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Abstract

Acamprosate is an FDA-approved medication for the treatment of alcoholism that is unfortunately 

only effective in certain patients. Although acamprosate known to stabilize the hyper-

glutamatergic state in alcoholism, pharmacological mechanisms of action in brain tissue remains 

unknown. To investigate the mechanism of acamprosate efficacy, we employed a 

pharmacoproteomics approach using an animal model of alcoholism, type 1 equilibrative 

nucleoside transporter (ENT1) null mice. Our results demonstrated that acamprosate treatment 

significantly decreased both ethanol drinking and preference in ENT1 null mice compared to that 

of wild-type mice. Then, to elucidate acamprosate efficacy mechanism in ENT1 null mice, we 

utilized label-free quantification proteomics comparing both genotype and acamprosate treatment 

effect in the nucleus accumbens (NAc). We identified 1,040 protein expression changes in the NAc 

among 3,634 total proteins detected. Our proteomics and western blot result demonstrated that 

acamprosate treatment decreased EAAT expression implicating stabilization of the hyper-

glutamatergic condition in ENT1 null mice. Pathway analysis suggested that acamprosate 

treatment in ENT1 null mice seems to rescue glutamate toxicity through restoring of RTN4 and 

NF-Kb medicated neuroimmune signaling compared to wild-type mice. Overall, 

pharmacoproteomics approaches suggest that neuroimmune restoration is potential efficacy 

mechanism in the acamprosate treatment of certain sub-populations of alcohol dependent subjects.
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Introduction

Recent data from the National Institute of Health indicate that alcohol use disorders (AUDs) 

affected 7.2% of Americans in 2012, making it a significant public health concern, however, 

pharmacological treatments of AUDs are still challenging. Acamprosate has been widely 

used since the Food and Drug Administration (FDA) approved the medication for treatment 

of AUD in 2004. Acamprosate is known to increase the time to relapse owing to its ability to 

reduce hyper-glutamatergic condition in the brain, preventing serious alcohol withdrawal 

symptoms (1).

Although acamprosate is effective for many patients, not all patients respond to treatment the 

same way (2), which has led to doubts about the overall efficacy of the drug. One six month 

study performed in the United Kingdom showed no difference in the effects of acamprosate 

versus a placebo (3), as did another performed at US family medicine clinics (4). These 

studies seem to be in contention with others that illustrate the effect of acamprosate in 

reducing alcohol craving and withdrawal symptoms (5). These contradicting studies suggest 

that acamprosate may only be effective in some patients, indicating that the identification of 

responders and non-responders to acamprosate is necessary to treat the right patient with the 

right drug. In addition, identifying the subset of patients who are responsive to acamprosate 

would help uncover the mechanism of action of acamprosate.

Using brain magnetic resonance spectroscopy (MRS), it was found that alcohol-dependent 

patients have elevated glutamate levels compared to healthy controls in the anterior cingulate 

cortex (6, 7). Levels of glutamate in the anterior cingulate were reduced in patients in 

response to acamprosate (6, 7), while those treated with placebo showed a trend towards an 

increase in glutamate levels in the anterior cingulate cortex (6, 7). Moreover, glutamate 

levels in the anterior cingulate cortex are positively associated with alcohol craving (6, 7), 

suggesting that acamprosate may be able to reduce alcohol craving.

By using animal models, the pharmacological action of acamprosate in the brain can be 

more easily manipulated. The equilibrative nucleoside transporter (ENT1) gene has been 

associated with alcohol related phenotypes and increased susceptibility of ethanol 

withdrawal behavior (8). Mice lacking ENT1 (ENT1−/− mice) demonstrate hyper-

glutamatergic condition in the nucleus accumbens (NAc) and consume more ethanol than 

wild-type mice (9, 10). Acamprosate treatment seems to be effective in reducing ethanol 

drinking behaviors in ENT1−/− mice, not wild-type mice (10). Moreover, our previous brain 

MRS study demonstrated that acamprosate treatment significantly reduced glutamate levels 

in the NAc of ENT1−/− mice compared to the saline-treated group, an effect that was not 

observed in wild-type mice (10). However, the molecular mechanism how acamprosate 

treatment attenuates the symptom of hyper-glutamatergic condition, which is related to 

decreased alcohol drinking in ENT1−/− mice is not unveiled.

