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Abstract

Background—We previously demonstrated that chronic alcohol ingestion augments TGFβ1 

expression in the lung fibroblast and increases the risk of fibroproliferative disrepair in a mouse 

model of acute lung injury. The effect of alcohol on TGFβ1 is mitigated by treatment with 

sulforaphane, which can activate nuclear factor (erythroid-derived 2)-like 2 (Nrf2). However, the 

mechanisms by which alcohol amplifies, or SFP attenuates, TGFβ1 expression in the fibroblast are 

not known. MicroRNA (miR)-21 has been shown to inhibit Smad7, a TGFβ1 signaling inhibitor. 

In the present study, we hypothesized that alcohol augments TGFβ1 expression through up-

regulation of miR-21, which subsequently inhibits Smad7.

Methods—Primary mouse lung fibroblasts were cultured ± alcohol ± SFP and assessed for gene 

expression of miR-21, and gene and/or protein expression of Nrf2, Nrf2-regulated anti-oxidant 

enzymes, Smad7, STAT3, and TGFβ1. NIH 3T3 fibroblasts were transfected with a miR-21 

inhibitor and cultured ± alcohol. α-SMA, Smad7, and TGFβ1 protein expression were then 

assessed. In parallel, NIH 3T3 lung fibroblasts were transfected with Nrf2 silencing RNA (siRNA) 

and cultured ± alcohol ± SFP. Gene expression of miR-21, Nrf2, Smad7, and TGFβ1 were 

assessed.

Results—MiR-21 gene expression was increased by 12-fold at 48 hours and Smad7 gene and 

protein expression were reduced by ∼30% in alcohol-treated fibroblasts. In parallel, inhibition of 

miR-21 attenuated alcohol-mediated decrease in Smad7 and increase in TGFβ1 and alpha-smooth 

muscle actin protein expression. Treatment with SFP mitigated the effect of alcohol on miR-21, 

Smad7, and total and phosphorylated STAT3, and restored Nrf2-regulated antioxidant gene 

expression. Silencing of Nrf2 prevented the effect of SFP on miR-21, Smad7, and TGFβ1 gene 

expression in alcohol-treated NIH 3T3 fibroblasts.

Conclusions—Alcohol treatment increases TGFβ1 in fibroblasts, at least in part, through 

augmentation of miR-21, which then inhibits Smad7 expression. These effects can be attenuated 

by activation of Nrf2 with SFP.
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Introduction

Chronic alcohol abuse is an international health concern, and has been estimated to directly 

contribute to 3.2-5.9% of overall global mortality (Rehm and Imtiaz, 2016). Furthermore, 

long-term alcohol ingestion is associated with significant organ dysfunction, and increased 

burden of mental disorders, lung disease, cancer, infection, and cirrhosis (Rehm and Imtiaz, 

2016, Kershaw and Guidot, 2008). Our group previously demonstrated an increase in the 

pro-fibrotic cytokine, TGFβ1, in lung fibroblasts of alcohol-fed mice and rats, which 

translated to an increased risk of fibrotic disrepair following acute lung injury in chronic 

alcohol-exposed animals (Bechara et al., 2004, Sueblinvong et al., 2014b, Sueblinvong et al., 

2014a). In addition, we showed that in alveolar epithelial cells and fibroblasts, alcohol 

exposure decreased the expression and activity of nuclear factor (erythroid-derived 2)-like 2 

(Nrf2), a master transcription factor that regulates the anti-oxidant response element and 

promotes expression of anti-oxidant enzymes such as heme oxygenase-1 (HO-1), glutamate-

cysteine ligase catalytic subunit (GCLC), glutamate-cysteine ligase modifier subunit 

(GCLM), and glutathione S-transferase (GST)(Jensen et al., 2013, Sueblinvong et al., 2014b, 

Zhang and Forman, 2009). We also determined that treatment with sulforaphane (SFP), a 

Nrf2 activator, attenuated TGFβ1 expression in alcohol-treated lung fibroblasts 

(Sueblinvong et al., 2014b). Moreover, in alcohol-treated fibroblasts, inhibition of TGFβ1 

expression or signaling restored Nrf2 activity (Sueblinvong et al., 2014b). These data 

suggest that alcohol exposure may lead to chronic oxidative stress in the lung by suppressing 

Nrf2 and activating TGFβ1 in a vicious positive feedback loop. Despite these important 

discoveries, there are still several questions left to be answered. Importantly, the pathway by 

which alcohol augments TGFβ1 in the murine primary lung fibroblast remains unknown. 

Additionally, it is unclear if the effect of SFP can be ascribed to Nrf2 activation or to another 

regulatory pathway (Clarke et al., 2008).

TGFβ1 is secreted from the cell bound to the latency-associated peptide (LAP), which 

together form latent, or inactive, TGFβ; however, latent TGFβ cannot bind to cell surface 

receptors due to steric hindrance from the LAP (Aschner and Downey, 2016). Active TGFβ 
is formed after the LAP is cleaved from latent TGFβ1 due to a variety of mechanisms 

(Aschner and Downey, 2016). The canonical TGFβ1 signaling cascade is a complex series 

of events that begins in the extracellular microenvironment when active TGFβ1 ligand binds 

to the TGFβ receptor (TβR) II, promoting heterotetramerization with TβRI (Aschner and 

Downey, 2016). Downstream signaling by TβRI through phosphorylation of regulatory 

Smad (R-Smad) transcription factors promotes fibroblast-to-myofibroblast differentiation, 

with an increase in myofibroblastic markers such as alpha-smooth muscle actin (α-SMA), 

augmentation in TGFβ1 expression, and ultimately, fibrogenesis (Aschner and Downey, 

2016, Phan, 2008). Activation of the canonical pathway is negatively controlled by Smad7, 

an inhibitory Smad (I-Smad) which binds to the intracellular domain of TβRI and prevents 

downstream activation of R-Smads (Aschner and Downey, 2016). It was recently shown that 
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Smad7 was suppressed, with an associated increase in TGFβ1 pro-fibrotic signaling, in a 

mouse and rat model of bleomycin-induced acute lung injury and fibrosis (Hayashi et al., 

1997, Venkatesan et al., 2004). In light of these findings, it is reasonable to speculate that 

alcohol may increase TGFβ1 by inhibiting Smad7.

