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Abstract

A variety of stressors including alcohol (EtOH) are known to induce collagen production and 

fibrotic diseases. Matrix metalloproteinases (MMP) play an important role in regulating fibrosis, 

but little is known regarding the relationship between EtOH and MMPs. In addition, the signaling 

cascades involved in this process have not been elucidated. We have identified the MMP Adamts1 

as a target of EtOH regulation. To characterize the function of Adamts1, we examined EtOH-

induced alterations in collagen I and elastin protein levels in C2C12 myocytes. Incubation of 

myocytes with 100 mM EtOH decreased elastin and increased collagen content, respectively, and 

these changes were associated with increased O-GLcNAc modification of Adamts1. Conversely, 

silencing of Adamts1 by siRNA blocked the adverse effects of EtOH on collagen and elastin 

levels. Similar results were obtained after treatment with a pharmacological inhibitor of MMP. 

Changes in collagen were due, at least in part, to a decreased interaction of Adamts1 with its 

endogenous inhibitor TIMP3. The AMPK inhibitor compound C blocked the EtOH-induced 

stimulation of collagen and O-GLcNAc Adamts1 protein. Changes in AMPK appear linked to 

FoxO1, since inhibition of FoxO1 blocked the effects of EtOH on AMPK phosphorylation and O-

GLcNAc levels. These FoxO-dependent modifications were associated with an upregulation of the 

FoxO1 transcription target sestrin 3, as well as increased binding of sestrin 3 with AMPK. 

Collectively, these data indicate that EtOH regulates the collagen I and elastin content in an 

Adamts1-dependent manner in myocytes. Furthermore, Adamts1 appears to be controlled by the 

FoxO1-sestrin 3-AMPK signaling cascade.

Keywords

matrix metalloproteinases; alcohol; FoxO; AMPK; collagen; elastin

Excessive ethanol (EtOH) consumption is a major cause of myocardial fibrosis, liver 

cirrhosis and pancreatitis [Mello et al., 2008; Oruc and Whitcomb, 2004]. A common 

characteristic linking each of these fibrotic diseases is the abnormal production of 
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extracellular matrix (ECM) components such as collagen [Bailey et al., 2012; Wynn, 2008]. 

Although the effects may vary, damage to the ECM can lead to disruption of homeostasis, as 

well as increased tissue stiffness and progressive organ dysfunction. Previous studies 

demonstrated that EtOH or its metabolite acetaldehyde induce collagen I synthesis in cardiac 

fibroblast and hepatic stellate cells [Casini et al., 1991; El Hajj et al., 2014; Law and Carver, 

2013; Moshage et al., 1990]. Conversely, studies using skin fibroblasts have shown a 

decrease in collagen I, albeit in conjunction with an increase in collagen III [Ranzer et al., 

2011]. In smooth muscle cells, on the other hand, chronic EtOH exposure to rats decreases 

elastic fiber and collagen IV [Yeşilli et al., 2006].

The proteolytic degradation of collagen is regulated by a group of protease families that 

include matrix metalloproteinases (MMPs) and membrane proteinases that contain 

disintegrin and metalloproteinase domains (ADAM) [Mochizuki and Okada, 2007; Nagase 

et al., 2006; Ra and Parks, 2007]. Other members of the ADAM family are responsible for 

the shedding of cytokines and their receptors which may participate in tissue remodeling 

[Perna et al., 2013]. ECM remodeling in the presence of EtOH is promoted by up-regulation 

of the collagenase MMP-2, as well as down regulation of fibrillary collagenase MMP-1 

expression. Thus, this results in the substitution of normal ECM components with a sclerotic 

matrix [Casini et al., 1994]. Despite the importance of EtOH-induced fibrosis, the molecular 

mechanisms underlying the changes in ECM proteins in various organs are still largely 

unknown.

Adamts1 (a disintegrin and metalloproteases with thrombospondin type 1 motifs) belongs to 

a family of metalloproteinases involved in the processing of procollagen I, procollagen III, 

and proteoglycans [Apte, 2009; Mochizuki and Okada, 2007]. Previous studies 

demonstrated that Adamts 1cleaves ECM components such as aggrecan and versican [Kuno 

et al., 2000; Rodriguez-Manzaneque et al., 2002; Russell et al., 2003]. This protein also has 

type I collagen degrading activity as demonstrated in rat and human osteoblasts, ovarian 

follicles, and a murine model of chronic viral myocarditis [Brown et al., 2006; Guo et al., 

2010; Rehn et al., 2007]. The activity of Adamts1 is controlled by a variety of factors. For 

example, Adamts 1 is up-regulated in liver fibrosis model, in association with hepatic 

stellate cell activation and elevated type I collagen [Bourd-Boittin et al., 2011]. In addition, 

this proteinase can be induced by a number of external stimuli such as lipopolysaccharides, 

chemical agents as well as under inflammatory conditions [Krampert et al., 2005; Kuno et 

al., 1997].