In this study, we investigated NAc protein expression changes in response to acamprosate 

treatment using pharmacoproteomics. This approach enabled us to identify a subpopulation 

of patients with AUDs who could potentially benefit from acamprosate treatment. To 
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demonstrate a possible mechanism involved in acamprosate efficacy, we employed a label-

free proteomics and bioinformatics approach including heat-map analysis, principal 

component analysis (PCA), and ingenuity pathway analysis (IPA) to compare molecular 

responses between genotypes.

MATERIALS AND METHODS

Animals.

We used 8–16 weeks old male ENT1 knockout (ENT1−/−) mice. Mice were housed (4–5 

mice per group) in standard Plexiglas cages under a 12 h light (>500 lux)/dark (<0.5 lux) 

cycle with lights on at 6:00 AM. Male mice used for all experiments were housed at a 

constant temperature (24 ± 0.5°C) and humidity (60 ± 2%). Food and water was provided ad 
libitum. The animal care and handling procedures were both approved by the Mayo Clinic 

College of Medicine Institutional Animal Care and Use Committees in accordance with NIH 

guidelines.

Chronic Ethanol Administration Using Two-bottle Choice Self-administration.

To administer ethanol voluntarily, a two-bottle choice drinking experiment was performed as 

previously described (9, 10). During the experiment, mice were given one week to acclimate 

to individual housing conditions and handling. Mice were (n = 9 ~ 10 per group) then given 

24 h access to two bottles, one containing plain tap water and the other containing an ethanol 

solution. The concentration of ethanol was raised every 4 days, increasing from 3 to 6 to 

10 % (v/v) ethanol in tap water (Figure 1A). To examine the effect of acamprosate, both 

ENT1 +/+ mice and ENT1 –/– mice were given saline or acamprosate beginning on day 18. 

The acamprosate-treated mice were given 200 mg/kg (i.p.) acamprosate every 12 hours for 

five days after the mice steadily consumed 10% ethanol in a two-bottle choice drinking 

experiment. Throughout self-administration experiments, both alcohol/water intake and 

body weight were measured every 2 days to calculate average daily ethanol consumption 

(g/kg/day) and ethanol preference (%; ethanol solution consumption/total fluid consumption 

× 100). Blood acamprosate levels were measured using LC-MS/MS to verify acamprosate 

administration (11).

Brain Tissue Sample Preparation.

Both ENT1+/+ mice and ENT1−/− mice were subjected to rapid CO2 inhalation to induce 

unconsciousness, followed by decapitation and subsequent harvesting of brain for isolation 

of the NAc from both hemispheres under a surgical microscope (n = 4 per treatment in each 

genotype). The extracted tissue was snap-frozen on dry ice and stored at −80°C until it was 

processed for SDS-PAGE (Bio-Rad Criterion system). The NAc from each mouse was 

homogenized using Pellet Pestle (Fisher) in a Cell-lytic MT mammalian tissue extraction 

reagent (Sigma-Aldrich) containing 50 mM Tris buffer (pH 7.4), 2 mM EDTA, 5 mM 

EGTA, 0.1% SDS protease inhibitor cocktail type I (Roche) and II (Sigma). Whole NAc 

tissue lysates were then centrifuged at 500 g at 4°C and supernatants were collected. Protein 

concentration from each replicate supernatant was quantified using the Bradford protein 

assay (Bio-Rad). Tissue samples were loaded at 30 μg proteins/lane and separated in MOPS 
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buffer via electrophoresis in a 4–12% Bis-Tris poly-acrylamide gel (Criterion, Bio-Rad, 

Hercules CA, USA) at 70 V for 20 min, followed by 140 V for 80 min.

Label-free Proteomics Using 1D-SDS PAGE.

Each lane in 1D Gel was divided into 6 sections using a Precision Plus Kaleidoscope 

standard (Bio-Rad) to indicate prominent proteins bands common to each lane as section 

boundaries. Gel sections were then excised and the resulting fractions were incubated in 200 

mM Tris for 30 min followed by destaining with 50 mM Tris/50%acetronitrile for 1–2 hr. 

Fractions were then dehydrated with 100% acetonitrile until gel pieces appeared opaque. 