MicroRNAs (miRs) are small, non-coding RNAs that inhibit protein expression by binding 

to the 3′ untranslated region (UTR) of target gene transcripts, increasing mRNA 

degradation, and/or inhibiting protein translation (Ha and Kim, 2014). There are over 2500 

miRs discovered in humans, and it is estimated that the majority of human protein coding 

genes have at least 1 miR binding site (Ha and Kim, 2014). MiRs have been implicated in a 

number of disease processes including idiopathic pulmonary fibrosis (IPF), and serve as 

potential therapeutic targets for disease (Pandit et al., 2011). MiR-21 is up-regulated in 

myofibroblasts from patients with IPF, and it's expression is under positive control by 

several transcription factors, including signal transducer and activator of transcription 3 

(STAT3)(Krichevsky and Gabriely, 2009, Liu et al., 2010). Recently, miR-21 was found to 

be increased in a mouse model of bleomycin-induced pulmonary fibrosis, and is thought to 

promote fibrosis by augmenting TGFβ1 signaling through direct inhibition of Smad7 protein 

expression (Liu et al., 2010); however, no study to date has evaluated the interplay between 

alcohol, miR-21, and Smad7.

In the present study, we aim to determine how alcohol mediates an increase in TGFβ1 in the 

murine lung fibroblast, and to determine how SFP attenuates TGFβ1. Additionally, we 

explore whether alcohol-mediated TGFβ1 augmentation is associated with an increase in the 

myofibroblastic marker, α-SMA. We hypothesize that alcohol induces miR-21 gene 

expression, which subsequently inhibits Smad7 protein expression, leading to a relative gain 

of function in the TβRI with resultant increase in TGFβ1 signaling and expression. 

Furthermore, we believe that SFP ultimately inhibits TGFβ1 expression by activating Nrf2.

Materials and Methods

Cell culture and treatment

Primary lung fibroblasts (PLFs) were isolated from the lungs of C57Bl/6 (wild-type, Jackson 

Laboratories, Bar Harbor, ME) mice as previously described (Roman et al., 2005). PLFs 

(passage 3-7) and NIH 3T3 mouse lung fibroblasts (ATCC, Manassas, VA) were cultured in 

DMEM with 4.5 g/L glucose supplemented with 20% fetal bovine serum (FBS), 100 U/ml 

penicillin, and 100 U/ml streptomycin. Treatments included alcohol (60 mM) and 

sulforaphane (SFP, 5 μM).

Nrf2 silencing RNA (siRNA) transfection

NIH 3T3 cells were seeded in 6-well plates and transfected the next day with 5nM rat Nrf2 

siRNA vector (Invitrogen, Carlsbad, CA) or the same concentration of scrambled control 

vector (Invitrogen, Carlsbad, CA) using HiPerFect (Qiagen, Valencia, CA) as described in 

the manufacturer protocol. At 24 hours post-transfection, some groups were exposed to 

alcohol at 60 mM, and all groups were cultured for an additional 48 hours. Cells were then 

harvested for microRNA analysis as described below.
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Down-regulation of miR-21

To confirm the role of miR-21 in alcohol-mediated Smad7 expression, NIH 3T3 cells were 

transfected with Lipofectamine 3000 containing miR-21 inhibitor 

(5′UAGCUUAUCAGACUGAUGUUGA; 20 nM at the final concentration) or anti-miR 

negative control (20 nM) according to the manufacturer's protocol (Qiagen, Valencia, CA). 

Six hours after transfection, serum-free medium was replaced with complete culture 

medium, and cells were incubated overnight. Cells were treated with alcohol (60 mM) 24 

hours after transfection, and then collected for gene and protein expression analysis at 48 

hours and 72 hours respectively, as described below.

RNA and microRNA isolation, reverse transcription and quantitative PCR

The mirVana miRNA Isolation Kit was used to extract and purify messenger RNA (mRNA) 

and microRNA from mouse PLFs or NIH 3T3 lung fibroblasts according to the 

manufacturer's protocol (Life technologies, Grand Island, NY). In brief, following extraction 

and purification, mRNA and microRNA fractions were eluted into separate vials, and RNA 

concentrations and purity were determined. cDNA was synthesized from 250 ng microRNA 

per sample using the miScript II RT kit (Qiagen, Valencia, CA). cDNA was synthesized 

from 1 μg mRNA as previously described (Sueblinvong et al., 2014a). Quantitative PCR 

(qPCR) for mRNA expression was performed with primer sets for 18s, GCLC, GCLM, 

GSTT2, HO-1, Nrf2, Smad7, and TGFβ1 (Table 1) using iQ SYBR Green Supermix (Bio-

Rad). qPCR for SNORD95 and miR-21 (5′UAGCUUAUCAGACUGAUGUUGA) gene 

expression was performed with primers sets from Qiagen using QuantiTect SYBR Green 

PCR Kit (Qiagen, Valencia, CA). The iCycler sequence detection system (Bio-Rad) was 

used for the real-time PCR analysis. The level of target mRNA or microRNA expression was 

normalized to 18s or SNORD95 housekeeping genes, and relative target mRNA or 

microRNA levels were determined according to the comparative cycle threshold method 

(Applied Biosystems 7900HT Sequence Detection System, User Bulletin No. 2; Applied 

Biosystems). Relative expression values were calculated as previously described 

(Sueblinvong et al., 2014a).