AMP-activated protein kinase (AMPK) is a central nutrient and cell energy sensing protein 

activated under unfavorable conditions (e.g., hypoxia, glucose starvation, EtOH) [Gwinn et 

al., 2008; Hong-Brown et al., 2010]. AMPK signals regulate the activity of a number of 

proteins associated with mammalian target of rapamycin complex 1 (mTORC1), including 

tuberous sclerosis protein complex 2 (TSC2) and raptor, thereby regulating the activity of 

mTORC1. The FoxO family of forkhead transcription factors also plays an important role in 

energy metabolism, tumor suppression and cell proliferation [Greer and Brunet, 2005; Gross 

et al., 2008; Matsumoto et al., 2007]. It is well established that FoxO and mTORC1 are 

regulated by Akt in response to a variety of stimuli. However, FoxO has also been shown to 

regulate mTORC1 and mTORC2 under stress conditions, thereby maintaining a regulatory 

Hong-Brown et al. Page 2

J Cell Biochem. Author manuscript; available in PMC 2016 January 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



balance between the two mTOR complexes. For example, FoxO1 stimulates mTORC2 

activity by increasing the level of one of its subunits, i.e., the rictor protein. Conversely, 

FoxO1 appears to inhibit the activity of mTORC1 via transcriptional up regulation of sestrin 

3 [Chen et al., 2010]. Taken together, the FoxO-sestrin-AMPK-mTOR axis appears to play 

an important role in mammalian cell signaling events [Hay, 2011]. At present, however, it is 

unknown whether EtOH affects FoxO activity, or if there is a regulatory interplay between 

FoxO1, sestrin3 and AMPK in the presence of this drug.

Results from a microarray profile in our laboratory indicated that chronic EtOH 

consumption by rats increased Adamts1 gene expression in both skeletal and heart tissues. 

To further characterize this effect, we utilized a C2C12 myocyte model system that is 

routinely used in our laboratory and examined the role that Adamts1 plays in controlling 

ECM proteins in response to EtOH. In our previous studies, EtOH has been shown to reduce 

protein synthesis in C2C12 cells. Furthermore, this effect was associated with a decrease in 

mTORC1 function, albeit with a corresponding increase in mTORC2 activity. In each case, 

the effects of EtOH on mTOR appeared to be mediated by an AMPK-TSC2 dependent 

mechanism [Hong-Brown et al., 2012]. In the present study, we elucidated the regulatory 

signaling and connections between AMPK and Adamts1. EtOH was observed to increase 

collagen I and decrease elastin in C2C12 myocytes, with these changes being mediated by 

Adamts1. Accordingly, knockdown of Adamts1 blunted the adverse effects of EtOH on 

these two proteins. Finally, our results indicate that EtOH affects Adamts1 via an AMPK 

signaling cascade that appears dependent on the FoxO1-sestrin axis.

MATERIALS AND METHODS

Ethanol was purchased from Fisher Scientific Co. (Springfield, NJ). Antibodies against 

collagen I (Col1A1) and elastin were purchased from Santa Cruz Biotechnology (Santa 

Cruz, CA). The Adamts1and scrambled siRNA were obtained from the same source. 

Antibody to Adamts1 was from R&D System, Inc (Minneapolis, MN), and TIMP1 was 

purchased from Abcam (Cambridge, MA). The sestrin 3 antibody was from Acris (San 

Diego, CA). Antibodies against phosphorylated (p)-FoxO1 (Ser256), p-FoxO1(T24) /Fox3a 

(T32), p-AMPKα (T172), TIMP3 and tubulin were obtained from Cell Signaling 

Technology (Beverly, MA), with the latter serving as a control for equal protein loading of 

samples. Compound C, the FoxO1 inhibitor AS1842856, and the MMP inhibitor GM6001 

[Ilomastat] were from EMD Millipore Corporation (Temecula, CA). Phenylmethanesulfonyl 

fluoride (PMSF), protease, phosphatase I and II inhibitor cocktails were from Sigma Aldrich 

(St. Louis, MO). Cell culture media and fetal bovine serum (FBS) were from Mediatech, Inc 

(Manassas, VA).

CELL CULTURE AND TRANSFECTION

C2C12 mouse myoblasts (American Type Culture Collection; Manassas, VA) were cultured 

in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% FBS, penicillin 

(100 U/ml), streptomycin (100 μg/ml) and amphotericin (25 μg/ml) at 37°C in 5% CO2. 