Destaining was repeated a second time, followed by reduction with 20 mM Dithiothreitol 

(Sigma) in 50 mM Tris for 1 hr at 60°C. Gel fraction dehydration and alkylation was done 

with 100% acetonitrile and 40 mM iodoacetamide (Sigma) in 50 mM Tris for 1 hr at room 

temperature. Samples were rehydrated in 25 mM Tris and subjected to a final dehydration 

step prior to trypsin digest. Samples were mixed with 0.2 to 0.3 μg of trypsin (Promega) in 

20 mM Tris/0.0002% zwittergent 3–16 overnight at 37°C. Trypsin was inactivated and 

peptides were extracted by adding 2% trifluoroacetic acid to the digest for 30 min followed 

by the addition of acetonitrile for an additional 30 min. The supernatant was removed and 

saved, followed by addition of acetonitrile a third time to the gel fractions for 30 min. The 

gel fractions were then added to the saved supernatant. These fractions were dried under 

vacuum and stored at −20°C.

NanoLC Tandem Mass Spectrometry (MS/MS).

Dried peptide extracts were reconstituted in an acidic aqueous solution of 0.2% formic acid 

for analysis by nano-scale liquid chromatography interfaced to tandem mass spectrometry 

(nLC-MS/MS). Peptide mixture was loaded onto an Optipak 0.25 ul cartridge (Optimize 

Technologies, Oregon City, OR) custom packed with Michrom Magic C8 (Michrom 

BioResource, Auburn, CA) using an Eksigent nanoLC-Ultra 2D with AS3 autosampler. 

Peptides were separated by reversed-phase LC using a 75μm i.d. fused silica column, packed 

in-house with 37 cm of 3 μm Magic C18 (Michrom BioResource, Auburn, Ca) with a 

gradient of 2–40% B over 60 minutes with a mobile phase flow rate of 300 nL/min. Mobile 

phase A contained water, acetonitrile (98/2 by volume), whereas mobile phase B was 

composed of acetonitrile, isopropanol, water (80/10/10 by volume). Both mobile phase A 

and B were acidified using 0.2% formic acid. Eluting peptides were analyzed using a Q-

Exactive mass spectrometer (Thermo Fisher Scientific, Bremen, Germany) configured to 

measure peptides within the molecular weight range of 360–2000 m/z at a resolving power 

of 70K (FMHM, m/z 200) survey scans (MS1), followed by isolating top 15 most abundant 

ions for higher energy C-trap dissociation scans (MS2) using an isolation window of 2 Da at 

a resolving power of 17.5K and a 45 second exclusion duration (12).

Data Processing and Label-free Data Analysis.

Data files were imported into the Rosetta Elucidator software (Seattle, WA) in which a 

relative quantitative label-free pipeline was used for analysis (13, 14). We utilized a label-

free peptide MS1 intensity-based method for finding differentially expressed proteins 

between experimental groups. Quantification was detected such that m/z, retention time, and 

MS1 peak intensity data were extracted across pooled replicates and samples. Peptide 
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sequencing on features selected with charge state <4 and >1, peak confidence score >0.6, 

peak time score > 0.8, and peak m/z score >0.9, was initiated within Elucidator using 

Mascot (v2.2, Matrix Science) with mouse Swiss-Prot database (release-2012_02) appended 

with common contaminants and a reverse decoy database. Mascot search parameters were 

set with peptide precursor tolerance of 10 ppm, ms/ms tolerance of 0.6 Da, 2 missed 

cleavages, and variable modifications carbamidomethyl C, oxidation M, and propionamide 

C. Annotation was performed using the Peptide Prophet implementation in Elucidator. All 

proteins were identified at least one unique peptide with a probability score of > 95%. The 

table of peptides and peptide intensities was exported in excel. Then, detection of 

differentially expressed peak ratios was performed with ANOVA utilizing a signature p 
value decoy error rate of no more than 5%. The annotation was assigned across aligned 

sample features so that relative quantitation of corresponding protein identifications across 

sample groups could be compared (15–17).

Heat Map Analysis, Principal Component Analysis, and Ingenuity Pathway Analysis.

Heat maps were drawn to determine the expression patterns of significantly up- or down-

regulated protein at each time point and to compare the expression levels with the other time 

points, using R version 2.15.1 and the R packages. PCA can reduce the dimensionality of a 

data set consisting of a large number of interrelated variables, whereas retaining as much as 

possible of the variation present in the data set. PCA was conducted as an “unsupervised” 

analysis to clarify the variance among proteomics data from NAc samples using R. To 

clarify the variances among samples, proteomics data were calculated using a Q-mode PCA 

package ‘prcomp’of R. The proportion of variance and factor loading were also calculated. 

To classify the protein functionally, we used IPA where we entered the genes whose fold 

changes were more than 1.2-fold and P values were less than 0.05. IPA shows possible 

networks involved in microarray profiles by the IPA Network Generation Algorithm. 

