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Abstract 

 

Background 

It is unknown whether liver sinusoidal endothelial cells (LSECs) metabolize alcohol.  Chronic 

alcohol consumption decreases endothelial nitric oxide synthase (eNOS)-derived NO production 

typical of LSEC dysfunction.  Heat shock protein 90 (Hsp90) interacts with eNOS to increase its 

activity.  Cytochrome P450 2E1 (CYP2E1) is a key enzyme in alcohol metabolism and facilitates 

protein acetylation via acetyl-CoA, but its expression in LSECs is unknown.  This study 

investigates alcohol metabolism by LSECs, the mechanism of alcohol-induced LSEC dysfunction 

and a potential therapeutic approach for alcohol-induced liver injury. 

 

Methods 

Primary human, rat and mouse LSECs were used.  Histone deacetylase 6 (HDAC6) was 

overexpressed specifically in liver ECs using an adeno-associated virus (AAV)-mediated gene 

delivery system to decrease Hsp90 acetylation in ethanol fed mice. 

 

Results 

LSECs expressed CYP2E1 and alcohol dehydrogenase 1 (ADH1) and metabolized alcohol.  

Ethanol induced CYP2E1 in LSECs, but not ADH1.  Alcohol metabolism by CYP2E1 increased 

Hsp90 acetylation and decreased its interaction with eNOS along with a decrease in NO 

production.  A non-acetylation mutant of Hsp90 increased its interaction with eNOS and NO 

production, whereas a hyper-acetylation mutant decreased NO production, compared with 

wildtype Hsp90.  These results indicate that Hsp90 acetylation is responsible for decreases in its 

interaction with eNOS and eNOS-derived NO production.  Adeno-associated virus 8 (AAV8)-

driven HDAC6 overexpression specifically in liver ECs deacetylated Hsp90, restored Hsp90’s 

interaction with eNOS and ameliorated alcohol-induced liver injury in mice. 

 

Conclusion 

Restoring LSEC function is important for ameliorating alcohol-induced liver injury.  To this end, 

blocking acetylation of Hsp90 specifically in LSECs via AAV-mediated gene delivery has the 

potential to be a new therapeutic strategy. 
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Introduction 

 

Liver sinusoidal endothelial cells (LSECs) are indispensable for liver homeostasis (1).  LSEC 

dysfunction has been reported in various liver diseases, including alcoholic liver disease (2-5).  

However, it is not known whether LSECs metabolize alcohol and, if so, how it is related to 

alcohol-induced liver injury. 

 

Alcohol is metabolized in the liver by several pathways (6, 7).  The most common of these 

involves two enzymes, alcohol dehydrogenase 1 (ADH1) and aldehyde dehydrogenase (ALDH).  

In this pathway, alcohol is metabolized first by ADH1 to acetaldehyde, a highly toxic metabolite 

and a known carcinogen (8).  Then, ALDH catabolizes acetaldehyde to acetate, a less active 

product, which can be converted to acetyl-CoA by acetyl-CoA synthetase (ACSS) (8). 

 

Cytochrome P450 2E1 (CYP2E1) is another enzyme that metabolizes alcohol to acetaldehyde 

(6), especially in pathological conditions.  Ethanol increases the rate of CYP2E1 gene 

transcription, and also stabilizes CYP2E1 by preventing it from degradation (9).  CYP2E1 is 

mainly expressed in the liver with its highest expression in hepatocytes.  Accordingly, the study 

of CYP2E1 in the liver has been concentrated on hepatocytes, although Kupffer cells are also 

known to express it to some degree (10, 11).  The presence and function of CYP2E1 in other 

hepatic cells, including LSECs, remain unknown. 

 

In this study, we have explored the presence of CYP2E1 and ADH1 as well as alcohol 

metabolism by these enzymes in LSECs.  We have also examined the mechanism of LSEC 

dysfunction represented by decreased NO production and liver injury caused by CYP2E1-

mediated alcohol metabolism as well as the therapeutic strategy of blocking this mechanism 

using an adeno-associated virus (AAV)-mediated gene delivery system. 

 

Heat shock protein 90 (Hsp90) is a chaperone protein that helps protein homeostasis by 

assisting other proteins to function (12).  Acetylation of Hsp90 reduces the formation of 

complexes between Hsp90 and its client proteins and thus has a negative impact on their 

function (13).  In endothelial cells, Hsp90 increases eNOS activity by directly binding to eNOS 

(14, 15), and thereby promotes NO production.  Given that acetyl-CoA, a final product of alcohol 

metabolism, serves as a substrate for protein acetylation (16), we thus hypothesized that 

alcohol metabolism by CYP2E1 could cause excessive Hsp90 acetylation and decrease its 
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interaction with eNOS, leading to decreased NO production in LSECs and contributing to 

alcohol-induced liver injury.  We also hypothesized that overexpression of histone deacetylase 6 

(HDAC6) in LSECs, which deacetylates Hsp90, could restore eNOS activity and NO production, 

thereby ameliorating liver injury. 

 

In this study, we have determined CYP2E1/ADH1 expression and alcohol metabolism in LSECs 

for the first time.  We have also shown that alcohol metabolism by CYP2E1 increases Hsp90 

acetylation in LSECs and decreases its interaction with eNOS, leading to decreased NO 

production, and that liver EC-specific overexpression of HDAC6 restores the chaperone function 

of Hsp90 and reduces alcohol-induced liver injury in mice.  The study suggests that maintaining 

NO levels in LSECs, and thus normal LSEC function, is important for protecting the liver from 

alcohol-induced injury.  Blocking Hsp90 acetylation in LSECs could be a therapeutic strategy for 

the treatment of alcoholic liver disease. 
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Materials and Methods 

 

Animal experiments 

To examine the effect of HDAC6 overexpression in liver endothelial cells on alcoholic liver 

disease, we used Cdh5-CreERT2 mice and the NIAAA model for generation of alcoholic liver 

disease with slight modifications.  Cre recombinase expression in endothelial cells of Cdh5-

CreERT2 mice was induced by intraperitoneal injection of tamoxifen (Sigma-Aldrich, St. Louis, 

MO) at a dose of 100 μg/g body weight for 5 consecutive days.  Three weeks after the last 

tamoxifen injection to ensure Cre recombinase expression, Cdh5-CreERT2 mice were 

administrated with an adeno-associated virus 8 (AAV8)-EF1a-DIO-mKate2 (Vector Biolabs, 

Malvern, PA) (control, n=10) or AAV8-EFS-DIO-mHDAC6 vector (Vector Biolabs) (n=11) 

through the retro-orbital sinus at a dose of 2 x 1012 GC/100 µL per mouse.  Three weeks later, 

mice (7 Kate2 vs. 7 HDAC6) started to be fed with a 5% ethanol-liquid diet (F1258SP, Bio-Serv, 

Flemington, NJ) for 10 days.  On the morning of Day 11, they received an oral gavage of 

ethanol (3.75 g/kg body weight) and were sacrificed 9 hours later to collect blood and liver 

tissues.  For a control group, Cdh5-CreERT2 mice (3 Kate2 vs. 4 HDAC6) were fed with a 

control liquid diet (F1259SP, Bio-Serv) for 10 days and were sacrificed for sample collection.  All 

mice were approximately 4 months old at the time of sacrifice.  We received liver specimens of 

ethanol fed Sprague Dawley (SD) rats (the NIAAA model) from Dr. Varman Samuel (Yale 

University). 

 

All animal experiments were approved by the Institutional Animal Care and Use Committee of 

the Veterans Affairs Connecticut Healthcare System, and performed in adherence with the 

National Institutes of Health Guidelines for the Use of Laboratory Animals. 