Cells were plated on 6-well or 10 cm dishes and grown to confluence. All studies were 

conducted using cells at the early passage of the myoblast stage unless otherwise indicated. 
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Upon confluence, cells were switched to 1.5 % FBS media in the presence or absence of 100 

mM EtOH for 18–24 h as previously described [Hong-Brown et al., 2013]. The presence of 

serum was necessary because the survival of C2C12 myocytes is decreased when cells are 

cultured for extended periods in serum-free media (SFM). A concentration of 100 mM 

EtOH was used because it produces an optimal effect without being cytotoxic to myocytes. 

During the incubation, plates were sealed with parafilm to minimize the evaporation of 

EtOH.

For transient expression, the siRNA target Adamts1 (sc41426) or scrambled sequences 

[Trimborn et al., 2004] were transfected into C2C12 myocytes using electroporation 

technology (Amaxa Biosystems nucleofector II, Germany) and the Amaxa cell line 

nucleofector kit V (Lonza Walkersville Inc, Walkersville, MD). All transfections were 

performed following the manufactures’ protocol. Experiments were carried out 24–36 h 

post-transfection, and cells were harvested 18–24 h thereafter for immunoblot analysis.

DRUG TREATMENTS

For studies using chemical inhibitors of AMPK, FoxO1 or MMP, cells were pre-treated as 

noted in the figure legends. The concentration and incubation times for reagents were 

chosen based on dose- and time-response curves derived from our preliminary studies and 

the literature [Hong-Brown et al., 2007; Tanaka et al., 2010]. Total protein was determined 

using the bicinchoninic acid reagent (BCA) protein assay kit with bovine serum albumin 

(BSA) as a standard (Pierce, Rockford, IL). The results were normalized and compared with 

the control group. Data were expressed as a percentage of the control value.

AGAROSE WHEAT GERM AGGLUTININ (WGA) PRECIPITATION, IMMUNO-PRECIPITATION 
AND WESTERN BLOT ANALYSIS

C2C12 myocytes were lysed in buffer containing 1% NP40, 50mM Tris-HCl (pH 8), 137 

mM NaCl, 10% glycerol, PMSF and a cocktail of protease and phosphatase inhibitors as 

described by Kuo et al. (2008) with minor modification. Briefly, soluble fractions of cell 

extracts (250–500 μg of protein) were pre-cleared with sepharose CL4B (Sigma Aldrich) for 

1h at 4°C. The supernatant was incubated with 30–40 μl of WGA beads (Vector 

Laboratories, Burlingame, CA) overnight at 4°C with rotation to capture O-GLcNAc 

modified proteins. The beads were washed and suspended in 2x Laemmli sample buffer 

(LSB). For immunoprecipitation (IP), cells were lysed with 0.3% CHAPS (3-[(3-

cholamindopropyl) dimethylammonio]-1-propanesulfonate) buffer containing 40 mM Hepes 

(pH 7.5), 120 mM NaCl, 1 mM EDTA, PMSF and a cocktail of protease and phosphatase 

inhibitors. Primary antibody (1:60) was added to equal amounts of protein (300–500 μg) 

from cell lysates and rotated overnight at 4°C. A total of 40 μl of a 50% slurry of protein A 

sepharose (GE Healthcare, Piscataway, NJ) was then added for an additional 1 h. 

Immunoprecipitates were washed 3 times with lysis buffer and the precipitated proteins 

were denatured by the addition of 2x LSB.

For immunobloting, equal amounts of protein from IP or WGA precipitated lysates were 

electrophoresed on denaturing polyacrylamide gels and transferred to nitrocellulose. The 

resulting blots were blocked with 5% nonfat dry milk or 3–5 % BSA and incubated with the 
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antibodies of interest. Unbound primary antibody was removed by washing with TBS 

containing 0.05% Tween-20 and blots were incubated with secondary antibody conjugated 

with horseradish peroxidase (HRP). Blots were briefly incubated with an enhanced 

chemiluminescent detection system (GE Healthcare, Buckinghamshire, UK) and exposed to 

X-ray blue film (Cole Parmer, Vernon Hills, IL) or the FluroChem M multifluor system was 

used for visualization (Proteinsimple, Santa Clara, CA) and quantified with Image J (NIH, 

Bethesda, MD).

QUANTITATIVE REAL-TIME PCR

Total RNA was isolated using Qiagen RNeasy mini kit (Qiagen, Valencia, CA). RNA (1 μg) 

was reverse-transcribed using Invitrogen Reverse Transcriptase superscript III. The 

quantitative PCR (qPCR) assays were performed following the manufactures’s protocol: an 

initial 10 min denaturation step at 95°C, followed by forty cycles at 95°C (15 sec) and 60°C 

(1 min) using an Applied Biosystem StepOne Plus Real-Time PCR instrument (Foster city, 

CA). The TapMan primer probe set Adamt1 (Mm00477355_m1) and RpL32 

(Mm02528467_g1) were purchased from Applied Biosystems. Results were calculated 

using the 2 −Δ ΔCT relative quantification method normalized to endogenous control RpL32.