Proteins were clustered and classified by the IPA Network Generation algorithm and the 

networks were ranked by the network score. The network score was calculated based on the 

tight-tailed Fisher’s Exact Test that takes into account: 1) the number of network eligible 

molecules in the network, 2) size of the network, 3) the total number of network eligible 

molecules in the given dataset, and 4) the number of molecules in the IPA database that 

could potentially be included in the networks. In the networks, solid and dashed lines 

indicated direct and indirect interactions, respectively. Direct interactions require the two 

molecules make direct physical contact with each other; there is no intermediate step. 

Indirect interactions do not require that there is physical contact between the two molecules, 

such as a signaling cascade instead of the two molecules making physical contact with each 

other (18).

Western Blot Analysis.

NAc tissues were homogenized in a solution containing 50 mM Tris buffer (pH 7.4), 2 mM 

EDTA, 5 mM EGTA, 0.1% SDS, protease inhibitor cocktail (Roche, Indianapolis, IN), and 

phosphatase inhibitor cocktail type I and II (Sigma). Homogenates were centrifuged at 500 g 

for 15 min and supernatants were collected. Proteins were analyzed using Bradford protein 

assay (BioRad, Hercules, CA). Proteins were separated by 4–12% NuPAGE Bis Tris gels at 

130 V for 2 h, transferred onto PVDF membranes at 30 V for 1 h (Thermo Fisher Scientific, 
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Waltham, MA), and incubated with antibodies against EAAT2 (Santa Cruz, Dallas, TX; 

SC-365634; 1:500), CAP1 (Santa Cruz, Dallas, TX; SC-376286; 1:500), RTN4 (Santa Cruz, 

Dallas, TX; SC-271878; 1:500), pERK; phospho-p44/42MAPK (Cell Signaling, Danvers, 

MA; 9106; 1:500), ERK; p44/42MAPK (Cell Signaling, Danvers; 9102; 1:500), and 

GAPDH (Millipore, Burlington, MA; MAB374; 1:2000). Chemiluminescent bands were 

detected on an Image Station and quantified using NIH Image J software.

Statistical Analysis.

The data was shown as mean with standard error of the mean (SEM). To detect statistical 

differences between acamprosate treatment and genotype, we conducted two-way ANOVA 

(SigmaStat vs. 3.1, SYSTAT Software, Point Richmond, CA). Criterion for statistical 

significance was p < 0.05.

RESULTS

Acamprosate treatment in ENT1–/– mice during ethanol self-administration.

To investigate the pharmacological effect of acamprosate in the NAc of animals that model 

responders to acamprosate treatment, we designed a pharmacoproteomics study using ENT1 
–/– mice. A previous brain MRS study revealed that ENT1 –/– mice show decreased 

glutamate levels in the NAc after chronic acamprosate treatment during a two-bottle choice 

ethanol self-administration (10). Therefore, we profiled changes in the proteome in response 

to acamprosate in the NAc of ENT1–/– mice and ENT1+/+ mice using a label-free 

quantification proteomics approach. Mice were pre-exposed to a two-bottle choice ethanol 

self-administration experiment for 18 days and then treated with acamprosate for 5 days 

during 5 additional days of ethanol consumption (Figure 1A). To validate the acamprosate 

administration, the blood acamprosate level was measured using LC-MS/MS, and it showed 

no significant differences between genotypes (Figure 1B). Then, we examined whether 

Acamprosate treatment reduces ethanol consumption or preference using two-bottle choice 

ethanol self-administration experiment. Before Acamprosate treatment, ENT1 –/– mice 

showed increased baseline ethanol consumption (Figure 1C) and ethanol preference (Figure 

1D) compared with wild-type mice. During the Acamprosate treatment session, both ENT1 
+/+ mice and ENT1 –/– mice demonstrated significantly decreased ethanol consumption. 

Two-way ANOVA indicated a significant effect of genotype [ F(1,30) = 38.6, p <0.0001] and 

acamprosate treatment [ F(1, 30) = 16.6, p <0.01]. For ethanol preference compared to total 

liquid intake, two-way ANOVA showed significant effect of acamprosate treatment [ F(1,30) 

= 5.76, p <0.05], while there is no effect of genotype (Figure 1D). Water consumption was 

similar between genotypes during acamprosate treatment (Figure 1E). These results are 

consistent with previous finding that acamprosate reduces ethanol preference in ENT1 –/– 

mice.