 

Cell isolation 

Primary rat liver sinusoidal endothelial cells (LSECs) and hepatocytes were isolated from SD 

rats at the Yale Liver Center Core Facility.  Briefly, after collagenase perfusion, cell suspension 

was centrifuged at 50 xg for 3 minutes at room temperature to obtain hepatocytes (pellet 

fractions) (17).  A non-parenchymal cell fraction (NPC, supernatants) was transferred to a new 

tube, pelleted at 350 xg for 10 minutes and resuspended in EBM-2 Basal Medium (CC-3156, 

Lonzs, Basel, Switzerland) supplemented with Microvascular Endothelial Cell Growth Medium-2 

SingleQuots Supplements (CC-4147, Lonza) and 15% fetal bovine serum.  The NPC 

suspension was subjected to a density gradient centrifugation using Percoll (Lot 10221921, GE 
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Healthcare, Chicago, IL) at 900 xg for 20 minutes at room temperature.  An LSEC-enriched 

fraction was isolated and seeded on collagen-coated coverslips or cell culture dishes.  At 3, 24, 

48 or 72 hours after cell culture in the endothelial cell growth medium described above at 37oC 

in a humidified atmosphere containing 5% CO2, LSECs were used for immunofluorescence 

staining or Western blot analysis. 

 

Primary human LSECs were purchased from ScienCell Research Laboratories (#5000, 

Carlsbad, CA).  Human LSECs were cultured in endothelial cell medium (#1001, ScienCell 

Research Laboratories) supplemented with 5% fetal bovine serum (#0025, ScienCell Research 

Laboratories), 1% endothelial cell growth supplement (#1052, ScienCell Research Laboratories) 

and 1% penicillin/streptomycin (#0503, ScienCell Research Laboratories). 

 

We obtained monkey kidney epithelial cells (COS-7) and human hepatocyte cells (HepG2) from 

ATCC (Manassas, VA), and bovine aortic endothelial cells (BAECs) from Clonetics (San Diego, 

CA).  All cells were grown in Dulbecco’s Modified Eagle Medium (DMEM) (11965092, Gibco, 

Waltham, MA) supplemented with 10% fetal bovine serum (Gibco) and 1% 

penicillin/streptomycin (Sigma-Aldrich). 

 

Hsp90 mutant constructs and eNOS construct 

Hsp90 acetylation mutants tagged with FLAG were kind gifts from Dr. Len Neckers (National 

Cancer Institute).  A mutation of the lysine 294 residue to glutamine (Q) represents a hyper-

acetylated state of Hsp90, while an arginine (R) mutant represents a non-acetylated state (13).  

An empty pcDNA3 vector was used as a control, since it was used for the backbone of Hsp90 

and eNOS constructs (18). 

 

In vitro ethanol experiment 

For ethanol treatment, endothelial cells were seeded on 6-well plates.  After treatment with 100 

mM ethanol in culture medium for 20 hours, an additional 100 mM ethanol was added into 

medium and incubated for 4 hours.  For trichostatin A (TSA) (203-17561, Wako Chemicals USA, 

Richmond, VA) or sodium acetate (3470-01, J.T.Baker, Phillipsburg, NJ) treatment, endothelial 

cells were seeded on 6-well plates and treated with 5 μM TSA or sodium acetate for 24 hours. 

 

CYP2E1 or ADH1 silencing in human LSECs 
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Human LSECs were plated on 6-well dishes overnight.  For transfection of CYP2E1 siRNA (M-

010134-01-0005, Dharmacon, Lafayette, CO), cells were incubated in 500 μl Opti-MEM I 

Reduced Serum Medium (Life Technologies, Grand Island, NY) containing 20 nM CYP2E1 

siRNA or control scrambled siRNA with 3 μl of a transfection agent (ScreenFect A, Wako 

Chemicals USA) for 6 hours.  Then, 500 μl of DMEM was added to each well.  After 24 hours, 

cells were treated with 100 mM ethanol for 24 hours.  The same procedures were performed for 

transfection of ADH1 siRNA (M-006520-01-0005, Dharmacon) and in vitro ethanol experiments. 

 

Transfection 

COS-7 cells were seeded on 6-well plates and transfected the next day with 1 μg of WT-eNOS 

and 1 μg of Hsp90 mutant constructs or pcDNA using Lipofectamine 2000 (Life Technologies) in 

Opti-MEM I Reduced Serum Medium (Life Technologies) according to the manufacturer's 

instructions.  Cells were used 24 hours after transfection. 

 

NO assay 

Cells were seeded on 6-well plates.  Phenol red free culture medium (31053036, Gibco; #1001, 

ScienCell Research Laboratories) was used during treatment.  After treatment, the media was 

collected and processed for the measurement of nitrite, a stable end product of NO in aqueous 

solution.  Nitrite concentrations were measured by the DAN assay (19). 

 

Acetyl-CoA assay 

Refer to the Supplemental Materials. 

 

Serum alanine aminotransferase (ALT) measurement 

Refer to the Supplemental Materials. 

 

Histological analysis 

Refer to the Supplemental Materials. 

 

CK8 immunohistochemistry and quantification 

Refer to the Supplemental Materials. 

 

Immunofluorescence 

Refer to the Supplemental Materials. 
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Quantitative real-time polymerase chain reaction 

Refer to the Supplemental Materials. 

 

Western blot analysis 

Refer to the Supplemental Materials. 

 

Immunoprecipitation 

Cells or liver tissues were homogenized in immunoprecipitation (IP) lysis buffer (50 mM Tris-

HCl, 150 mM sodium chloride, 1% NP-40 and 0.5% sodium deoxycholate) with protease 

inhibitor cocktail (Roche Diagnostics, Mannheim, Germany) and kept on ice for 30 minutes.  

Lysates were centrifuged at 12,000 rpm for 10 minutes at 4°C.  Protein concentrations in the 

supernatants were determined using the BCA assay.  For each sample, 750 μg protein was 

added to 300 μl IP lysis buffer, and the solution was allocated to two centrifuge tubes (200 μl for 

IP and 100 μl for input).  200 μl IP lysate samples from each group were incubated with primary 

antibodies such as eNOS (610297, BD Biosciences, San Jose, CA), acetyl-lysine (9441, Cell 

Signaling Technology, Danvers, MA), Hsp90 (610419, BD Biosciences) and control IgG from 

same species on a shaker at 4°C.  After 24 hours of incubation, protein A-Agarose or protein G-

Agarose was added to each sample, followed by additional incubation at 4°C for 3 hours on a 

rocking platform.  Agarose-antibody-antigen complexes were then centrifuged at 500 xg for 30 

seconds at 4°C.  Agarose pellets were washed with 500 μl IP lysis buffer and centrifugated (500 

xg, 30 seconds, 4°C).  This process was repeated 3 times.  After washing, agarose pellets were 

resuspended with 60 μl gel-loading buffer and denatured by heating.  Each sample was 

centrifuged, and 15 μl of the supernatant was loaded for Western blot analysis. 

 

Statistical analysis 

Data were expressed as mean ± standard error of mean (SEM).  Statistical significance was 

determined by performing one-way analysis of variance (ANOVA) or Student’s t-test.  A p-value 

< 0.05 was considered statistically significant. 
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Results 

CYP2E1 is expressed in rat, mouse and human LSECs and upregulated in response to 

ethanol. 

We observed that cytochrome P450 2E1 (CYP2E1) was expressed in rat primary LSECs (Figs. 1A, 

B&C), while hepatocytes, the major CYP2E1-expressing cells in the liver, exhibited approximately 

4.5-fold higher protein levels (p<0.01) and 1.8-fold higher mRNA expression levels (p<0.01) (Figs. 