STATISTICAL ANALYSIS

For experimental protocols with more than two groups, statistical significance was 

determined using one-way ANOVA followed by the Dunnett’s test to compare all data to 

the appropriate control group. For experiments with only two groups, an unpaired Student’s 

t-test was performed. Data are presented as mean ± SE. A value of P < 0.05 was considered 

statistically significant.

RESULTS

EtOH DECREASES ELASTIN AND INCREASES COLLAGEN I CONTENT

A variety of external insults have been reported to alter type I collagen and other 

components of the extracellular matrix [Bourd-Boittin et al., 2011; Yu et al., 2013]. 

Furthermore, these changes are associated with fibrosis in a number of cell types and tissues. 

A recent study found that EtOH increases the amount of collagen I and III in both cardiac 

fibroblasts and heart tissue [El Hajj et al., 2014]. However, at present, little is known 

regarding the effects of EtOH on collagen I and elastin in skeletal muscle. To address this 

issue, mouse C2C12 myocytes were treated with 100 mM of EtOH and examined for the 

effects on ECM components. EtOH decreased elastin level as compared to controls (Fig.

1A&B). In contrast, an increase in collagen I A1content was observed following incubation 

with EtOH (Fig. 1A & C). This effect was not dependent on the state of muscle cell 

differentiation, as a similar enhancement was detected in C2C12 myotubes (data not shown).

EFFECTS OF EtOH ON ADAMTS 1

Adamts play a role in regulating various extracellular matrix proteins including collagen 

[Mochizuki and Okada, 2007]. While conducting a screen for EtOH-induced changes in 

gene expression, we identified Adamts1 as a target that was modified by EtOH. Hence, we 

undertook a characterization of the effects of EtOH on Adamts1 levels and function. As 
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illustrated in Fig. 2A, incubation of myocytes with EtOH increased Adamt1 mRNA as 

compared to control cells, but this elevation did not change the overall level of Adamts1 

protein (Fig. 2B).

Because antibodies recognizing phosphorylated forms of Adamts1 were not available, we 

could not determine whether EtOH modified this parameter. However, studies have shown 

that addition of a single O-linked β-N acetylglucoamine (O-GlcNAc ) on either serine or 

threonine residues of a cytosol or nucleus protein can also affect the function of this 

modified protein [Wells et al., 2001]. Furthermore, in many cases, increased levels of O-

GlcNAc are associated with a diminished level of protein phosphorylation [Slawson et al., 

2006]. Therefore, as an alternative approach, we examined the effect of EtOH on the O-

GlcNAcylation of Adamts1. Treatment of myocytes with EtOH increased the level of O-

GlcNAc modification of Adamts1 (Fig. 2C). Thus, O-GlcNAc modification may be 

indicative of changes in the activity of Adamts1 towards downstream targets such as 

collagen and elastin.

ADAMTS 1 REGULATES EtOH-INDUCED CHANGES IN COLLAGEN I AND ELASTIN 
LEVELS

To assess the potential role of Adamts1 in regulating collagen and elastin, myocytes were 

subjected to Adamts1 silencing. Figure 3A shows that myocytes transfected with Adamts1 

siRNA had decreased levels of this protein (35–40%) as compare to scrambled control cells. 

When these cells were incubated in the presence or absence of EtOH, the knockdown (KD) 

of Adamts1 blocked the EtOH effect on collagen I (Fig. 3B&C) and elastin protein (Fig. 

3B&D). These data suggest that Adamts1 plays some role in directly modulating the levels 

of these proteins.

EFFECTS OF EtOH ON TIMP1 AND TIMP3

Tissue inhibitors of metalloproteinases (TIMPs) can complex with Adamts and irreversibly 

inhibit the activity of these proteins [Baker et al., 2002]. Furthermore, the levels of various 

TIMPs are elevated in response to EtOH in cardiac fibroblasts [El Hajj et al., 2014]. EtOH-

induced changes in Adamts function may be subject to regulation by proteins of the TIMP 

family. Hence, we examined whether EtOH had any effect on these endogenous inhibitors. 

In the presence of EtOH there were elevated levels of TIMP1, both in myoblasts (Fig. 4A) 

and in myotubes (data not shown). In contrast, TIMP3 protein levels were not affected by 

EtOH (Fig. 4B). Because Adamts1 is reportedly affected by TIMP3 [Rodriguez-

Manzaneque et al., 2002], we examined whether EtOH alters the association of these 

proteins. Fig. 4C illustrates that EtOH decreased the interaction between TIMP3 and 

Adamts1 compared to control values. This result suggests that the function of Adamts1 

toward its downstream target collagen and elastin is due, at least in part, to changes in this 

protein-protein interaction.