Protein isolation and analysis

Total protein from PLF or NIH 3T3 cell lysates were isolated as previously described 

(Sueblinvong et al., 2012). Equal amounts of protein samples were separated on 4-20% 

gradient sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gel, and 

transferred to nitrocellulose membranes. The blots were blocked in blocking buffer (5% non-

fat dry milk, 0.1% Tween 20 in TBS, pH 7.4) for 1 hour, then incubated with mouse anti-

mouse Smad7 (R&D, 1:1,000), rabbit anti-mouse α-SMA (Abcam, 1:1,000), mouse anti-

mouse STAT3 (Santa Cruz, 1:200), mouse anti-mouse Tyr 705 p-STAT3 at (1:200, Santa 

Cruz), rabbit anti-mouse GAPDH (Sigma, 1:50,000), and rat anti-mouse TGFβ1 (BD 

Pharmingen, 1:500) at 4°C overnight in blocking buffer or 5% bovine serum albumin in 

0.1% Tween 20 in TBS (for phosphorylated STAT3). They were then washed and incubated 

for 1 hour at room temperature with an appropriate horseradish peroxidase–conjugated 

secondary antibody (Amersham Biosciences, Pittsburgh, PA), washed again, and visualized 
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via enzyme-linked chemiluminescence using the SuperSignal West Pico kit (Pierce 

Biotechnology, Rockford, IL).

Statistical analysis

Unpaired two tailed t-tests or one-way ANOVA were used for comparisons between groups 

using GraphPad Prism and GraphPad InStat version 4. Post-test analysis using Dunnett's 

correction method was performed if statistical significance was reached by one-way 

ANOVA. GraphPad Prism and GraphPad InStat version 5 were used to calculate statistics. 

Significant differences were accepted at a P level of < 0.05.

Results

Alcohol exposure attenuates Smad7 gene and protein expression in primary lung 
fibroblasts

We first sought to determine if alcohol inhibits Smad7 in lung fibroblasts. We found that 

alcohol treatment initially increased Smad7 gene expression at 24 hours (not statistically 

significant as compared to untreated cells); however, at 48 hours, Smad7 gene expression 

was suppressed by ∼50%, and by approximately 90% at 72 hours as compared to untreated 

cells (P<0.05)(Figure 1A). Figure 1B highlights an approximate 30% reduction in Smad7 

protein (P<0.05) expression after 72 hours of treatment with alcohol. These results suggest 

that alcohol may amplify TGFβ1 signaling and expression by down-regulating the TGFβ1 

signaling inhibitor, Smad7.

Alcohol exposure increases miR-21 expression in primary lung fibroblasts

MiR-21 has previously been shown to inhibit Smad7 expression in a variety of cells (Pandit 

et al., 2011). We speculated that alcohol might suppress Smad7 expression in lung 

fibroblasts by up-regulating miR-21. Lung fibroblasts were cultured with or without alcohol, 

and harvested for miR-21 gene expression analysis at 12, 24, and 48 hours. Figure 2 

demonstrates a slight increase in miR-21 expression at 12 and 24 hours, with a significant 

increase by ∼12-fold at 48 hours (P<0.05). These findings suggest that in alcohol-treated 

murine PLFs, heightened miR-21 gene expression may directly suppress Smad7 with 

resultant increase in TGFβ1 expression.

Alcohol exposure suppresses Nrf2 and augments TGFβ1 gene expression in primary lung 
fibroblasts

We performed a time-course study in primary lung fibroblasts to compare the effect of 

alcohol on TGFβ1 and Nrf2 gene expression with the temporal changes in miR-21 and 

Smad7 expression. There was a progressive fall in Nrf2 expression at 24, 48 and 72 hours, 

with a complementary rise in TGFβ1 expression at 24 and 48 hours in alcohol-treated 

murine primary lung fibroblasts compared to untreated controls as shown in Figures 3A and 

B, respectively. These results correlate with the results depicted in Figures 1 and Figure 2, 

and do not exclude the possibility that alcohol induces miR-21, which subsequently 

suppresses Smad7, leading to augmentation of TGFβ1 and inhibition of Nrf2.
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Inhibition of miR-21 normalizes Smad7, and partially suppresses latent and active TGFβ1 
protein expression in alcohol-treated NIH 3T3 fibroblasts

To confirm that alcohol-mediated augmentation of TGFβ1 expression was indeed secondary 

to inhibition of Smad7 by miR-21, we transfected NIH 3T3 lung fibroblasts with miR-21 

inhibitor and treated with or without alcohol. Consistent with our findings in PLFs in Figure 

1B, Smad7 protein expression was suppressed and both latent and active TGFβ1 protein 

expression were induced (P<0.05) in alcohol-treated cells transfected with negative control 

compared to untreated cells transfected with negative control (Figures 4A and 4B). 

Additionally, miR-21 inhibitor alone had no effect on Smad7 or TGFβ1 protein expression. 

Alcohol failed to suppress Smad7 protein expression in cells transfected with miR-21 

inhibitor (P<0.05, Figure 4A). Along the same line, alcohol-induced latent and active 

TGFβ1 protein expression was partially attenuated in cells transfected with miR-21 inhibitor 

(Figure 4B). These data confirm that alcohol-mediated induction of miR-21 attenuates 

Smad7, and miR-21-mediated suppression of Smad7 contributes to an increase in TGFβ1 

expression and activation.