1A&B) than LSECs.  We also found that ethanol significantly increased CYP2E1 protein levels 

(1.3-fold, p<0.05) (Fig. 1D) in agreement with immunofluorescence images of cultured rat LSECs 

(Fig. 1E) and rat livers with an ethanol diet (Supplementary Fig. 1).  Further, human primary LSECs 

showed an increase in CYP2E1 levels by ethanol treatment (2.4-fold, p<0.02) (Figs. 1F&G).  

Immunofluorescence staining of livers of endothelial-GFP reporter mice (tamoxifen inducible, 

Cdh5-CreERT2 mTmG mice) also showed that GFP-positive cells (liver ECs with LSECs 

occupying the major portion) were positive with CYP2E1 antibody, confirming CYP2E1 expression 

in LSECs in mouse livers as well (Fig. 1H).  Collectively, these results demonstrate that LSECs 

express CYP2E1 and that its levels are increased by ethanol.  To our knowledge, this is the first 

report about CYP2E1 expression in LSECs. 

 

Ethanol increases acetyl-CoA levels in LSECs. 

We next examined whether human LSECs could express other ethanol metabolizing enzymes.  

Ethanol is oxidized to acetaldehyde by cytosolic alcohol dehydrogenase 1 (ADH1) or CYP2E1.  

Acetaldehyde is then oxidized to acetate in the mitochondria by mitochondrial aldehyde 

dehydrogenase (ALDH).  Finally, acetate can be converted to acetyl-CoA by acetyl-coenzyme A 

synthetase (ACSS) (Fig. 2A) (8).  We found that human LSECs expressed ACSS1, ALDH1/2 and 

ADH1, but that unlike CYP2E1, their levels were not changed by ethanol (Fig. 2B).  However, 

ethanol did increase intracellular levels of acetyl-CoA, a final product of ethanol metabolism by 

these enzymes (4.2-fold, p<0.01) (Fig. 2C).  To understand the relative roles of CYP2E1 and ADH1 

in ethanol metabolism in LSECs, we knocked down CYP2E1 or ADH1 in human LSECs by siRNA 

and treated them with ethanol.  CYP2E1 and ADH1 knockdown both decreased acetyl-CoA levels, 

compared to a control group in response to ethanol [62% (p<0.005) and 40% (p<0.05), 

respectively] (Fig. 2D).  Given a trend of a larger decrease in acetyl-CoA production by CYP2E1 

silencing and induction of CYP2E1, but not ADH, by ethanol, these observations may suggest that 

CYP2E1 is more responsible for ethanol metabolism in LSECs than endogenous ADH1 under 

excessive alcohol intake that can lead to liver injury. 
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Ethanol decreases NO production and increases Hsp90 acetylation in the presence of 

CYP2E1. 

LSECs produce NO by the action of eNOS to regulate intrahepatic vascular tone in normal 

conditions.  Decreased production of NO is a characteristic of LSEC dysfunction (20).  Ethanol 

significantly decreased NO production in human LSECs (39%, p<0.01) (Fig. 3A) without changing 

eNOS protein levels (Fig. 3B).  A similar result was observed in bovine aortic endothelial cells 

(BAECs), frequently used ECs for the study of eNOS (Supplementary Figs. 2A&B).  These 

observations indicate that the decreased production of NO by ethanol is due to compromised 

eNOS activity. 

 

To understand the role of CYP2E1 in LSEC dysfunction in response to ethanol, we knocked down 

CYP2E1 in human LSECs by siRNA and treated them with ethanol.  Suppression of CYP2E1 did 

not change eNOS protein levels (Fig. 3C) but recovered NO production (Fig. 3D).  Since CYP2E1 

metabolizes ethanol and leads to the production of acetyl-CoA, a substrate for protein acetylation, 

we hypothesized that CYP2E1 could contribute to protein acetylation through acetyl-CoA 

production.  As shown in Fig. 3E, ethanol significantly increased Hsp90 acetylation (4-fold, p<0.01) 

in human LSECs, which was reversed by CYP2E1 knockdown.  Similarly, ethanol significantly 

increased Hsp90 acetylation (1.54-fold, p<0.05) in BAECs (Supplementary Fig. 2C).  We then used 

acetate to recapitulate the effect of acetyl-CoA on Hsp90 acetylation and NO production in human 

LSECs.  Similar to ethanol, acetate increased Hsp90 acetylation (Fig. 3F) (2.9-fold, p<0.01) and 

reduced NO production in a dose-dependent manner (Fig. 3F).  Collectively, these results indicate 

that ethanol decreases NO production and increases Hsp90 acetylation in the presence of 

CYP2E1. 

 

Ethanol-driven Hsp90 acetylation decreases its interaction with eNOS. 

Hsp90 is a positive regulator of eNOS activity (14).  However, whether Hsp90 acetylation 

influences eNOS activity is not known.  We hypothesized that Hsp90 acetylation could decrease its 

interaction with eNOS and reduce NO production (Fig. 4A).  As shown in Fig. 4B, ethanol 

decreased Hsp90’s interaction with eNOS in human LSECs (25%, p<0.02), but this interaction was 

restored by CYP2E1 knockdown, indicating that decreased interaction of Hsp90 with eNOS by 

ethanol is CYP2E1-dependent.  A similar pattern was observed in BAECs with both ethanol and 

acetaldehyde decreasing Hsp90’s interaction with eNOS and reducing NO production 

(Supplementary Figs. 3A&B). 
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We further confirmed the role of Hsp90 acetylation in its interaction with eNOS and NO production 

by mutating its specific lysine residue for acetylation.  A mutation to glutamine (Q) represents a 

hyper-acetylated state of Hsp90, while an arginine (R) mutant cannot be acetylated.  We assessed 

Hsp90’s interaction with eNOS and NO production in COS7 cells, which express Hsp90, but not 

eNOS (14, 21, 22).  Thus, eNOS was transfected along with the Hsp90 mutants.  As shown in Fig. 

4C, the non-acetylation mutant of Hsp90α (K294R) increased its interaction with eNOS by 2-fold 

compared with WT, or even greater compared with the hyper-acetylation mutant (K294Q).  Further, 

the non-acetylation mutant (K294R) produced NO more than any other type, whereas the hyper-

acetylation mutant (K294Q) did not increase NO production (Fig. 4D).  These observations strongly 

support our hypothesis that the state of Hsp90 acetylation influences its interaction with eNOS and 

NO production. 

 

HDAC6 inhibition increases Hsp90 acetylation and decreases NO production. 

HDAC6 is a major enzyme to regulate Hsp90 acetylation.  HDAC6 decreases Hsp90 acetylation 

levels by removing an acetyl group (23).  We used an HDAC6 inhibitor, trichostatin A (TSA), to 

examine its effect on Hsp90 acetylation (Fig. 5A).  As expected, HDAC6 inhibition by TSA 

significantly increased Hsp90 acetylation (2.5-fold, p<0.02) (Fig. 5B).  HDAC6 inhibition also 

decreased Hsp90’s interaction with eNOS (70%, p<0.05) (Fig. 5C) and NO production (25%, 

p<0.001) (Fig. 5D).  Since TSA did not change eNOS protein levels (Fig. 5E), the decreased 

production of NO may be attributable to the change in the interaction between Hsp90 and eNOS 

that influences eNOS activity.  Collectively, Hsp90 acetylation promoted by HDAC6 inhibition 

decreases Hsp90’s interaction with eNOS and inhibits NO production.  Conversely, HDAC6 

overexpression could reduce Hsp90 acetylation and facilitate Hsp90’s interaction with eNOS in 

LSECs, thereby increasing NO production in LSECs and protecting LSECs from ethanol-induced 

dysfunction. 

