent BKCa β1 (KCNMB1) 

mRNA sequence and the database on target miRNAs, we have identified that many 

miRNAs, including miR-134, miR-135a, miR-181a, and miR-182, can potentially bind at 3’-

UTR of gene encoding BKCa β1 mRNA region. Of interest, the present data indicates that 

nicotine exposure selectively enhanced miR-181a expression in coronary arteries in adult 

offspring. In addition, our data also showed a similar pattern of increase in miR-181a 

expression in neonatal hearts, which suggests that nicotine-mediated changes of miR-181a 

could program from the neonatal period to adulthood. Furthermore, we found that treatment 

of miR-181a mimic knocked down BKCa β1 expression, inhibited BKCa channel current and 

attenuated NS1619-induced coronary relaxation. These findings validate that miR-181a 

could directly down-regulate BKCa channel. To see whether the enhanced miR-181a 

expression plays a key role in nicotine-mediated up-regulation of coronary vascular tone, we 

treated the arteries with the miR-181a antisense. The present findings that inhibition of 

miR-181a eliminated the differences of pressure-induced coronary vascular tone between the 

control and nicotine-exposed offspring, suggest that increased miR-181a is at least one of 
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the important mechanisms underlying nicotine-mediated exaggerated vascular tone. Indeed, 

previous studies have shown that multiple members of miRNAs are consistently up-

regulated in coronary heart ischemic injury [10–12, 39]. Therapeutic treatment with anti-

miRNAs has been reported in different animal models, where inhibition of the specific 

miRNA led to a reduced heart infarct size and enhanced heart function after ischemic 

cardiac injury [10–12, 39]. These novel findings provide a solid basis for our future studies 

to test whether inhibition of miR-181a restores the nicotine-mediated increased heart 

ischemic injury in offspring.

ROS are important biomarkers that regulate diverse biological responses. Maternal smoking 

and nicotine use during pregnancy result in increased ROS in fetal, neonatal and adult 

tissues [40, 41]. Recently, we have demonstrated that nicotine exposure induces a fetal 

programming of adult cardiovascular dysfunction associated with an enhanced ROS 

production in cardiovascular tissues [28, 35]. A novel finding in the present study is that 

antioxidant (NAC) treatment increased NS1619-induced coronary vascular relaxation in 

nicotine-exposed but not in control offspring, which provides direct evidence that nicotine-

induced programming of vascular dysfunction is, at least, partly mediated by oxidative 

stress. Similar studies have reported that antioxidant treatment prevents pancreas β-cell 

apoptosis observed in nicotine-exposed offspring [42]. In addition, previous studies have 

demonstrated that antioxidant prevents nicotine-mediated cardiovascular dysfunction in 

offspring [28]. The present finding that antioxidant eliminates the differences of BKCa 

channel current density between the control and nicotine-exposed offspring, suggests that 

oxidative stress plays a causal role in nicotine-mediated suppression of BKCa channel 

function. Consistent with our finding, previous studies have also provided direct evidence of 

a causative role of oxidative stress in regulation of BKCa channel in vasculatures [32]. 

However, there is a debate whether ROS directly regulates BKCa channel function. Recent 

studies have shown that ROS directly increases miR-181a expression in cardiomyocytes and 

the inhibition of miR-181a confers cardiac protection against oxidative stress-induced 

apoptosis [43]. From those findings, we can speculate that nicotine-induced oxidative stress 

leads to up-regulation of miR-181a expression, and consequently down-regulation of BKCa 

channel and coronary dysfunction.

Ischemic heart is associated with an increased coronary vascular tone and a reduction of 

coronary reserve which is mainly regulated by BKCa channel [23]. Our present data show 

that activation of BKCa channel by NS1619 increases coronary flow and decreases ischemia/

reperfusion-induced heart injury, which are consistent with previous reports that 

administration of BKCa channel opener NS1619 increases coronary flow, decreases heart 

ischemic injury and improves heart function [44]. These findings suggest that BKCa channel 

plays a significant physiological role in maintaining coronary perfusion and in protecting 

against heart ischemic injury. In addition, our recent studies have shown increased heart 

vulnerability to ischemic injury in perinatal nicotine exposed offspring [8, 9]. Of 

importance, our present finding indicates that nicotine exposure causes a decrease in BKCa 

β1 subunit expression/channel activity and increase in coronary arterial vascular tone in 

adult rat offspring. These observations suggest a novel mechanism that nicotine-induced 

repression of BKCa β1 subunit may account for the reduction in coronary reserve and 

development of heart ischemic disease. In our future study, we will further investigate 
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whether miR-181a/BKCa channel signaling plays an important role in nicotine-mediated 

ischemic heart injury and dysfunction in offspring.