To further confirm that Adamts1 plays a role in regulating collagen and elastin, we used a 

pharmacological inhibitor of MMP [Lim et al., 2014]. Incubation of cells with GM6001 

alone did not affect collagen or elastin levels, as compared to control cells (Fig. 5A-C). 

However, this inhibitor attenuated the EtOH-induced increase in collagen, with levels 
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remaining below those observed in control cells (Fig. 5A & B). Similarly, this agent 

prevented the suppressive effect of EtOH on elastin levels (Fig. 5A & C).

EtOH ALTERS O-GlcNAc ADAMTS 1 IN AN AMPK-DEPENDENT MANNER

AMPK plays a key role in mediating the effects of EtOH on various signal transduction 

pathways. As such, EtOH increases both AMPK phosphorylation and its activity towards 

various downstream targets [Hong-Brown et al., 2012]. Therefore, we next investigated the 

connection between AMPK and Adamts1. Incubation of cells with the AMPK inhibitor 

compound C (CC) attenuated the effect of EtOH on O-GLcNAc Adamts1 levels, with these 

values remaining below controls (Fig.6A&D). Furthermore, the stimulatory effect of EtOH 

on collagen was also inhibited in the presence of CC (Fig 6A&E). An inverse relationship 

was observed between O-GlcNAcylation and phosphorylation for the AMPK protein. EtOH 

increased AMPK phosphorylation, whereas it decreased the level of O-GlCNAc 

modification by 35% relative to controls (Fig 6A-C). Collectively, these results demonstrate 

a link between AMPK and Adamts1, specifically in terms of collagen regulation in C2C12 

myocytes exposed to EtOH.

EtOH INCREASES FOXO1 FUNCTION AND MODULATES AMPK ACTIVITY TOWARD 
COLLAGEN

Forkhead transcription factors (FoxOs) such as FoxO1 have multiple cellular and biological 

roles, many of which modulate metabolism, stress resistance, longevity and apotosis [Greer 

et al., 2009; Gross et al., 2008]. FoxO is phosphorylated following anabolic stimulation and 

in the absence of these stimuli, there is an increase in the activity of the transcription factor 

[Greer and Brunet, 2005]. As FoxO integrates a wide range of external stimuli, we 

investigated whether EtOH affected the function of this protein, either through changes in its 

phosphorylation or O-GLcNAc status. Incubation of myocytes with EtOH decreased FoxO1 

phosphorylation on both the Ser 256 (Fig. 7A&B) and Thr 24 residues (data not shown), 

although it did not affect the overall level of protein. Next, we examined whether levels of 

O-GLcNAc FoxO1 were affected by EtOH. Similar to the phosphorylation results, EtOH 

decreased levels of O-GLcNAc FoxO1 as compared to controls (Fig. 7A&C).

Both FoxO1 and AMPK regulate energy metabolism. Furthermore, previous studies have 

shown a role for FoxO in the activation of AMPK [Hay, 2011]. Therefore, we examined 

whether the EtOH-induced changes in AMPK modification and activity were linked to 

FoxO1 activity. For these experiments, myocytes were incubated with a specific FoxO1 

inhibitor in the absence or presence of EtOH. As illustrated in Fig. 7D&E, treatment of the 

cells with inhibitor alone did not alter AMPK phosphorylation. However, this inhibitor 

completely suppressed the EtOH-induced stimulation of AMPK phosphorylation, with 

levels remaining below control values. Likewise, this agent blocked the suppressive effect of 

EtOH on O-GLcNAc AMPK content (Fig. 7D&F). Finally, incubation of myocytes with the 

FoxO1 inhibitor blocked the EtOH-induced increase in O-GLcNAc Adamts1 (Fig 7D&G) 

and collagen content (Fig 7. D&H), indicating that Adamts1 and collagen are downstream 

targets of the FoxO1 pathway. Taken together, these results suggest that FoxO1 is an 

upstream regulator modulating the effects of EtOH on AMPK and Adamts1.
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EtOH-ENHANCED FOXO1 ACTIVITY AFFECTS SESTRIN 3 AND AMPK INTERACTION

Activation of FoxO1 increases expression of the sestrin3 protein [Chen et al., 2010]. 