Alcohol augments protein expression of α-SMA, which can be partially attenuated by 
miR-21 inhibition in NIH 3T3 cells

To determine the role of alcohol and miR-21 in fibroblast-to-myofibroblast 

transdifferentiation, we assessed protein expression of the myofibroblast marker, α-SMA, in 

alcohol-treated NIH 3T3 cell. Figure 5 demonstrates that alcohol-treated cells transfected 

with negative control had a trend toward increased α-SMA expression compared to 

untreated cells transfected with negative control (P=0.05). Furthermore, this effect appeared 

to be partially attenuated in alcohol-treated cells transfected with miR-21 inhibitor.

Treatment with SFP attenuates miR-21 gene expression and restores Smad7 protein 
expression in primary lung fibroblasts

We have previously shown that treatment with the Nrf2 activator, SFP, could attenuate 

alcohol-mediated increase in TGFβ1 expression (Sueblinvong et al., 2014b). In the present 

study, we hypothesized that SFP achieves this effect by down-regulating miR-21 and/or up-

regulating Smad7. We first confirmed that SFP could activate Nrf2 in alcohol-treated PLFs 

by evaluating gene expression of known Nrf2-dependent antioxidant enzymes. We show in 

Figure 6A that SFP increased Nrf2-dependent enzyme gene (e.g. GCLC, GCLM, GST, and 

HO-1) expression in alcohol-treated cells. In light of this, we assessed the effect of SFP on 

the expression of miR-21 and it's downstream target, Smad7. Figure 6B demonstrates that 

SFP mitigated alcohol-induced miR-21 gene expression by ∼50% (P<0.05) at 48 hours as 

compared to cells treated with alcohol alone. In parallel, Smad7 gene and protein expression 

were augmented following co-treatment of PLFs with alcohol and SFP as compared to 

alcohol alone (Figure 7A and 7B). These data suggest that SFP attenuates alcohol-induced 

TGFβ1 by modifying the miR-21-Smad7 axis.
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Alcohol induces and sulforaphane suppresses STAT3 expression and activation in primary 
lung fibroblasts

We speculated that miR-21 induction might be secondary to an alcohol-mediated increase in 

STAT3 expression and activation in primary lung fibroblasts. In order to determine this, we 

treated primary lung fibroblasts with alcohol ± SFP, and measured protein expression of 

STAT3 and phosphorylated STAT3. Figure 8 demonstrates ∼3.5-fold increase in total STAT3 

(Figure 8A) and ∼4-fold increase in pSTAT3 (Figure 8B) expression in cells treated with 

alcohol compared to untreated cells (P<0.05). The effect of alcohol on STAT3 was 

attenuated by treatment with SFP.

Treatment with SFP attenuates miR-21 gene expression through a Nrf2-dependent pathway 
in NIH 3T3 fibroblasts

To determine if SFP affects the miR-21/Smad7 pathway by it's known ability to activate 

Nrf2 rather than another mechanism of action, we transfected NIH 3T3 fibroblasts with Nrf2 

silencing RNA (Nrf2 RNAi) or negative control RNA (scramble RNAi), then treated with or 

without SFP and/or alcohol. We first confirmed that transfection with Nrf2 siRNA was 

successful. Figure 9A shows ∼80% suppression of Nrf2 gene expression in cells transfected 

with Nrf2 RNAi as compared to cells transfected with scramble RNAi. We then assessed 

miR-21 expression, and as expected, alcohol induced miR-21 gene expression in cells 

transfected with scramble RNAi as compared to untreated cells transfected with scramble 

RNAi. Furthermore, SFP treatment attenuated alcohol-induced miR-21 expression in cells 

transfected with scramble RNAi (Figure 9B). In parallel, silencing of Nrf2 gene expression 

did not alter miR-21 expression. Addition of SFP to alcohol-treated cells transfected with 

Nrf2 RNAi failed to suppress miR-21 gene expression to a level comparable to cells 

transfected with scramble RNAi + alcohol + SFP (Figure 9B). Finally, we assessed Smad7 

and TGFβ1 gene expression in cells transfected with Nrf2 RNAi, and as expected, we found 

that alcohol suppressed Smad7 and augmented TGFβ1 expression, while SFP attenuated 

these effects in cells transfected with scramble RNAi (Figure 10A and 10B). Interestingly, 

sulforaphane treatment significantly suppressed Smad7 gene expression in cells transfected 

with Nrf2 RNAi (P<0.05, Figure 10A). Co-treatment with alcohol and SFP had no 

significant effect on Smad7 gene expression in cells transfected with Nrf2 RNAi (Figure 

10A). As previously shown by our group, Nrf2 RNAi transfection alone with or without SFP 

treatment did not significantly alter TGFβ1 gene expression (Sueblinvong et al., 2014b). 

Treatment with alcohol and SFP significantly accentuated TGFβ1 gene expression in cells 

transfected with Nrf2 RNAi (P<0.05, Figure 10B). These data suggest SFP mitigates the 

effects of alcohol on miR-21, Smad7, and TGFβ1 gene expression through the Nrf2 

signaling pathway.

Discussion

In this study, we determined that Smad7 protein expression is suppressed and miR-21 gene 

expression is increased in murine primary lung fibroblasts following alcohol exposure. 

Expanding upon this, alcohol-induced miR-21 appeared to directly suppress Smad7, as 

evidenced by restoration of Smad7 expression in alcohol-treated cells transfected with 

miR-21 inhibitor. Additionally, inhibition of miR-21 partially attenuated alcohol-induced 
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latent and active TGFβ1 protein expression. Alcohol treatment also amplified expression and 

activation of the transcription factor STAT3 which is known to activate transcription of 

miR-21. Furthermore, alcohol-treated lung fibroblasts had increased α-SMA protein 

expression which can be attenuated by inhibition of miR-21. Finally, we showed that SFP 

inhibits miR-21 and restores Smad7 expression in alcohol-treated lung fibroblasts, which is 

mediated by activation of Nrf2. Taken together, these results suggest that alcohol augments 

TGFβ1 expression in murine lung fibroblasts, at least in part, by increasing miR-21 which 

suppresses Smad7 expression, leading to an increase in downstream signaling and self-

induction of TGFβ1; however, there may be other mechanisms by which alcohol increases 

active TGFβ1. Alcohol-mediated increase in α-SMA suggests that augmentation of TGFβ1 

by alcohol promotes an increase in fibroblast-to-myofibroblast differentiation in vitro. 