4.1. Study limitations

Although nicotine-mediated miR-181a over expression is one of the important molecular 

mechanisms underlying nicotine-induced coronary heart dysfunction in offspring, one of the 

limitations is that we don’t know how nicotine exposure induces miR-181a over expression. 

Recent studies have shown that miR-181a gene can be regulated by DNA methylation 

mechanism [45, 46], and our recent studies have also demonstrated that nicotine exposure 

alters DNA methylation patterns in offspring [9]. Therefore, in our future studies we will 

investigate whether nicotine-mediated DNA methylation plays a key role in regulation of 

miR-181a expression. Another limitation for present study is the selectivity of BKCa channel 

inhibitor (TEA) and activator (NS1619). Although previous studies have demonstrated that 

TEA (1 mM) and NS1619 are predominately acting on BKCa channel in vasculatures [32, 

33], in our future studies, we will use some other specific BKCa channel inhibitor (such as 

iberiotoxin) and activator (NS11021) to validate our present results. In addition, cross-

fostering experiments will be performed in our future study to determine whether the 

programming effect was driven from the mother or fetus/neonates.

4.2. Conclusions and future directions

Our present studies demonstrate that perinatal nicotine exposure selectively enhances BKCa-

targeting miR-181a expression which directly cause an epigenetic repression of the BKCa β1 

gene and a decrease in BKCa channel function, leading to heightened coronary vascular tone 

in offspring. Furthermore, inhibition of miR-181a and BKCa channel can reverse nicotine-

mediated exaggerated coronary vascular tone in offspring. These findings have significant 

implications for our understanding of the epigenetic molecular mechanisms underlying fetal 

programming of coronary heart disease. Furthermore, this study suggests that modulation of 

the BKca channels by specific miRNA may be a novel therapeutic target for coronary heart 

ischemic diseases. Recent studies have shown that paternal nicotine exposure can cause 

behavioral disorder in multiple generations, which are associated with changes of certain 

gene (such as miR-15b gene) expression through DNA methylation mechanism [47, 48]. 

These novel evidences provide a molecular basis for our animal model that perinatal nicotine 

exposure could program miR-181a/BKCa β1 gene persisting in adulthood. Therefore, in our 

future studies, we will determine nicotine-mediated cardiac function and miR-181a/BKCa β1 

gene expression patterns in different developing ages, even in the next generation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Perinatal nicotine induces fetal programming of adult coronary heart 

dysfunction.

• Perinatal nicotine selectively increases miR-181a in coronary arteries in 

offspring.

• The enhanced miR-181a epigenetically represses BKCa β1 gene and channel 

function.

• The decreased BKCa channel leads to development of coronary dysfunctional 

phenotype.

• BKCa targeting miR-181a may be a novel therapeutic target for coronary heart 

ischemic diseases associated with fetal stress exposure.
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Figure 1. Effect of fetal and neonatal nicotine on myogenic tone and NS1619-induced relaxation 
in coronary arteries.
Pressure-dependent myogenic tone was determined in the absence (A) or presence (B) of 

TEA (1.0 mM, 20 min) in coronary arteries isolated from saline control or nicotine-exposed 

offspring (6 month old age). (C) The coronary arteries were placed in the chamber of a 

pressure myograph and were pressurized to 45 mmHg. Then, the pressurized arteries were 

pre-contracted with the sub-maximal concentration of norepinephrine (3 μM), followed by 

increasing concentrations of NS1619. The relaxation (%) is expressed as the percentage of 
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the change in diameter in each tissue-induced by NS1619. Data of pressure-induced vascular 