 

HDAC6 overexpression in liver ECs protects Hsp90’s interaction with eNOS against 

ethanol-induced acetylation in vivo. 

We hypothesized that inhibiting Hsp90 acetylation by overexpressing HDAC6 in liver ECs could 

restore EC function in alcoholic liver disease (Fig. 6A).  To this end, we generated adeno-

associated virus 8 (AAV8)-HDAC6 (AAV8-EFS-DIO-mHDAC6), which allows HDAC6 expression 

only in the presence of Cre-recombinase.  AAV-HDAC6 or AAV-control (Ctrl) (AAV8-EF1a-DIO-

mKate2) was injected to tamoxifen-induced Cdh5-CreERT2 mice (EC-specific Cre mice) 3 weeks 

before feeding an ethanol diet for 10 days.  A control group received AAV injection similarly but 
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was kept on a control diet (Fig. 6B).  Because AAV8 has a significantly greater liver targeting ability 

(24), this approach permits liver EC-specific HDAC6 overexpression without influencing ECs in 

other organs.  We confirmed HDAC6 overexpression in liver ECs, particularly LSECs, as indicated 

by co-localization of HDAC6 expression with PECAM-1, an EC marker, in mice administered AAV-

HDAC6, compared to mice given AAV-Ctrl (Fig. 6C).  We also confirmed that both HDAC6 mRNA 

and protein levels were elevated in AAV-HDAC6 mouse livers (Figs. 6D&E).  Ethanol feeding did 

not change HDAC6 protein levels, but significantly increased CYP2E1 (Fig. 6E).  As shown in Fig. 

6F, ethanol feeding significantly increased Hsp90 acetylation, but HDAC6 overexpression by AAV-

HDAC6 had it reduced   We also observed that an interaction between Hsp90 and eNOS was 

diminished by ethanol feeding, but was recovered by HDAC6 overexpression (Fig. 6G).  These 

results demonstrate that HDAC6 overexpression in liver ECs can reduce ethanol-driven Hsp90 

acetylation and increase the Hsp90-eNOS interaction in ethanol fed mice. 

 

HDAC6 overexpression in liver ECs reduces alcohol-induced liver injury. 

We also investigated the effect of HDAC6 overexpression in liver ECs on alcohol-induced liver 

injury.  Plasma ALT levels were significantly elevated by ethanol feeding but decreased by HDAC6 

overexpression (Fig. 7A).  Similarly, neutrophil infiltration assessed by qPCR and immunolabeling 

of myeloperoxidase (MPO) was significantly decreased in AAV-HDAC6 mice compared to AAV-

Ctrl mice (Figs. 7B&C).  Histologically, hepatic inflammation was increased by ethanol feeding but 

alleviated by HDAC6 overexpression (Fig. 7D).  Immunolabeling of CK8 also showed reduced 

hepatic injury by HDAC6 overexpression (Fig. 7E).  Further, the levels of pro-inflammatory 

cytokines including tumor necrosis factor (TNF)-α, interleukin (IL)-1β and IL-6 were significantly 

lower in AAV-HDAC6 mice than AAV-Ctrl mice (Fig. 7F, Supplementary Fig. 4).  All these results 

indicate that HDAC6 overexpression in liver ECs protects mice from alcohol-induced liver injury. 
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Discussion 

 

Alcohol metabolism has not been described in LSECs.  In this study, we have revealed CYP2E1 

and ADH1, key enzymes in alcohol metabolism, are constitutively expressed in LSECs.  We 

have also shown that ethanol increases CYP2E1 levels (but not ADH1 levels) as well as 

intracellular levels of acetyl-CoA, a final product of alcohol metabolism, in LSECs.  To our 

knowledge, this is the first study to demonstrate CYP2E1/ADH1 expression and alcohol 

metabolism in LSECs. 

 

Several studies have reported LSEC dysfunction in relation to alcoholic liver disease (4, 5, 25) 

with some of them indicating that decreased hepatic NO production under excessive alcohol 

intake is associated with alcohol-induced liver injury (26, 27).  However, the mechanism by 

which alcohol consumption decreases NO production remains unknown.  In this study, we have 

determined diminished interaction of Hsp90 with eNOS as the underlying mechanism of 

decreased NO production and liver injury under excessive alcohol consumption. 

 

Our study has shown that ethanol increases Hsp90 acetylation and inhibits its interaction with 

eNOS.  Because eNOS levels were not changed by ethanol, decreased eNOS activity caused 

by diminished interaction with Hsp90 due to its acetylation is responsible for decreased NO 

production in LSECs.  Our experiment using Hsp90 constructs with a mutation in the acetylation 

site confirmed the effect of Hsp90 acetylation on its interaction with eNOS and eNOS-derived 

NO production.  This is a new mechanism of eNOS regulation by Hsp90 acetylation.  More 

importantly in our context, Hsp90 acetylation occurs in the presence of CYP2E1 or acetate, 

highlighting the importance of alcohol metabolism in LSECs. 

 

In normal conditions, ADH1 enzyme, by metabolizing alcohol, may also facilitate Hsp90 

acetylation to some degree without causing LSEC dysfunction.  Under excess alcohol intake, 

since ADH1 is not induced by ethanol in LSECs, significantly upregulated CYP2E1 increases 

Hsp90 acetylation and impairs eNOS-derived NO production in LSECs. 

 

Our proof of concept experiments manipulating HDAC levels have also confirmed the 

relationship between Hsp90 acetylation and its interaction with eNOS.  In vitro, HDAC6 

inhibition by trichostatin A (TSA) significantly increased Hsp90 acetylation, decreased its 

interaction with eNOS and decreased NO production without any changes in eNOS protein 
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levels.  In vivo, overexpression of HDAC6 in liver ECs by AAV8-mediated gene delivery 

decreased Hsp90 acetylation and increased its interaction with eNOS in mouse livers.  Most 

importantly, overexpression of HDAC6 reduced alcohol-induced liver injury, as indicated by 

decreased plasma ALT levels, myeloperoxidase expression and liver inflammation.  Expression 

of many pro-inflammatory cytokines including TNF-α, IL-1β and IL-6 were also significantly 

reduced.  Since LSECs account for approximately 90% of liver ECs, it is reasonable to think that 

the protective effect of HDAC6 overexpression can be mediated by LSECs more than any other 

liver endothelial cells.  In addition, AAV8 is a serotype that is preferentially expressed in the 

liver, which could avoid a confounding effect of HDAC6 on endothelial cells in other organs.  

Therefore, these results strongly suggest that restoring LSEC function is an important 

therapeutic strategy for alcoholic liver disease. 

 

The role of HDAC6 in LSECs and in response to ethanol remains to be elucidated (28).  In WIF-

B cells, ethanol treatment slightly decreased HDAC6 protein levels (28).  In a recent study, 

however, binge drinking did not change gene expression levels of HDAC6 in rat livers (29).  We 

did not observe any changes in either HDAC6 protein or gene expression levels in ethanol fed 

mouse livers.  Because these in vivo studies including ours determined HDAC6 levels in whole 

liver lysates, it is still possible that alcohol may negatively regulate HDAC6 levels in LSECs. 

 

It should also be mentioned that some studies have regarded HDAC6 as pro-oncogenic and 

investigated an HDAC6 inhibitor for the treatment of hepatocellular carcinoma (HCC) (30, 31).  