Lastly, activation of Nrf2 signaling by SFP limits miR-21 expression and subsequent Smad7 

augmentation, and serves as a potential therapeutic option to prevent alcohol-mediated 

fibroproliferative disrepair following acute lung injury.

Our group previously showed that chronic alcohol exposure leads to oxidative stress in the 

lung, as reflected by alveolar depletion of the critical antioxidant glutathione, representing a 

fundamental mechanism underlying alcohol-induced lung dysfunction (Holguin et al., 1998, 

Gauthier et al., 2005, Moss et al., 1999). We further identified TGFβ1 as a proximal and 

critical mediator of alcohol-induced oxidative stress in the lung which increases 

susceptibility to acute injury and subsequent fibroproliferative disrepair (Sueblinvong et al., 

2014b, Bechara et al., 2004). To identify a potential mechanism by which alcohol induces 

TGFβ1 expression and amplifies TGFβ1 signaling, we assessed the natural TGFβ1 inhibitor, 

Smad7, and found that alcohol exposure suppresses Smad7 protein expression by ∼30%. 

Smad7 inhibits canonical TGFβ1 signaling by binding to the TβRI which subsequently 

inhibits fibroblast-to-myofibroblast transition and self-induction of TGFβ1 activation and 

expression (Nakao et al., 1997, Hayashi et al., 1997, Aschner and Downey, 2016). Our 

results are in accordance with previous studies demonstrating lower levels of Smad7 in a 

bleomycin model of pulmonary fibrosis (Venkatesan et al., 2004, Liu et al., 2010). 

Furthermore, overexpression of Smad7 was shown to prevent pulmonary fibrosis following 

bleomycin exposure and renal fibrosis after obstructive uropathy (Chung et al., 2013, Nakao 

et al., 1999). These results are also in accordance with extra-pulmonary models of fibrosis, 

as knocking out Smad7 gene expression has previously been associated with increased risk 

of liver injury and fibrosis after an acute insult (Zhu et al., 2011, Hamzavi et al., 2008). 

However, this is the first study directly linking alcohol exposure with inhibition of Smad7 in 

the primary lung fibroblast. Given our findings, alcohol-mediated inhibition of Smad7 is a 

novel mechanism to explain downstream amplification of TGFβ1 and the increased risk of 

fibroproliferative disrepair following acute lung injury noted previously in our lab 

(Sueblinvong et al., 2014a, Sueblinvong et al., 2014b). Further studies are warranted to 

determine if augmentation of Smad7 can serve as a therapeutic target for management of end 

organ complications seen in chronic alcohol use.

To clarify the mechanism by which alcohol suppresses Smad7, we assessed miR-21, a 

known mediator in the TGFβ1 signaling pathway (Liu et al., 2010). In this study, we found 

that miR-21 gene expression was significantly increased by ∼12-fold in alcohol-treated lung 

fibroblasts. This finding is not unsurprising, as miR-21 expression was shown to be greater 
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in the livers of alcohol-fed compared to control-fed rats following partial hepatectomy 

(Dippold et al., 2012). Prior literature clearly demonstrates Smad7 mRNA has a 3′ UTR 

binding site for miR-21 (Lin et al., 2014, Li et al., 2013, Liu et al., 2010). These data led us 

to hypothesize that alcohol-induced miR-21 expression attenuates Smad7 expression in lung 

fibroblasts. To evaluate this, we transfected NIH 3T3 cells with miR-21 inhibitor. We found 

that there was restoration of Smad7 protein expression in alcohol-treated cells transfected 

with miR-21 inhibitor as compared to alcohol-treated cells transfected with negative control. 

This confirmed our suspicion that alcohol-mediated increase in miR-21 directly inhibits 

Smad7 expression in the murine lung fibroblast. These results are similar to the study by Liu 

et al where bleomycin-mediated attenuation of Smad7 was prevented in fibroblasts 

transfected with anti-miR-21 probes (Liu et al., 2010). To understand if alcohol augments 

miR-21 directly, or if it acts upstream of miR-21, we measured expression of the 

transcription factor, STAT3, which has been shown to promote miR-21 expression in a 

variety of cell types (Krichevsky and Gabriely, 2009). We found that alcohol treatment 

increased both total and phosphorylated STAT3 protein expression in murine PLFs, 

suggesting that alcohol promotes miR-21 expression indirectly through induction and 

activation of the STAT3 signaling pathway; however, additional studies are required before 

confirming this mechanism.