tone are means ± SEM of animals from each group (n = 4) were analyzed by 2-way 

ANOVA. *P < 0.05 versus saline control. The values of the NS1619-induced maximal 

relaxation response were calculated by the GraphPad Prism software and presented in the 

text.
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Figure 2. Effect of fetal and neonatal nicotine on BKCa channel abundances/current and the role 
of ROS.
For measurement of BKCa channel protein level (A), coronary arteries were collected from 

both control and nicotine-treated adult offspring. The protein abundances of both BKCa α 
and β1 subunits in the coronary artery tissues were determined by Western blot analysis. For 

measurement of the whole-cell K+ channel currents (B) and BKCa channel currents (C), 

coronary arterial SMCs were isolated and enzymatically dissociated from both nicotine-

exposed and control offspring. The BKCa channel current was determined as the difference 
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between the whole-cell K+ current in the absence and presence of BKCa channel inhibitor 

TEA (1.0 mM). To see the effect of ROS on BKCa channel, an antioxidant N-acetyl-cysteine 

(NAC) was added in the coronary arteries or coronary arterial SMCs isolated from saline 

control or nicotine-exposed offspring. NS1619-induced relaxations (D) in the pressurized 

coronary arteries were determined in the absence or presence of 1 mM NAC. Whole-cell K+ 

channel currents (E) and BKCa channel currents (F) in the coronary arterial SMCs were 

recorded in the presence of 1 mM NAC. The data were expressed as the means ± SEM of 

animals from each group (n = 3~5). The BKCa channel protein comparison was determined 

between the nicotine-treated and saline control groups by Student’s t-test. The BKCa channel 

current comparison was determine by two-way ANOVA statistical analysis for. *P < 0.05 

versus saline control. The values of the maximal relaxation response and their differences 

among groups were presented in the text.
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Figure 3. Effect of fetal and neonatal nicotine on miRNAs levels and the effect of miR-181a 
inhibitor on perinatal nicotine-mediated coronary vascular tone.
(A) Coronary arteries were isolated from control or nicotine-exposed offspring. MicroRNAs 

levels in the coronary arteries were measured by qRT-PCR analysis. The expression levels of 

miRNAs are expressed as percentage of SNORD61. Data are means ± SEM of animals from 

each group (n = 4~6) and compared between the nicotine-treated and saline control groups 

by Student’s t-test. *P < 0.05 versus saline control. (B) Coronary arteries were freshly 

isolated from both saline control and nicotine-exposed offspring, and then treated ex vivo 
with miR-181a-LNA or negative control for 48 hours. After treatment, the pressure-induced 

myogenic tone was determined in the coronary arteries. Data are means ± SEM of animals 

from each group (n = 4~5). *P < 0.05 versus saline control, as determined by two-way 

ANOVA Statistical analysis.
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Figure 4. Direct effect of miR-181a mimic on BKCa β1 expression and channel function and the 
effect of NS1619 on coronary flow and ischemic heart injury.
(A) Showing a potential binding site of miR-181a at 3’-UTR gene encoding BKCa β1 region 

(Kcnmb1). (B) Coronary arteries were freshly isolated from normal adult rats, and then 

treated with miR-181a mimic or negative control for 48 hours. After treatment with 

miR-181a mimic, BKCa β1 protein levels were determined in the coronary arteries by 

Western blot analysis. (C) BKCa channel current density was determined in the smooth 

muscle cells which were isolated from the miR-181a mimic-treated coronary arteries. (D) 
After treatment with miR-181a mimic or negative control, NS1619-induced relaxations were 

determined in the pressurized coronary arteries. (E) Hearts were isolated from adult rats and 

perfused in a Langendorff preparation. After the baseline recording, hearts are subjected to 

30 minutes of global ischemia, followed by 60 minutes of reperfusion (I/R) in the absence or 

presence of NS1619 (10 μM) 10 minutes before ischemia and throughout the period of 
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ischemia and reperfusion. The coronary flow rate was determined in the absence or presence 

of NS1619 both before and after I/R. (F) The I/R-induced infarct sizes in the left ventricle 

tissues were determined in the absence or presence of NS1619. Data are means ± SEM of 

animals from each group (n = 3~5). *P < 0.05 versus saline control, as determined by 

Student’s t-test or two-way ANOVA Statistical analysis.
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