Large-scale proteomics analysis of the NAc in response to acamprosate treatment in ENT1 
null mice

Then, to elucidate proteome changes in the NAc of ENT1 –/– mice, we employed 

pharmacoproteomics approach. NAc tissue (AP: 0.98 ~ 1.54 mm) was isolated from both 

ENT1 +/+ mice and ENT1 –/– mice with micro-punch, and then processed for protein lysate 
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(Figure 2A). Using label-free proteomics, proteins from each NAc tissue (4 per each group) 

were separated by 1D-SDS PAGE and each lane was pre-fractionated into 6 pieces for label-

free proteomics using LC-MS/MS (Figure 2B). We identified 3,634 total proteins in the NAc 

(Table S1). 1,040 protein expression changes were found in response to acamprosate 

treatment and/or genotype. As shown in Figure 2C, we categorized protein expression 

change having a statistical significance value of p < 0.05 to identify significantly altered 

proteins. Although ethanol consumption itself can modify protein expression in the NAc (19, 

20), here, the measurable changes in protein expression were due to acamprosate treatment, 

while changes induced by ethanol would be consistent with saline treated group. 5% of 

protein expression was altered by both lack of ENT1 and acamprosate treatment (Figure 2C-

a), while 3.5 % of protein expression was changed by ENT1 genotype without an effect of 

acamprosate treatment (Figure 2C-b). Strikingly, 20% of proteins responded to acamprosate 

treatment only, which could imply that drug treatment goes beyond that of genotype 

differences (Figure 2C-c). 71.5% of proteins showed no significant response to acamprosate 

treatment or genotype (Figure 2C-d). These data suggest that pharmacological intervention 

induced dramatic changes in protein expression in the NAc, and it is possible that a 

mechanism could be identified in ENT1–/– mice that is associated with a positive 

acamprosate treatment response.

PCA and heat map analysis of protein profiles in response to acamprosate treatment in 
ENT1 null mice.

To determine whether acamprosate treatment during alcohol administration alters NAc 

protein expression in ENT1 –/– mice, we conducted principal component analysis (PCA) on 

the 1040 altered proteins in the NAc. In this dataset, three principal components (PC) were 

automatically identified, and their proportion ratios were calculated as PC1 (63%), PC2 

(35%), and PC3 (2%) (Figure 3A). The ratio scatterplot for each condition (genotype and 

drug treatment) identified a significant effect of acamprosate treatment between genotypes 

(Figure 3A). The ENT1 –/– mice treated with acamprosate (green dot) showed significant 

differences according to PC1 compared to that of drug treatment in wild type mice (orange 

dot). While acamprosate treatment in ENT1 +/+ mice (blue dot) responded to PC2, 

representing a distinctive effect of acamprosate treatment in both genotypes (Figure 3B). 

The ratio scatterplot for the total 1040 protein also identified significant proteins projected 

over the first two principal components (Figure 3C). The mean value of the data was circled, 

and everything more than three standard deviations away from the mean was labeled 

individually as outliers (Figure 3C). The results demonstrated that JAK3 positively responds 

to PC1; and BAP29, Q3TJ49, A3KGK6, ANXA5, HYI, Q3U1N3, and CAP1 positively 

respond to PC2.

To further profile protein expression changes between genotypes and acamprosate treatment, 

a heat map represented by normalized Z-score for expression of the 1040 proteins was 

generated (Figure 3D). Fifty proteins showed significant altered protein expression at 

baseline between genotypes as well as in response to acamprosate treatment between 

genotypes (Table 1). Adenylyl cyclase related proteins (ADCY5 and CAP1), PKC related 

proteins (PI51C PACN2, BIBIC8, and DGKB), and synaptic vesicle related proteins 

(Q768S5, EAAT2, SYN1, and VAPB) showed significant differences in their expression 
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level between ENT1 +/+ mice and ENT1 –/– mice. Since acamprosate treatment in ENT1 –/– 

mice showed the most significant response in our PCA analysis (Figure 3B), clusters for 50 

significantly altered proteins in ENT1 –/– mice were selected for the heat map (Table 1). 

Among the 50 proteins, 14 proteins were increased (Figure 3E) and 36 proteins were 

decreased (Figure 3F) by acamprosate treatment in ENT1 –/– mice. Interestingly, 

acamprosate treatment in ENT1 –/– mice significantly reverses those protein expressions by 

induced by lack of ENT1, while acamprosate treatment in ENT1 +/+ mice shows similar 

profiles to that of ENT1 deletion. These proteins may play a pivotal role in glutamate 

regulation in the NAc and suggest the pharmacological action of acamprosate and how it 

may prevent alcohol drinking.