In our present study, inhibition of miR-21 with resultant restoration in Smad7 led to partial 

attenuation of latent and active TGFβ1 in alcohol-treated cells. These data confirm our 

hypothesis that alcohol mediates an increase in miR-21 which attenuates Smad7, leading to 

a relative increase in TGFβ1 signaling and amplification in TGFβ1 expression in the murine 

fibroblast. However, given that both latent and active TGFβ1 protein expression were not 

completely normalized following transfection with miR-21 inhibitor, alcohol may activate 

TGFβ1 through an additional pathway independent of miR-21 and Smad7. Alcohol-

mediated suppression of Nrf2 with resultant increase in oxidative stress provides one 

explanation for this finding, as TGFβ1 is known to be activated by reactive oxygen species 

(ROS)(Barcellos-Hoff and Dix, 1996, Sullivan et al., 2008, Aschner and Downey, 2016, 

Jensen et al., 2013). The increase in oxidative stress is likely independent of miR-21, and 

hence, would not be affected by miR-21 inhibition. As previously shown, we found that 

activation of Nrf2-ARE signaling pathway lead to partial attenuation of TGFβ1 expression, 

and vice versa, activation of TGFβ1 led to suppression of Nrf2-ARE signaling (Sueblinvong 

et al., 2014b). Taken together, these data suggest that alcohol not only induces TGFβ1 

expression by suppressing Smad7, but also by inhibiting Nrf2 with resultant increased 

oxidative stress in a ‘vicious cycle’. Future studies exploring both therapeutic and 

preventative measures targeting the miR-21-Smad7 axis and Nrf2 signaling are essential to 

prevent the detrimental effect of alcohol on lung repair.

As mentioned above, we and others previously showed that alcohol-mediated suppression of 

Nrf2 activity and increase in TGFβ1 expression are linked in a feedback loop (or ‘vicious 

cycle’), and that activation of Nrf2 with SFP suppresses TGFβ1 (Sullivan et al., 2008, 

Sueblinvong et al., 2014b). To determine if the inhibitory effect of SFP on TGFβ1 

expression was mediated through a miR-21/Smad7 dependent pathway, we treated 

fibroblasts with alcohol and SFP, and found that SFP restored mir-21 and Smad7 expression 

to the level expressed in untreated cells. Interestingly, SFP also reduced total STAT3 and 
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pSTAT3 expression in alcohol-treated fibroblasts. These data suggest that SFP exerts it's 

effect upstream of the STAT3/miR-21/Smad7 axis, potentially by restoring Nrf2 activity and 

mitigating alcohol-induced oxidative stress.

SFP is a naturally occurring isothiocyanate found in cruciferous vegetables, and is believed 

to have numerous potential benefits including chemoprevention, neuroprotection, and relief 

from oxidative stress (Tarozzi et al., 2013, Clarke et al., 2008). The effect of SFP can be 

attributed to a variety of mechanisms including HDAC inhibition, cell cycle arrest, and 

inhibition of cytochrome P450 enzymes (Clarke et al., 2008). Our group is particularly 

interested in the ability of SFP to activate Nrf2, a master transcription factor that positively 

regulates the anti-oxidant response element (ARE) in response to oxidative stress (Hybertson 

et al., 2011). We previously demonstrated that alcohol promotes oxidative stress in the lung 

by inhibiting Nrf2, and that SFP restores Nrf2 function in the alveolar epithelium and 

fibroblast (Jensen et al., 2013, Sueblinvong et al., 2014b). Given the above, our current study 

findings are not unexpected. We again confirmed that SFP could activate Nrf2 and restore 

Nrf2-dependent enzyme expression in murine PLFs. To determine if SFP restored Smad7 

expression through a Nrf2-dependent pathway rather than another mechanism previously 

mentioned, we transfected NIH 3T3 fibroblasts with Nrf2 siRNA. In cells transfected with 

Nrf2 siRNA and treated with alcohol, co-treatment with SFP failed to decrease miR-21 gene 

expression to a level comparable to untreated and alcohol + SFP-treated cells transfected 

with scramble siRNA. In parallel, we also showed that addition of SFP to cells transfected 

with Nrf2 siRNA ± alcohol did not significantly alter Smad7 or TGFβ1 gene expression. 

These data imply that SFP affects the miR-21/Smad7/TGFβ1 pathway through a Nrf2-

dependent mechanism.

Taken together, we have outlined a pathway describing that alcohol augments TGFβ1 by 

increasing miR-21, which suppresses Smad7 (Figure 11). While not specifically addressed 

in this study, this model is almost certainly circular with multiple feedback loops. 

Supporting evidence for this comes from a prior study demonstrating how TGFβ1 and 

miR-21 augment one another in an amplifying circuit in human primary lung fibroblasts 

(Liu et al., 2010). In this study, we used two different fibroblast cell lines; primary lung 

fibroblasts from C57BL/6 mice and NIH 3T3 fibroblasts. NIH 3T3 fibroblasts were used 

because they were easier to transfect with siRNA and the miR-21 inhibitor. While the results 

may be theoretically different in each cell line, the differences would likely be minimal 

given both cell lines are from the same species. Murine fibroblast rather than human 

fibroblast was chosen in order to draw comparisons to prior studies; however, future studies 

are warranted in human fibroblasts to determine if the outcomes remain the same. Lastly, all 

of the experiments were done in vitro to ensure we were measuring the response to alcohol 

from the fibroblast rather than other cell types in the lung. Future in vivo studies are 

warranted to ensure the outcomes remain the same.

In conclusion, we determined for the first time that alcohol exposure augments miR-21, 

which in turn, suppresses Smad7 expression in the murine primary lung fibroblast. This is 

one novel mechanism to explain how alcohol amplifies TGFβ1 in the lung fibroblast, and 

provides a potential new target for prevention of pulmonary fibroproliferative disrepair 

secondary to chronic alcohol ingestion. SFP inhibits alcohol-mediated augmentation of 
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miR-21 by activating Nrf2, and serves as a potential therapy for prevention or treatment of 

pulmonary fibroproliferative disrepair secondary to chronic alcohol use. While this study 

focused on the miR-21/Smad7 pathway, there are potentially other mechanisms by which 

alcohol augments active TGFβ1 expression in the fibroblast, including alcohol-mediated 

increase in ROS. Future studies are warranted aimed at identifying these pathways with a 

goal of establishing a multi-targeted approach to therapy. Follow-up in vivo studies would be 

helpful to confirm our most recent findings; in particular, it is important to determine if 

miR-21 and Smad7 are normalized by SFP in the whole lung, and if SFP or another Nrf2 

activator can prevent lung disrepair following acute lung injury in people who chronically 

ingest alcohol.
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Figure 1. Alcohol exposure in vitro decreased Smad7 gene and protein expression in murine 
primary lung fibroblasts
Primary lung fibroblasts (PLFs) were isolated from the lungs of C57BL/6 mice, and after 