For example, a recent study (31) has described that deletion of HDAC6 in T helper 17 (Th17) 

cells impedes HCC growth by enhancing the production of antitumor cytokines and CD8 T cell 

mediated antitumor response in mice.  However, other studies have shown that HDAC6 is a 

tumor suppressor for HCC (32-34).  It is reported that low expression of HDAC6 in liver cancer 

specimens is highly associated with poor prognosis of HCC patients (32).  Sustained HDAC6 

overexpression is shown to trigger autophagic death of cancer cells and reduce the in 

vivo tumor growth rate in a mouse xenograft model.  Another study (33) has demonstrated that 

HDAC6 is a tumor suppressor for HCC by inhibiting canonical Wnt/b-catenin signaling, which is 

known to be involved in hepatocarcinogenesis and metastasis.  Our study has shown that liver 

EC-specific HDAC6 overexpression is beneficial for alcohol-induced liver injury. 

 

Protein acetylation has been described in relation to ethanol exposure.  It is reported that 

ethanol exposure induces global protein hyperacetylation, contributing to alcohol-induced 
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hepatotoxicity (28, 35, 36).  Chronic ethanol exposure promotes α-tubulin acetylation, which 

enhances microtubule stability, impairs lipid droplet motility and thus causes functional defects 

of hepatocytes (37).  Histone acetylation has also been observed in isolated hepatocytes and 

rat livers in response to both acute and chronic ethanol exposure, which could lead to 

epigenetic alterations in hepatocytes (38, 39).  Therefore, besides deacetylation of Hsp90, it is 

possible that HDAC6 might have deacetylated other proteins in liver ECs and helped to 

ameliorate alcohol-induced liver injury.  With acetyl-CoA as a product of alcohol metabolism, 

protein acetylation in alcoholic liver disease may be an interesting area of investigation, which 

would advance our understanding of molecular mechanisms leading to liver injury. 

 

Several studies have addressed eNOS acetylation with inconsistent results regarding its effect.  

For example, aspirin and acetylating analogs were reported to activate eNOS by directly 

acetylating eNOS (40).  Sirtuin1 (SIRT1) enhanced eNOS activity by directly deacetylating 

eNOS at lysines 496 and 506 (40-42), while histone deacetylase 3 (HDAC3) deacetylated 

eNOS and decreased NO production by reducing an association of eNOS with calmodulin, a 

positive regulator of eNOS activity (43).  In our study, ethanol did not change eNOS acetylation 

(data not shown), reinforcing that diminished eNOS activity is attributable to Hsp90 acetylation 

by CYP2E1-mediated alcohol metabolism. 

 

Although CYP2E1 expression in LSECs had not been known, some other endothelial cells, such 

as human umbilical endothelial cells (HUVECs) and brain microvascular endothelial cells, were 

reported to express CYP2E1 (44, 45).  The functional significance of CYP2E1 in HUVECs is not 

known (44).  In brain microvascular endothelial cells, ethanol induces CYP2E1 expression and 

increases oxidative stress, resulting in blood-brain barrier dysfunction (45).  CYP2E1 generates 

reactive oxygen species (ROS) as a byproduct of alcohol metabolism, which can cause tissue 

injury (8, 46).  Deletion of CYP2E1 in mice showed reduced alcohol-induced liver injury (47), 

while transgenic overexpression of CYP2E1 exacerbated alcohol-induced liver injury in mice 

(48).  Thus, increased ROS as a result of CYP2E1 induction could also contribute to LSEC 

dysfunction.  Further, ROS, such as superoxide radicals (O2-), can spontaneously react with 

NO to form a harmful peroxynitrite, further promoting cellular damage.  This could also lead to 

diminished bioavailability of NO, contributing to decreased NO levels in LSECs in another way. 

 

Of note, it is reported that production of extracellular vesicles (EVs) is significantly increased in 

patients with alcoholism and rats with ethanol exposure and that these EVs are highly enriched 
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with CYP2E1 (49).  Given the close proximity between LSECs and hepatocytes in the hepatic 

microenvironment, it is highly possible that hepatocyte-derived CYP2E1 proteins could be 

transported to LSECs via EVs and contribute to LSEC dysfunction.  Therefore, deletion of the 

CYP2E1 gene in LSECs may not be a useful measure for LSEC protection against ethanol 

exposure.  Rather, targeting downstream effectors of CYP2E1, such as Hsp90 acetylation, 

would be a more plausible therapeutic approach. 

 

In conclusion, alcohol metabolism by CYP2E1 in LSECs contributes to liver injury.  Restoration 

of LSEC function, particularly maintaining NO levels in LSECs, may be important for 

ameliorating alcohol-induced liver injury.  In this regard, HDAC6 overexpression specifically in 

LSECs with AAV8-mediated gene delivery may represent a new therapeutic strategy. 
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Figure 1. CYP2E1 is expressed in rat, mouse and human LSECs and increased by ethanol. 

Rat LSECs and hepatocytes were isolated and cultured for 24 hours.  (A) Protein levels of 

CYP2E1, eNOS, caveolin-1, Hsp90 and β-actin were assessed by Western blotting.  eNOS and 

caveolin-1 were used as endothelial cell markers.  Hsp90 and β-actin are loading controls.  n = 3.  

(B) CYP2E1 mRNA expression levels in rat LSECs and hepatocytes.  n = 3.  (C) Immunolabeling 

of CYP2E1 in rat LSECs and hepatocytes.  Scale bar = 20 μm.  (D) CYP2E1 protein levels in rat 

LSECs treated with 0 or 100 mM ethanol for 24 hours.  n = 3.  (E) Immunolabeling of CYP2E1 in 

rat LSECs treated with 0 or 100 mM ethanol for 24 hours.  Scale bar = 50 μm.  (F) CYP2E1 protein 

levels in human primary LSECs treated with 0 or 100 mM ethanol for 24 hours.  n = 3.  (G) 

Immunofluorescence staining of human LSECs treated with 0 or 100 mM ethanol for 24 hours.  

Cells were double-labeled with CYP2E1 antibody (green) and ER-Tracker (red), an endoplasmic 

reticulum marker.  Scale bar = 20 μm.  (H) Immunolabeling of CYP2E1 in the liver of endothelial-

GFP reporter mice (tamoxifen inducible, Cdh5-CreERT2 mTmG mice).  Co-localization (yellow) of 

CYP2E1 (red) with endothelial cells (green, GFP) was observed in liver sinusoidal areas (labelled 

with white arrows).  Scale bar = 10 μm. 
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Figure 2. Ethanol increases acetyl-CoA levels in human primary LSECs. 

(A) A schematic diagram of ethanol metabolism.  Ethanol is oxidized by cytosolic alcohol 

dehydrogenase 1 (ADH1) or cytochrome P450 2E1 (CYP2E1) to acetaldehyde.  Acetaldehyde 

then enters the mitochondria to be oxidized to acetate by mitochondrial aldehyde dehydrogenase 

(ALDH).  Acetate produced can be converted to acetyl-CoA by acetyl-coenzyme A synthetase 
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(ACSS).  (B) Human primary LSECs were treated with 0 or 100 mM ethanol for 24 hours.  Protein 

levels of ACSS1, ALDH1/2, ADH1, eNOS and GAPDH were assessed in human LSECs and 

HepG2 by Western blotting.  eNOS was used as an endothelial cell marker.  GAPDH is a loading 

control.  n = 3.  (C) Intracellular acetyl-CoA levels in human LSECs treated with 0 or 100 mM 

ethanol for 24 hours.  n = 4.  (D) CYP2E1 or ADH1 expression was silenced in human LSECs by 

siRNA.  Twenty-four hours after transfection, human LSECs were treated with 0 or 100 mM ethanol 

for 24 hours.  Intracellular acetyl-CoA levels were then assessed.  n = 3. 
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Figure 3. Ethanol decreases NO production and increases Hsp90 acetylation in the 

presence of CYP2E1. 