Furthermore, sestrin1/2 can activate AMPK, at least under oxidative stress conditions, by 

forming an interaction with this protein [Budanov and Karin, 2008]. As noted above, FoxO1 

appears to modulate the effect of EtOH on AMPK phosphorylation. Thus, these findings 

suggest a linkage between FoxO1, sestrin and AMPK. Therefore, we examined whether 

enhanced AMPK function in the presence of EtOH is due to alternations in either the sestrin 

3 levels or its interaction with AMPK. As demonstrated in Fig. 8A, treatment of myocytes 

with EtOH increased sestrin 3 content as compared to control cells. In addition, there was 

increased binding between sestrin3 and AMPK in the presence of EtOH (Fig. 8B). These 

data suggest that changes in sestsrin 3 level and protein-protein interaction may account for 

increased AMPK phosphorylation and activity in response to EtOH.

DISCUSSION

A number of biochemical and mechanical factors have been implicated in promoting fibrotic 

diseases. Along these lines, an enhanced production of collagen I and/or III has been noted 

in EtOH-induced pathological conditions [El Hajj et al., 2014; Law and Carver, 2013; 

Roman, 2014]. In the present study, EtOH increased collagen type I A1 chain content in 

C2C12 myocytes. This finding was consistent with reports showing an involvement of EtOH 

in the stimulation of type I collagen protein and gene expression in cardiac fibroblasts and 

hepatic stellate cells, respectively [El Hajj et al., 2014; Mello et al., 2008]. However, this 

observation was in contrast to results from Ranzer et al, where acute EtOH exposure 

decreased collagen I while increasing collagen III levels in skin fibroblasts. The reason for 

this discrepancy is unclear, although it may be due to differences in cell type and/or the dose 

of EtOH used. In addition to changes in collagen, we detected a decrease in elastin content 

in response to ETOH. This finding is in agreement with published data whereby EtOH 

attenuated levels of elastic fibers in smooth muscle cells [Yeşilli et al., 2006]. Thus, the 

increase of fibrillar collagen I and/or III in combination with decreased elastic fibers may 

contribute to the characteristic syndrome of fibrotic diseases.

Collagen and elastic fiber levels are regulated by a group of metalloproteinases, including 

members of the ADAM family. Multiple lines of evidence have demonstrated that Adamts1 

is essential for aggrecan and versican degradation, whereas it is not involved in the turnover 

of procollagen or collagen [Rodriguez-Manzaneque et al., 2002; Russell et al., 2003]. 

However, in the present study, we observed that silencing of Adamts1 by siRNA or 

chemical inhibition of this protein blocked the ability of EtOH to induce changes in collagen 

and elastin contents. Thus, this suggests that Adamts1 is involved in the regulation of these 

two proteins in C2C12 myocytes. As such, this is consistent with published reports 

suggesting that collagen I is a potential substrate for Adamts1[Guo et al., 2010; Rehn et al., 

2007].

Changes in collagen and elastin contents are influenced by the expression and/or activity of 

proteinases. In the present study, Adamts1 gene expression was elevated by EtOH, although 

this did not affect the level of adamts1 protein. On the other hand, EtOH did cause a post-

translation modification of Adamts1 which may account for a change in the function of this 

Hong-Brown et al. Page 8

J Cell Biochem. Author manuscript; available in PMC 2016 January 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



protein. Furthermore, this activity can be regulated by physiological inhibitors such as 

TIMPs which complex with proteinases to inhibit the function of these proteins [Baker et al., 

2002].

Adamts1 activity is reportedly regulated by both TIMP2 and TIMP3 [Rodriguez-

Manzaneque et al., 2002]. Our results indicated that protein levels of TIMP3 were 

unchanged following exposure to EtOH. This is in contrast to published data whereby EtOH 

increased TIMP3 content in cardiac fibroblasts [El Hajj et al., 2014]. On the other hand, the 

interaction between Adamts1 and TIMP3 was observed to decrease in the presence of EtOH. 

Thus, there may indeed be changes in Adamts1 activity with EtOH, even in the absence of 

elevated levels of Adamts1. We did note increased TIMP1 levels in C2C12 myocytes 

following EtOH exposure, which is in agreement with others [El Hajj et al., 2014]. At 

present, however, it is unclear whether TIMP1 plays a role in modulating Adamts1 activity. 

Taken together, our data suggest that the EtOH-induced increase in collagen I is mediated 

through changes in protein-protein interactions and the O-GLcNAcylation of Adamts1.