3-7 passages, cells were cultured ± alcohol (60 mM) for up to 72 hours, messenger RNA 

was isolated at 24, 48, and 72 hours and total protein was isolated at 72 hours. (A) At 24 

hours of treatment, PLFs showed a trend toward an increase in Smad7 gene expression; 

however, gene expression was reduced by approximately 30% at 48 hours and nearly 

eliminated at 72 hours (as reflected by Smad7 mRNA levels, normalized to 18s). (B) There 

was an approximate 30% reduction of Smad7 protein expression at 72 hours as determined 

by Western immunoblot analyses (normalized to GAPDH; representative gels shown above 

summary data). *P<0.05 compared to untreated groups.
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Figure 2. Alcohol exposure in vitro increased microRNA-21 gene expression in murine primary 
lung fibroblasts
Murine primary lung fibroblasts (PLFs) were cultured ± alcohol (60 mM) for 12-48 hours 

and small RNA was isolated at 12, 24, and 48 hours. MicroRNA-21 (miR-21) expression 

was analyzed, and alcohol-treated PLFs showed a trend toward increased miR-21 expression 

at 12 and 24 hours. MiR-21 expression was significantly increased at 48 hours as compared 

to untreated cells (data normalized to a housekeeping gene SNORD95). *P<0.05 compared 

to untreated groups.
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Figure 3. Alcohol exposure in vitro attenuated Nrf2 and augmented TGFβ1 gene expression in 
murine primary lung fibroblasts
Murine primary lung fibroblasts (PLFs) were cultured ± alcohol (60 mM) for 24-72 hours 

and messenger RNA was isolated at 24, 48, and 72 hours. (A) Consistent with our previous 

findings, alcohol treatment suppressed Nrf2 gene expression starting at 48 hours, and gene 

expression remained suppressed at 72 hours (as reflected by Nrf2 mRNA levels, normalized 

to 18s) compared to untreated cells. (B) Similarly, alcohol treatment augmented TGFβ1 

gene expression at 24 and 48 hours compared to untreated cells. However, there was a 

decrease in TGFβ1 gene expression at 72 hours. *P<0.05 compared to untreated groups.
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Figure 4. In vitro inhibition of miR-21 restored Smad7 and partially attenuated TGFβ1 protein 
expression in alcohol-treated NIH 3T3 fibroblasts
NIH 3T3 fibroblasts were transfected with miR-21 inhibitor (miR-21 inh; 10μM) or anti-

miR negative control (scramble) and treated ± alcohol (Alc; 60 mM) starting at 24 hours 

after transfection. At 72 hours, cells were collected for protein expression analyses by 

Western immunoblot. (A) Consistent with the findings in PLFs, alcohol-treated NIH 3T3 

cells transfected with negative control showed a decrease in Smad7 protein expression. 

Inhibition of miR-21 attenuated alcohol-mediated Smad7 suppression (normalized to 

GAPDH; representative gels shown above summary data). (B) Similarly, alcohol-treated 

NIH 3T3 cells transfected with negative control showed a significant increase in both latent 

and active TGFβ1 protein expression. Inhibition of miR-21 partially attenuated alcohol-

induced latent and active TGFβ1 protein expression (normalized to GAPDH; representative 

gels shown above summary data). *P<0.05 compared to negative control (scramble RNA) 
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transfected group. **P<0.05 compared to negative control (scramble RNA) + alcohol 

treatment group.
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Figure 5. Alcohol treatment trended toward induction of α-SMA protein expression in NIH 3T3 
cells, which can be partially attenuated by miR-21 inhibition
NIH 3T3 fibroblasts were transfected with miR-21 inhibitor (miR-21 inh; 10μM) or anti-

miR negative control (scramble) and treated ± alcohol (Alc; 60 mM) starting at 24 hours 

after transfection. At 72 hours, cells were collected and analyzed for α-SMA protein 

expression by Western immunoblot.
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Figure 6. Sulforaphane attenuated miR-21 gene expression in alcohol-treated murine primary 
lung fibroblasts
Murine primary lung fibroblasts (PLFs) were treated in vitro ± alcohol (Alc; 60 mM) ± 

sulforaphane (SFP; 5μM). Large and small RNA and protein were isolated at 48 hours and 

72 hours, respectively. (A) Alcohol treatment significantly suppressed some of the Nrf2-

dependent enzymes including glutamate-cysteine ligase catalytic subunit (GCLC), 

glutamate-cysteine ligase modifier subunit (GCLM), and glutathione S-transferase theta 2 

(GSTT2) gene expression, but not heme oxygenase-1 (HO-1). Addition of SFP significantly 

increased gene expression of all Nrf2-dependent enzymes (as reflected by mRNA levels, 

normalized to 18s). (B) At 48 hours, alcohol treatment increased miR-21 gene expression 

while an addition of SFP attenuated the effect of alcohol on miR-21 in PLFs (normalized to 