(A) Nitrite (an end product of NO) levels in culture medium of human LSECs treated with 0 or 100 

mM ethanol for 24 hours.  n = 6.  (B) eNOS protein levels in human LSECs treated with 0 or 100 

mM ethanol.  β-actin is a loading control.  n = 3.  (C&D) CYP2E1 expression was silenced in 

human LSECs by siRNA.  Twenty-four hours after transfection, human LSECs were treated with 0 

or 100 mM ethanol for 24 hours.  Protein levels of eNOS and CYP2E1 were assessed by Western 

blotting.  n = 3.  Nitrite levels in culture medium were determined.  n = 6.  (E) Cell lysates of human 

LSECs were used for immunoprecipitation (IP) with acetyl-lysine antibody to examine Hsp90 

acetylation in response to ethanol.  Western blotting was performed to detect acetylated Hsp90 in 

IP samples.  Input Hsp90 is total Hsp90 in input samples used for this IP experiment.  n = 4.  (F) 

Human LSECs were treated with 0 or 10 mM acetate for 24 hours.  Cell lysates were used for IP 

with acetyl-lysine antibody, followed by Western blotting to detect acetylated Hsp90 in IP samples 

and total Hsp90 in input samples.  n = 5.  (G) Human LSECs were treated with ethanol or acetate 

with indicated concentrations for 24 hours.  Nitrite levels in culture medium were determined.  n = 

4. 
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Figure 4. Ethanol-driven Hsp90 acetylation decreases its interaction with eNOS. 

(A) Potential mechanism of ethanol-induced LSEC dysfunction.  Ethanol increases CYP2E1 

expression in LSECs and promotes Hsp90 acetylation, which interferes Hsp90’s interaction with 

eNOS and decreases eNOS-derived NO production.  (B) Human LSECs were treated with 

CYP2E1 siRNA for 24 hours and then with 0 or 100 mM ethanol for another 24 hours.  Cell lysates 

were used for immunoprecipitation (IP) with mouse IgG (control) or Hsp90 antibody.  Western 

blotting was performed to detect Hsp90 and eNOS.  n = 3.  (C&D) COS7 cells were transfected 

with eNOS and pCDNA3 vector (control), WT Hsp90α or Hsp90α mutants (K294Q and K294R).  A 

mutation to glutamine (Q) represents a hyper-acetylated state of Hsp90, while an arginine (R) 

mutant cannot be acetylated.  Twenty-four hours after transfection, COS7 cells were further 

cultured for 24 hours, and cell lysates and medium were collected.  (C) Cell lysates were 
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immunoprecipitated (IP) with FLAG-tag antibody to pull-down Hsp90 to detect eNOS that 

interacted with Hsp90.  n = 3.  (D) Nitrite (an end product of NO) levels in culture medium were 

determined.  n = 8. 

 
Figure 5. HDAC6 inhibition increases Hsp90 acetylation and decreases NO production in 

BAECs. 

(A) The mechanism of Hsp90 acetylation by trichostatin A (TSA), a histone deacetylase 6 (HDAC6) 

inhibitor.  The level of Hsp90 acetylation is regulated by HDAC6, which removes an acetyl group 

from acetylated Hsp90.  TSA can increase Hsp90 acetylation by inhibiting HDAC6.  (B - E) Bovine 

aortic endothelial cells (BAECs), commonly used ECs for the study of eNOS, were treated with 
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TSA for 24 hours.  (B) Cell lysates of BAECs were used for immunoprecipitation (IP) with acetyl-

lysine antibody, followed by Western blotting to detect acetylated Hsp90 in IP samples and total 

Hsp90 in input samples.  n = 4.  (C) Cell lysates were used for IP with Hsp90 antibody, followed by 

Western blotting to detect Hsp90 and eNOS.  n = 3.  (D) Nitrite (an end product of NO) levels in 

culture medium were determined.  n = 7.  (E) Protein levels of eNOS and Hsp90 were assessed by 

Western blotting.  n = 3. 
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Figure 6. In vivo HDAC6 overexpression in liver ECs recovers Hsp90’s interaction with 

eNOS in ethanol fed mice. 

(A) Potential mechanism of Hsp90-eNOS interaction regulated by histone deacetylase 6 (HDAC6).  

HDAC6 overexpression in liver ECs may decrease Hsp90 acetylation and enhance Hsp90-eNOS 

interaction in alcoholic liver disease.  (B) An in vivo experiment workflow and construct maps of 

adeno-associated virus (AAV)-Ctrl (AAV8-EF1a-DIO-mKate2) and AAV-HDAC6 (AAV8-EFS-DIO-

mHDAC6).  Tamoxifen induced Cdh5-CreERT2 mice (EC-specific Cre-recombinase expression) 

were injected with AAV-Ctrl or AAV-HDAC6 through the retro-orbital sinus.  Three weeks later, 

these mice were fed with an ethanol diet for 10 days, followed by an oral ethanol gavage.  Nine 

hours after gavage, samples were collected.  A control group was injected with AAV constructs 

similarly.  Three weeks later, they were fed with a control diet for 10 days and sacrificed for sample 

collection.  (C) Immunolabeling of HDAC6 (green) and PECAM-1 (red, an EC marker) in liver 

specimens from Cdh5-CreERT2 mice injected with AAV-Ctrl or AAV-HDAC6 and fed with a control 

diet.  Scale bar = 50 μm.  (D) HDAC6 mRNA expression levels in mouse livers.  n = 3 in AAV-Ctrl 

group and n = 4 in AAV-HDAC6 group for Control diet, n = 7 per group for Ethanol diet.  (E) Protein 

levels of HDAC6 and CYP2E1 were assessed by Western blotting.  β-actin is a loading control.  n 

= 3.  (F) Liver tissue lysates were immunoprecipitated with acetyl-lysine antibody, followed by 

Western blotting to detect total and acetylated Hsp90.  (G) Liver tissue lysates were 

immunoprecipitated with eNOS antibody, followed by Western blotting to detect eNOS and Hsp90 

(left panel).  Protein levels of eNOS and Hsp90 in input samples were assessed by Western 

blotting (right panel). 

 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted August 25, 2020. ; https://doi.org/10.1101/2020.08.25.267096doi: bioRxiv preprint 

https://doi.org/10.1101/2020.08.25.267096


 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted August 25, 2020. ; https://doi.org/10.1101/2020.08.25.267096doi: bioRxiv preprint 

https://doi.org/10.1101/2020.08.25.267096


 

Figure 7. In vivo HDAC6 overexpression in liver ECs reduces alcohol-induced liver injury. 