It is well established that a variety of factors increase the activity of AMPK. We previously 

showed that EtOH increases AMPK phosphorylation in myocytes as well as the 

phosphorylation of its downstream targets TSC2, raptor and eEF2. This, in turn, results in 

decreased mTORC1 activity and protein synthesis [Hong-Brown et al., 2012]. There is also 

a connection between mTOR and the synthesis of collagen. For example, studies with 

human fibroblasts showed that inhibition of mTOR activity by siRNA, or treatment with 

rapamycin decrease the expression levels of Col 1A1 and Col 1A2 by 50% [Shegogue and 

Trojanowska, 2004]. In the present study, we could not directly determine whether AMPK 

affected the phosphorylation state of Adamts1, due to the unavailability of phosphor-specific 

antibodies. However, we were able to utilize O-GLcNAc modification to examine the 

function of Adamts1. As noted previously, the addition of a single O-GLcNAc sugar to 

either Ser or Thr residues can affect the function of a protein and, in some cases, 

phosphorylation and O-GLcNAc are reciprocal modifications on the same Ser and Thr sites 

[Griffith and Schmitz, 1999; Slawson et al., 2006; Wells et al., 2001]. In addition, this 

process can occur rapidly and is inducible by a number of stimuli. Furthermore, the 

attachment and removal of O-GLcNAc to and from nucleocytoplasmic proteins shares a 

number of similarities with protein phosphorylation and dephosphorylation [Cheng et al., 

2000]. In the present study, we observed an EtOH-induced increase in AMPK 

phosphorylation activity that was correlated with a decrease in O-GLcNAcylation. 

Furthermore, the EtOH-induced increases in O-GLcNAc-Adamts1 and collagen were 

blocked in the presence of the AMPK inhibitor compound C. Thus, this suggests a link 

between AMPK activity and O-GLcNAcylation of selected substrates.

The transcriptional mechanisms by which EtOH decreases mTORC1 activity and protein 

synthesis are not well characterized. Previously, we reported an important role for AMPK in 

mediating the effects of EtOH, and in the current study, we have added an additional link to 

FoxO1. FoxO transcription factors are involved in multiple signaling pathways and are 

closely correlated with metabolism, proliferation and apoptosis [Gross et al., 2008; 

Matsumoto et al., 2006]. Previous studies reported that FoxO is influenced by the energy 

status of cells, as AMPK has been shown to directly regulate FoxO3 factors [Greer et al., 
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2007]. On the other hand, FoxO can indirectly activate AMPK through the FoxO-sestrin-

AMPK-mTORC1 axis which is conserved in mammalian cells [Hay, 2011].

Our results indicate that EtOH decreases both the phosphorylation and O-GLcNAcylation of 

FoxO1. Interestingly, a FoxO1 specific inhibitor blocked the EtOH-induced increase in 

AMPK activity. Likewise, there were significant effects on the downstream targets of 

AMPK, namely Adamts1 and collagen. Taken together, these results support a model in 

which FoxO1 plays an important role in regulating the activity of AMPK. FoxO1 binds to 

the promoter region of sestrin3, thereby causing elevated sestrin 3 expression, and 

subsequent activation of AMPK [Chen et al., 2010]. In our studies, EtOH appeared to 

increase FoxO1 activity, as indicated by elevated levels of sestrin 3. Although the precise 

mechanism by which sestrin3 regulates AMPK is not clear, an increased interaction between 

sestrin1 or sestrin2 and AMPK has been reported [Budanov and Karin, 2008]. Therefore, a 

similar mechanism may be responsible for the enhanced AMPK function under stressful 

conditions. Indeed, increased sestrin 3 and AMPK binding in the presence of EtOH may at 

least partially account for the elevated AMPK activity. In conclusion, we observed an EtOH-

induced increase in collagen I levels in myocytes that was influenced by Adamts1. 

Furthermore, this process appears to be regulated via a FoxO1-sestrin3-AMPK signaling 

cascade.
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Fig. 1. Effect of EtOH on elastin and collagen I contents
C2C12 myocytes were incubated in the presence or absence of 100 mM EtOH for 18 h. 

Equal amounts of protein from cell lysates were analyzed via Western blotting using 

antibodies against the indicated proteins (panel A). The protein levels were quantified and 

plotted on a bar graph (panel B&C). Results were normalized to total protein and expressed 

as percentage of control levels. Data are means ± SE of 5 independent experiments 

consisting of 4 replicate samples per experiment. * P< 0.05 versus the control value.
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Fig. 2. EtOH increases gene expression and O-GLcNAc modification of Adamts1
C2C12 myocytes were incubated with EtOH as described in Fig.1. mRNA levels were 

determined by quantitative real-time PCR as described in the Materials and Methods section. 

Changes in mRNA level were calculated and normalized to rpL32 mRNA (Panel A). Panel 

B, equal amounts of cell lysates were immunoblotted with antibodies against Adamts1. 

Panel C, Cytosolic extracts (250–400 μg of protein) from control and EtOH-treated cells 

were incubated with WGA-conjugated beads overnight and analyzed for Adamts1 O-

GLcNAc-modification. Results were normalized to total protein and expressed as a 

percentage of control levels. Data are means ± SE of 4 independent experiments consisting 

of 4 replicate samples per experiment. * P< 0.05 versus the control value.
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Fig. 3. Effect of Adamts1 knockdown (KD) on collagen I and elastin protein
C2C12 myocytes were transfected with scrambled siRNA or an Adamts1 specific siRNA. 