Acamprosate restores glutamatergic protein expressions in ENT1 –/– mice.

We previously reported that the hyper-glutamatergic state in the NAc promotes excessive 

ethanol seeking in ENT1 –/– mice. Acamprosate is known to stabilize glutamatergic 

imbalance, so we sought to identify the restoration mechanism of glutamate 

neurotransmission mediated by acamprosate in ENT1 –/– mice. Among the proteins 

significantly altered by both genotype and acamprosate treatment, we validated EAAT2, 

CAP1, RTN4, and ERK protein expression changes between ENT1 +/+ mice and ENT1 –/– 

mice using western blot (Figure 4A). Consistent with our proteomics data, EAAT2 

expression was increased in the NAc of ENT1 –/– mice (Figure 4B). Interestingly, 

acamprosate treatment significantly decreased EAAT2 expression in ENT1 –/– mice 

compared to wild-type mice, which suggest that acamprosate treatment rescues extracellular 

glutamate uptake mediated by EAAT2 (Figure 4C). In addition, we identified altered protein 

expression related to synaptic plasticity such as CAP1, RTN4 and ERK pathway in the 

baseline of ENT1 –/– mice. Decreased RNT4 and ERK expressions in the NAc were 

normalized by acamprosate treatment, which are consistent with proteomics results (Figure 

4B and 4C). However, CAP1 demonstrated opposite expression patterns between proteomics 

and western blot results, which may be induced by fragmentation or post-translational 

modification. Acamprosate treatment could normalize CAP1 expression in ENT1 –/– mice as 

we observed in proteomics results.

Pathway analysis of protein profiles in response to acamprosate treatment

To gain more insight into the intracellular mechanism of acamprosate treatment in ENT1 –/– 

mice, ingenuity pathway analysis (IPA) pathway analysis was carried out to map the 

biological processes. Including the 50 proteins (Table 1) that showed a difference in basal 

expression and that significantly responded to acamprosate treatment in both genotypes, 84 

proteins and 47 proteins significantly responded to acamprosate treatment in ENT1 +/+ mice 

and ENT1 –/– mice, respectively (Figure 3A). IPA results of the significant proteins 

demonstrated that a signaling network related to tissue morphology and inflammation 

response were significantly different in both ENT1 +/+ mice (score 26; 14 proteins) and 

ENT1 –/– mice (score 26; 14 proteins) (Figure 5A). This approach newly identified a p53 

and interleukin-related pathway that could possibly be involved in acamprosate response in 

ENT1 –/– mice, whereas these profiles were in the opposite direction in ENT1 +/+ mice. Our 

results may suggest that glutamate excitotoxicity caused by alcoholism is related to 

neuroimmune systems regulated by p53 and interleukin signaling, and acamprosate 
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treatment could possibly alleviate the cell damage response in ENT1 –/– mice specifically 

(Figure 5A).

Next, we investigated the protein profile responding to acamprosate treatment only (Figure 

3C), since acamprosate treatment led to the most protein expression changes (20%). This 

illustrates the strength of pharmacological intervention, which goes beyond that of the 

genotype effect induced by the deletion of ENT1. Of 729 proteins, the expression of 410 

proteins was changed in ENT1 +/+ mice, while 236 proteins were altered in ENT1−/− mice 

after acamprosate treatment (Figure 5B). IPA analysis suggests that acamprosate treatment 

increases ADORA2A signaling, which decreases FOS in ENT1 +/+ mice. This pathway is 

related to molecular transport and lipid metabolism (score 26; 17 proteins). Although 

ENT1+/+ mice demonstrated more changes in protein expression after acamprosate 

treatment, ENT1−/− mice showed decreased activation of the AKT, AMPK, ERK, and 

calmodulin (CaM) pathways related to cellular assembly (score 25; 15 proteins).