Cdh5-CreERT2 mice were injected with AAV-Ctrl or AAV-HDAC6.  Three weeks later, these mice 

were fed with an ethanol diet for 10 days, followed by an oral ethanol gavage.  Nine hours after 

gavage, samples were collected.  A control group received AAV injection similarly and had a 

control diet for 10 days, followed by sample collection.  (A) Serum ALT levels.  n = 3 in AAV-Ctrl 

group and n = 4 in AAV-HDAC6 group for Control diet, n = 7 per group for Ethanol diet.  (B) 

Myeloperoxidase (MPO) mRNA expression levels in mouse livers.  n = 3 in AAV-Ctrl group and n = 

4 in AAV-HDAC6 group for Control diet, n = 7 per group for Ethanol diet.  (C) Immunolabeling of 

MPO in mouse livers.  Scale bar = 50 μm.  n = 6.  (D) Histological scores.  Scale bar = 50 μm.  n = 

7.  (E) CK8 staining of mouse livers.  CK8-negative hepatocytes were marked by red arrows and 

quantified.  Scale bar = 50 μm.  n = 7.  (F) mRNA expression levels of TNF-α, IL-1β and IL-6 in 

mouse livers.  n = 3 in AAV-Ctrl group and n = 4 in AAV-HDAC6 group for Control diet, n = 7 per 

group for Ethanol diet. 
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Supplementary Figures 

 

 

 

 

 

Supplementary Figure 1. Ethanol increases CYP2E1 expression in LSECs in the 

liver. 

Immunofluorescence images of rat livers with control or ethanol diet (NIAAA model).  An 

increase in CYP2E1 in LSECs was indicated by increased yellow color [an overlap of 

CYP2E1 (green) and PECAM1 (red, an EC marker)] in the image from ethanol fed rats.  

Scale bar = 10 μm. 
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Supplementary Figure 2. Ethanol decreases NO production and increases Hsp90 

acetylation in BAECs. 

(A) Bovine aortic endothelial cells (BAECs) were treated with 0 or 100 mM ethanol for 24 

hours.  Protein levels of CYP2E1 and eNOS were assessed by Western blotting.  Hsp90 

and β-actin are loading controls.  n = 3.  (B) 24 hour-accumulations of nitrite (an end 

product of NO) in culture medium of BAECs treated with 100 mM ethanol for different 

durations (0, 4, 8, 12 and 24 hours) were determined.  n = 6.  (C) BAECs were treated with 

0 or 100 mM ethanol for 24 hours.  Cell lysates were used for immunoprecipitation with 

acetyl-lysine antibody, followed by Western blotting to detect total and acetylated Hsp90.  

n = 3.  
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Supplementary Figure 3. Ethanol and acetaldehyde decrease Hsp90’s interaction 

with eNOS in BAECs. 

(A) Bovine aortic endothelial cells (BAECs) were treated with 50 μM acetaldehyde (ACE) 

or 100 mM ethanol for 24 hours.  Cell lysates were used for immunoprecipitation with 

Hsp90 antibody, followed by Western blotting to detect Hsp90 and eNOS.  n = 3.  (B) 

BAECs were treated with 50 μM acetaldehyde (ACE) or 100mM ethanol for 24 hours.  

Nitrite (an end product of NO) levels in culture medium were determined.  n = 6. 
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Supplementary Figure 4 

 

Supplementary Figure 4. The effect of in vivo HDAC6 overexpression in liver ECs 

on alcohol-induced liver injury: mRNA expression. 

mRNA expression levels of genes related to inflammation, such as CD68, CD11b, F4/80, 

LY6G, Icam1 and Vcam1, in livers of Cdh5-CreERT2 mice injected with AAV-Ctrl or AAV-

HDAC6 and fed with a control or an ethanol diet.  n = 3 in AAV-Ctrl group and n = 4 in 

AAV-HDAC6 group for Control diet, n = 7 per group for Ethanol diet. 
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Materials and Methods 

 

Acetyl-CoA assay 

Acetyl-CoA contents in human LSECs were determined according to the manufacturer’s 

protocols (MAK039, Sigma-Aldrich, St. Louis, MO) using a fluorometric assay method.  Briefly, 

cells were frozen rapidly and pulverized.  Samples were deproteinized and precipitated by 1 N 

perchloric acid (34288, Sigma-Aldrich) while they were kept cold.  The samples were then 

homogenized thoroughly and centrifuged at 13,000 xg for 10 minutes.  Supernatants were 

neutralized with 3 M potassium bicarbonate solution (60339, Sigma-Aldrich).  The samples were 

then cooled on ice for 5 minutes, and a pH was verified to be in the range of 6–8.  The samples 

were spun for 2 minutes and supernatants were used.  A reaction solution consisted of 20 μl 

sample solution, 21 μl acetyl-CoA assay buffer, 2 μl acetyl-CoA substrate mix, 1 μl conversion 

enzyme, 5 μl acetyl-CoA enzyme mix and 2 μl fluorescent probe, and was incubated at room 

temperature for 10 minutes.  Fluorescence intensity was measured (λex = 535/ λem = 587 nm) 

and calculated using an acetyl-CoA standard curve. 

 

Serum ALT measurement 

Serum ALT concentrations were measured using Liquid ALT Reagent Set (Pointe 

Scientific, Canton, MI).  Reagent mix (R1:R2 = 5:1) was added into 96-well plates (100 μl per 

well) and pre-warmed at 37 °C for 5 minutes.  Then, 10 μl of serum samples were transferred to 

each well and incubated at 37 °C for 1 minute.  Absorbance at 340 nm was read by a plate 

reader every minute and recorded for 15 minutes.  ALT levels were calculated by the mean 

absorbance difference/minute. 

 

Histological analysis 

Liver tissues were fixed with formalin and embedded with paraffin.  Paraffin sections 

were stained with hematoxylin and eosin (H&E) solution for histopathological analysis.  All 

stained slides were scored for hepatic steatosis and lobular inflammation using a scoring 

system described by Kleiner DE et al (1).  A total pathological score was determined by adding 

scores for steatosis, inflammation and liver cell injury.  An experienced pathologist scored H&E-

stained liver sections. 

 

CK8 immunohistochemistry and quantification 

Immunohistochemical (IHC) staining was performed on paraffin-embedded liver 

specimens obtained from ethanol fed mice with AAV-Ctrl or AAV-HDAC6 using a 

VECTASTAIN ABC Kit (Vector Laboratories, Burlingame, CA) according to the 

manufacturer's instructions.  A primary antibody used was a monoclonal rat anti-mouse 

keratin 8 (K8) antibody (clone TROMA-I, 1:100, Developmental Studies Hybridoma 

Bank, The University of Iowa, Iowa City, IA).  The number of CK8-negative hepatocytes 

in Zones 1 and 2 was counted.  CK8 is a cytoskeletal intermediate filament protein in 

hepatocytes.  It is known that CK8-negative hepatocytes are more susceptible to 

various forms of liver injury (2).  IHC with CK8 has been used to assess ballooned 

hepatocytes in alcoholic hepatitis and nonalcoholic fatty liver disease (NASH) (3). 
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Immunofluorescence 

Liver tissues were fixed with paraformaldehyde (PFA) or formalin and then embedded.  

Frozen sections were washed with PBS for 10 minutes 3 times.  Paraffin sections were de-

paraffinized with xylene and dehydrated with graded ethanol.  Antigen retrieval was performed 

using BD solution in a steamer for 15 minutes.  The sections were then incubated with blocking 

buffer (5% donkey serum and 0.3% Triton X-100 in PBS) for 1 hour.  After blocking, the sections 

were incubated with CYP2E1 (1:100, ab28146, Abcam, Cambridge, UK) and PECAM-1 (1:100, 

550274 or 550300, BD Pharmingen, San Diego, CA) overnight at 4°C.  After being washed with 

PBS 3 times, secondary antibodies (donkey anti-rabbit Alexa 647, 1:300; donkey anti-rat Alexa 

647, 1:300; donkey anti-mouse Alexa 488, 1:300, Invitrogen, Waltham, MA) were applied for 30 

minutes at room temperature.  All samples were mounted with FluoroshieldTM containing DAPI 

(Sigma-Aldrich) and observed by a fluorescence microscope (Zeiss Observer Z1, Oberkochen, 

Germany) or a confocal microscope (Leica SP5, Wetzlar, Germany). 