SNORD95). *P<0.05 compared to untreated groups.
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Figure 7. In parallel, sulforaphane restored Smad7 gene and protein expression alcohol-treated 
murine primary lung fibroblasts in vitro
Murine primary lung fibroblasts (PLFs) were treated in vitro ± alcohol (Alc; 60 mM) ± 

sulforaphane (SFP; 5μM), messenger RNA and protein were isolated at 48 hours and 72 

hours, respectively. Sulforaphane treatment restored (A) Smad7 gene expression (as 

reflected by Smad7 mRNA levels, normalized to 18s) and (B) Smad7 protein expression in 

alcohol-treated PLFs (normalized to GAPDH; representative gels shown above summary 

data). *P<0.05 compared to untreated groups.
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Figure 8. Alcohol increased STAT3 protein expression and activation, which is attenuated by 
sulforaphane in primary lung fibroblasts
Murine primary lung fibroblasts (PLFs) were treated in vitro ± alcohol (Alc; 60 mM) ± 

sulforaphane (SFP; 5μM), total protein was isolated at 72 hours for Western immunoblot 

analyses. (A) Alcohol treatment increased total STAT3 protein expression, and addition of 

SFP normalized STAT3 expression. (B) Alcohol treatment increased Tyr 705 phosphorylated 

STAT3, while SFP treatment suppressed it. Protein expression was normalized to GAPDH; 

representative gels shown above summary data. *P<0.05 compared to untreated groups.
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Figure 9. Sulforaphane treatment failed to attenuate miR-21 gene expression in NIH 3T3 cells 
transfected with Nrf2 silencing RNA
NIH 3T3 fibroblasts were transfected with Nrf2 siRNA (Nrf2 RNAi; 5nM) or negative 

control (scramble RNAi; 5nm) and treated ± alcohol (Alc; 60 mM) ± sulforaphane (SFP; 

5μM) starting at 24 hours after transfection. (A) At 24 hours following Nrf2 siRNA 

transfection, Nrf2 gene expression was analyzed by quantitative PCR to assess for 

transfection efficacy. Cells transfected with Nrf2 siRNA showed a significant reduction 

(∼80%) in Nrf2 gene expression compared to cells transfected with negative controls (as 

reflected by Nrf2 mRNA levels, normalized to 18s). (B) At 48 hours following alcohol ± 

sulforaphane treatment, small RNA was isolated and miR-21 gene expression was analyzed. 

As shown above, alcohol treatment significantly increased miR-21 gene expression while 

SFP normalized it in scramble RNAi transfected groups. Nrf2 RNAi transfection alone did 

not alter miR-21 gene expression; however, SFP failed to suppress miR-21 gene expression 
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in alcohol-treated cells transfected with Nrf2 RNAi. *P<0.05 compared to untreated groups 

transfected with negative control (scramble siRNA).
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Figure 10. In parallel, sulforaphane failed to attenuate the effect of alcohol on Smad7 and 
TGFβ1 gene expression in NIH 3T3 cells transfected with Nrf2 silencing RNA
NIH 3T3 fibroblasts were transfected with Nrf2 siRNA (Nrf2 RNAi; 5nM) or negative 

control (scramble RNAi; 5nm) and treated ± alcohol (Alc; 60 mM) ± sulforaphane (SFP; 

5μM) starting at 24 hours after transfection. At 48 hours following Nrf2 siRNA transfection, 

mRNA was isolated and Smad7 and TGFβ1 gene expression were analyzed by quantitative 

PCR. (A) In scramble RNAi-transfected cells, alcohol treatment suppressed Smad7 gene 

expression while addition of SFP significantly increased it. In Nrf2 RNAi-transfected cells, 

SFP treatment significantly decreased Smad7 gene expression while co-treatment of these 

cells with SFP and alcohol had no significant effect on Smad7 gene expression. (B) As 

expected, alcohol treatment significantly increased TGFβ1 gene expression in cells 

transfected with scramble RNAi, while SFP suppressed it. However, in Nrf2 RNAi 

transfection, SFP treatment alone did not have any significant effect on TGFβ1 gene 

expression, while alcohol + SFP treatment significantly increased it. *P<0.05 compared to 

untreated groups transfected with negative control (scramble siRNA).
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Figure 11. Proposed pathway outlining how alcohol augments TGFβ1 expression in the murine 
lung fibroblast
Alcohol exposure increases miR-21. Smad7 protein expression is then suppressed by 

miR-21. Inhibition of Smad7 leads to an increase in TGFβ1 signaling and augmentation of 

TGFβ1 gene and protein expression. TGFβ1 then amplifies miR-21 gene expression via 

positive feedback and inhibits Nrf2 (as previously shown by our group). MiR-21 and Smad7 

expression can be normalized by the Nrf2 activator, SFP, which diminishes TGFβ1 and 

TGFβ1-mediated amplification of miR-21.
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Table 1
Primers sequences

Genes Forward Primer Reverse Primer

m18s 5′ GGA CCA GAG CGA AAG CA 3′ 5′ ACC CAC GGA ATC GAG AAA 3′

mGCLC 5′ GCA CATCTA CCA CGC AGT CAA 3′ 5′ ACA TCG CCT CCA TTC AGT AAC 3′

mGCLM 5′ CGG GAA CCT GCT CAA CTG 3′ 5′ TCT TCT CTT TCA TCG GGA TTT A 3′

mGST 5′ CTC AAA GGG CAG CAC ATG AG 3′ 5′ GTG GTC TGC CAC CTG GTA CT 3′

mHO-1 5′ TGC TCG AAT GAA CAC TCT GG 3′ 5′ TCC TCT GTC AGC ATC ACC TG 3′

mNrf2 5′ TCA GTC TTC ACT GCC CCT CA 3′ 5′ AGC TCC TGC CAA ACT TGC TC 3′

mSmad7 5′ CAA ACC AAC TGC AGG CTG TC 3′ 5′ CCCC CAG GGG CCA GAT AAT TC 3′

mTGFβ1 5′ CCG TGG CTT CTA GTC CTG AC 3′ 5′ GAV TGG CGA GCC TTA GTT TG 3′
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