Identification of RTN4 and RHOA clusters related to acamprosate treatment

Finally, all of the proteins altered by acamprosate treatment were analyzed by IPA pathway 

analysis. A total of 910 proteins among 1040 proteins showed significant changes in 

response to acamprosate treatment, and IPA pathway analysis identified that cellular 

assembly and organization were involved in acamprosate treatment in both ENT1 –/– mice 

(score 38; 30 proteins) and ENT1 –/– mice (score 44; 30 proteins). RTN4 and RHOA 

signaling showed significant profile differences between ENT1 +/+ mice and ENT1 –/– mice, 

while NF-κB-related signaling was decreased in both genotypes (Figure 5C). RTN4, named 

Nogo-A, acts as a developmental neurite growth regulatory factor involved in synaptic 

plasticity restriction (21–24). Interestingly, reduced expression of RTN4 is known to lead to 

decreased motivational behavior, which may correlate to decreased ethanol drinking in 

ENT1−/− mice in response to acamprosate (25). The IPA results show that decreased RTN4 

expression in the in ENT1−/− mice negatively regulates RTN4 network protein expression, 

including YWHAQ (tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation), 

GNG2 (guanine nucleotide binding protein, subunit gamma 2), CAPZA2 (F-actin-capping 

protein subunit alpha-2), DYNC1H1 (cytoplasmic dynein 1 heavy chain 1), YWHAB 

(tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein beta), and 

YWHAG (tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein 

gamma). YWHAQ is an adapter protein implicated in the regulation of signaling pathways, 

and it negatively regulates the kinase activity of PDPK1 (3-phosphoinositide-dependent 

protein kinase) (26) and PKC signaling (27). GNG2 is involved in various transmembrane 

signaling cascades, and both the gamma and beta chains are needed for GTPase activity 

(28). CAPZA2 binds the ends of actin filaments in a calcium-dependent manner, blocking 

subunit exchange (29). DYNC1H1 is a motor for the intracellular retrograde motility of 

vesicles and organelles along microtubules (30). YWHAB is involved in neuronal apoptosis, 

while YWHAG interacts with protein kinase C (PKC) (31). On the other hand, the RTN4 

network was decreased in ENT1 +/+ mice, implicating a difference in cytoskeletal and 

microtubule formation. GFAP (glial fibrillary acidic protein) is a cell-specific marker that 

distinguishes astrocytes from other glial cells in development. PPT1 (palmitoyl protein 

thioesterase 1) removes thioester-linked fatty acyl groups from cysteine residues in 
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lysosomal degradation (32). KRAS has intrinsic GTPase activity, playing an important role 

in cell proliferation. MAPRE3 (microtubule-associated protein RP/EB family member 3) 

binds the plus end of microtubules and regulates the movement of the cytoskeleton (33). 

TAGLN3 (transgelin-3) is a transformation-sensitive actin cross-linking protein in 

fibroblasts and smooth muscle, which may be an early indicator of transformation (34). 

LAP3 (leucine aminopeptidase 3) catalyzes the removal of unsubstituted N-terminal amino 

acids from peptides and may also be involved in the processing of intracellular proteins in 

the brain (35). RhoB (Rho-related binding GTP-binding protein) serves as a microtubule-

dependent signal required for contractile ring formation in cytokinesis (36).

Another group of proteins altered by acamprosate treatment was the RHOA network, which 

also is involved in synaptic plasticity (37–39). There were four proteins identified in both 

groups related to the amount of RHOA: SLC3A2 (solute carrier family 3, member 2), 

PIP5K1C (phosphatidylinositol-4-phosphate 5-kinase type 1 gamma), DMTN (dematin 

actin-binding protein), and ARHGDIA (Rho GDP dissociation inhibitor alpha). SLC3A2 

and PIP5K1C were decreased in the ENT1−/− mice, but increased in the ENT1+/+ mice; 

while ARHGDIA was increased in the ENT1−/− mice and decreased in the ENT1+/+ mice. 

Since RHOA showed decreased expression in both groups, it could be inferred that the 

actions of ARGHDIA counter the effects of PIP5K1C and SLC3A2. Moreover, SLC3A2 

comprises the light subunit of a large amino acid transporter (LAT) and is important for the 

transport of LAT to the plasma membrane (40). PIP5K1C catalyzes the phosphorylation of 

phosphatidylinositol 4-phosphate (PtdIns4P) to form phosphatidylinositol 4,5-bisphosphate 

(PtdIns(4,5)P2) (41). This reaction product contributes to secretion and vesicular trafficking, 

both of which are important for presynaptic neuronal release of neurotransmitters. DMTN, 

which acts as an inhibitor of RHOA, is a membrane-cytoskeleton-associated protein with F-

actin-binding activity that induces F-actin stabilization. ARHGDIA regulates the GDP/GTP 

exchange reaction of Rho proteins (including RhoA) by inhibiting GDP dissociation. It 

sequesters the Rho proteins in the cytoplasm, protecting them from degradation (42).