LSECs or hepatocytes were plated on coverslips and fixed in 4% PFA for 15 minutes.  

Then, cells were permeabilized with 0.1% Triton X-100 for 10 minutes and blocked by 5% 

donkey serum for 1 hour.  After blocking, samples were incubated with CYP2E1 (1:100, 

ab28146, Abcam) overnight at 4°C.  After washing, they were incubated with a secondary 

antibody (donkey anti-rabbit Alexa 488, 1:300, Invitrogen) for 30 minutes at room temperature.  

Then, the samples were mounted with FluoroshieldTM containing DAPI (Sigma-Aldrich) and 

observed under a fluorescence microscope (Zeiss Observer Z1).  ER structure was visualized 

by staining with ER-Tracker™ Red dye (E34250, Molecular Probes, Eugene, OR) at a 

concentration of 1 μM for 15 minutes at 37˚C.  After washing, CYP2E1 proteins were stained 

following the above-mentioned procedure without fixation. 

 

Quantitative real-time polymerase chain reaction 

Total RNA was extracted by TRIzol (Invitrogen) from LSECs or liver tissues according to 

the manufacturer’s instruction.  RNA quantity and quality were assessed by micro-volume 

spectrophotometry on the NanoDrop 2000 (Thermo Fisher Scientific, Waltham, MA).  Total RNA 

(1 µg) was reverse transcribed into cDNA using a Reverse Transcription Reagents kit 

(04897030001, Roche Molecular Systems, Branchburg, NJ).  Quantitative real-time PCR 

(qPCR) was performed for cDNA samples using either TaqMan Universal Master Mix (Applied 

Biosystems, Foster City, CA) or PowerUp SYBR Green Master Mix (Applied Biosystems) on the 

ABI 7500 real-time PCR system (Applied Biosystems).  18S was used as a loading control.  

Results are shown as fold-changes relative to control groups.  Primer specific sequences are 

listed in Supplementary Table 1. 

 

Western blot analysis 

Cells or liver tissues were homogenized in a lysis buffer with protease inhibitor cocktail 

(Roche Diagnostics, Mannheim, Germany) and kept on ice for 30 minutes.  Lysates were 

centrifuged at 12,000 rpm for 10 minutes at 4°C.  Protein concentrations in the supernatants 

were determined using the BCA assay.  An equal amount of protein (30-50 μg) from each 

sample was loaded onto sodium dodecyl sulfate–polyacrylamide gel electrophoresis gels and 

transferred to 0.22 μm polyvinylidene fluoride or nitrocellulose membranes.  Membranes were 

probed with primary antibodies including CYP2E1 (1:800, ab28146, Abcam), Hsp90 (1:1000, 

4877, Cell Signaling Technology, Danvers, MA), Hsp90 (1:3000, 610419, BD Biosciences, San 
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Jose, CA), anti-Flag (1:1000, Agilent Technologies, Santa Clara, CA), eNOS (1:1,000, 610298, 

BD Biosciences), ACSS1 (1:1,000, sc-377149, Santa Cruz Biotechnology, Dallas, TX), ADH 

(1:1000, sc-133207, Santa Cruz Biotechnology), ALDH1/2 (1:1,000, sc-166362, Santa Cruz 

Biotechnology), HDAC6 (1:500, H2287, Sigma-Aldrich) and mouse anti–β-actin (1:1,000, 

A1978, Sigma-Aldrich).  After washing, membranes were incubated with fluorophore-conjugated 

secondary antibodies.  Detection and quantification of bands were performed using the Odyssey 

Infrared Imaging System (LI-COR Biosciences, Lincoln, NE).  GAPDH or β-actin was used as a 

loading control. 

 

HUVEC ethanol experiment (For Supplementary Figure) 

For ethanol treatment, human umbilical vein endothelial cells (HUVECs) were 

seeded on 6-well plates.  After treatment with 100 mM ethanol in culture medium for 20 

hours, an additional 100 mM ethanol was added to medium and incubated for 4 hours. 

 For acetaldehyde treatment, HUVECs were incubated with 50 μM acetaldehyde 

(402788, Sigma-Aldrich) in culture medium for 24 hours.  An additional 50 μM 

acetaldehyde was added to medium at 4, 8 and 20 hours after incubation. 

 

Time-dependent NO assay (For Supplementary Figure) 

 HUVECs were seeded on 6-well plates.  After 24 hours, medium was changed to 

phenol-red free culture medium (31053036, Gibco, San Diego, CA).  Then, cells were 

treated with 100 mM ethanol at 0, 12, 16 and 20 hours after changing the medium.  The 

media was collected 24 hours after the change to phenol-red free culture medium, 

resulting in 24, 12, 8 and 4-hour ethanol treatment, respectively, and processed for the 

measurement of nitrite, a stable end product of NO in aqueous solution.  Nitrite 

concentrations were measured by the DAN assay. 
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Supplementary Table 1. A list of antibodies and primers 

REAGENT or 
RESOURCE 

 

SOURCE IDENTIFIER 

Antibodies 

Acetyl-lysine Cell Signaling Technology 9441 

CYP2E1 Abcam ab28146 

Heat shock protein 90 Cell Signaling Technology 4877 

Heat shock protein 90 BD Biosciences 610419 

Anti-Flag  Agilent Technologies 200471 

eNOS BD Biosciences 610298 

eNOS BD Biosciences 610297 

ACSS1 Santa Cruz Biotechnology sc-377149 

ADH Santa Cruz Biotechnology sc-133207 

ALDH1/2 Santa Cruz Biotechnology sc-166362 

HDAC6 Sigma-Aldrich H2287 

β-actin Sigma-Aldrich A1978 

GAPDH Cell Signaling Technology 2118 

PECAM-1 BD Pharmingen 550274 

PECAM-1 BD Pharmingen 550300 

MPO Biocare Medical PP023AA 

Keratin 8  Developmental Studies Hybridoma Bank clone TROMA-Ⅰ 

Primers 

CYP2E1 Forward CCAGCCTTTTGACCCTACCT 
Reverse CGTTTGTTGAAGAGAATATCCGC 

18S Forward ACGGAAGGGCACCACCAGGA 
Reverse CACCACCACCCACGGAATCG 

HDAC6 Forward TCCACCGGCCAAGATTCTTC 
Reverse CAGCACACTTCTTTCCACCAC 

MPO Forward GCTGGAGAGTCGTGTTGGAA 
Reverse GAGCAGGCAAATCCAGTCCT 

TNF-α Forward AGGCTGCCCCGACTACGT 
Reverse GACTTTCTCCTGGTATGAGATAGCAAA 

IL-1β Forward         TGGACCTTCCAGGATGAGGACA 
Reverse         GTTCATCTCGGAGCCTGTAGTG 

IL-6 Forward ACAAGTCGGAGGCTTAATTACACAT 
Reverse TTGCCATTGCACAACTCTTTTC 

F4/80 Forward AACATGCAACCTGCCACAAC 
Reverse TTCACAGGATTCGTCCAGGC 

LY6G Forward CAACACAACTACCTGCCCCT 
Reverse TGGGAAGGCAGAGATTGCTC 

CD68 Thermo Fisher Scientific Mm03047340_m1 

CD11b Thermo Fisher Scientific Mm00434455_m1 

Icam1 Thermo Fisher Scientific Mm00516023_m1 

Vcam1 Thermo Fisher Scientific Mm01320970_m1 

18S Thermo Fisher Scientific Hs99999901_s1 
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