Equal amounts of protein lysates from scrambled control and Adamts1 KD cells were 

analyzed via Western blots using antibody against Adamts1 (panel A), collagen I and elastin 

(panel B). Quantified data were plotted on a bar graph (panel C&D). Results were 

normalized to total cell protein and expressed as a percentage of scrambled control levels. 

Each bar graph represents mean ± SE of 3 independent experiments consisting of 3 replicate 

samples per experiment. * P< 0.05 versus the scrambled control value. Groups with different 

letters are significantly different from one another (P< 0.05). Groups with the same letters 

are not significantly different.
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Fig. 4. Effects of EtOH on TIMP1, TIMP3 and its binding with Adamts1
C2C12 myocytes were incubated with EtOH as described in Fig.1. Equal amounts of protein 

from cell lysates were analyzed via Western blotting using antibodies against TIMP1 (panel 

A) and TIMP3 (panel B). Adamts1 was immunoprecipitated from equal amount of cell 

extracts and immunoblotted with TIMP3 antibody (panel C). Results were normalized with 

immunoprecipitated (IP) Adamts1 that was assessed by immunoblotting. Data are means ± 

SE of 4 independent experiments consisting of 4 replicate samples per experiment. * P< 

0.05 versus the control value.
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Fig. 5. MMP inhibition blocks the effect of EtOH on collagen I and elastin levels
C2C12 myocytes were incubated with EtOH as described in Fig.1. Cells were pre-incubated 

with the MMP inhibitor GC6001 (15 μM) in SFM for 35 min. Thereafter, EtOH was added 

to the media for an additional 50 min in the presence or absence of inhibitor. Cells were 

collected and analyzed via Western blotting using antibodies against the indicated proteins 

(panel A). The protein levels were quantified on a bar graph (panel B&C). Results were 

normalized to total cell protein and expressed as a percentage of control values. Each bar 

graph represents mean ± SE of 4 independent experiments consisting of 3–4 replicate 

samples per experiment. Groups with different letters are significantly different from one 

another (P< 0.05). Groups with the same letters are not significantly different.
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Fig. 6. EtOH increases collagen I and O-GlcNAc-Adamts1 levels via an AMPK dependent 
pathway
C2C12 myocytes were incubated with EtOH as described in Fig.1. Cells were pre-incubated 

for 1 h in the presence or absence of the AMPK inhibitor compound C (CC, 20 μM). 

Thereafter, EtOH was added to SFM for an additional 50 min in the presence or absence of 

inhibitor. Cells were collected and analyzed via Western blotting using antibodies against 

the indicated proteins (panel A). The protein levels were quantified and presented as a bar 

graph (panel B-E). Results were normalized to total cell protein and expressed as a 

percentage of control values. Each bar graph represents a mean ± SE of 4 independent 

experiments consisting of 4 replicate samples per experiment. Groups with different letters 

are significantly different from one another (P< 0.05). Groups with the same letters are not 

significantly different.
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Fig. 7. EtOH increases collagen I via a FoxO1-AMPK-Adamts1 dependent pathway
C2C12 myocytes were incubated with EtOH as described in Fig.1. Equal amounts of protein 

from cell lysates were analyzed via Western blotting using an antibody against p-FoxO1 

(panel A). The protein levels were quantified on a bar graph (panel B). Cytosolic extracts 

from control and EtOH-treated cells were incubated with WGA-conjugated beads for 

analysis of O-GLcNAc-modification of FoxO1 (panel A&C). Panel D, cells were pre-

incubated for 40 min in the presence or absence of a FoxO1 specific inhibitor (0.3 μM). 

Thereafter, EtOH was added to the media for an additional 50 min in the presence or 

absence of inhibitor. Cells were collected and analyzed via Western blotting using 

antibodies against the indicated proteins. Results were normalized to total cell protein and 

expressed as a percentage of control values (panels E-H). Each bar graph represents a mean 

± SE of 4 independent experiments consisting of 3 replicate samples per experiment. Groups 

with different letters are significantly different from one another (P< 0.05). Groups with the 

same letters are not significantly different.
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Fig. 8. EtOH elevates sestrin 3 and its interaction with AMPK
C2C12 myocytes were incubated with EtOH as described in Fig.1. Equal amounts of protein 

from cell lysates were analyzed via Western blotting using antibody against sestrin3 (panel 

A). AMPK was immunoprecipitated from equal amount of cell extracts and immunoblotted 

with sestrin3 antibody. Results were normalized with immunoprecipitated (IP) AMPK that 

was assessed by immunoblotting (panel B). Data are means ± SE of 4 independent 

experiments consisting of 4 replicate samples per experiment. * P< 0.05 versus the control 

value.
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