Moreover, acamprosate treatment seems to decrease the NF-κB network in both genotypes, 

implicating a change in neuroimmune function. This finding is consistent with the finding 

that acamprosate treatment altered p53 and interleukin-related pathway. The ERK pathway 

was also sensitive to the effect of acamprosate treatment in the ENT1−/− mice (Figure 5C), 

which was not observed in in ENT1+/+ mice. Our findings indicate that RTN4, ERK, RHOA, 

and NF-κB signaling is significantly associated with a positive outcome of acamprosate 

treatment in ENT1–/– mice. Although it is well known that acamprosate acts as a partial 

antagonist of NMDAR and attenuates hyper-glutamatergic condition in the NAc (10, 43), 

our study is the first report demonstrating intracellular signaling associated with 

acamprosate efficacy.

DISCUSSION

Our study provides the possible mechanism of RTN4, ERK, RHOA, and NF-κB involved in 

the positive outcome of acamprosate treatment in ENT1–/– mice. Although it is well known 

that acamprosate acts as a partial antagonist of NMDAR and attenuates glutamate increases 

in the NAc, our study is the first report demonstrating possible synaptic plasticity target 
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genes associated with acamprosate efficacy using a mouse model. Notably, in ENT1–/– mice, 

the RTN4 level was significantly decreased after acamprosate treatment during ethanol 

administration, whereas there was increased RTN4 expression in wild-type littermates. In 

addition, RTN4 plays a pivotal role in regulating a protein cluster in both genotypes, 

suggesting that acamprosate changes the synaptic plasticity-related network in opposing 

fashion based on genotype. The hyper-glutamatergic condition caused by the deletion of 

ENT1 may result in neuroimmune signaling changes that are normalized by acamprosate.

Pharmaco-omics, including pharmacogenomics and pharmacometabolomics, is a general 

trend of contemporary pharmacological research suggesting the use of blood biomarkers for 

individualized medicine strategies. These biomarkers could be useful in predicting 

therapeutic outcomes, but the sensitivity and specificity have yet to be determined. Although 

proteomics is underused for biomarker application due to the complexity of the proteome, 

including post-translational modification and proteolysis, it is an essential tool to measure 

the changes in protein contents in a target tissue. Pharmacoproteomics enables us to study 

the mechanism of acamprosate action in a target brain tissue in an alcoholism animal model. 

The variant of the ENT1 gene is highly associated with ethanol withdrawal in humans, and 

ENT1–/– mice showed an alcohol-related hyper-glutamatergic condition by microdialysis 

and brain MRS approaches. In this study, the same ethanol administration and acamprosate 

treatment paradigm for a previous MRS study was utilized to elucidate underlying glutamate 

excitotoxicity in the NAc (10). The protein expression change in the NAc of ENT1–/– mice 

elucidates the effect of Acamprosate in hyper-glutamatergic condition and ethanol self-

administration.

Acamprosate is thought to modulate NMDA receptor (44), Glycine receptor (45, 46), or 

mGluR5 receptor (47) in the NAc; however this based on physiological findings. Therefore, 

our study was designed to instead focus on the identification of molecular signaling, which 

provides better understanding of acamprosate action. In our previous studies, we showed 

that excitatory amino acid transporter 2 (EAAT2) expression in the NAc of ENT1–/– mice 

plays an essential role in supporting the hyper-glutamatergic condition and excess alcohol 

seeking in mice (9). Consistently, our pharmacoproteomics results demonstrate that ethanol 

exposure increases EAAT2 expression, which uptakes more extracellular glutamate into the 

glia, in ENT1–/– mice and following Acamprosate treatment significantly decreases EAAT2 

expression in ENT1–/– mice (Figure 3 and 4). Therefore, decreased EAAT2 expression by 

acamprosate treatment could be an important biomarker for validating our ENT1–/– mouse-

model system and hyper-glutamatergic regulation in alcohol drinking. Since NF-kB 

transcription activity regulates EAAT2 expression, acamprosate may strengthen the 

neuroimmune response by alleviating excitotoxicity, which may reflect less expression of 

NF-kB and EAAT2 in acamprosate-treated ENT1–/– mice.

Recent advances in proteomics methodologies serve as powerful platforms for hypothesis 

generation or discovery of novel targets involved in pharmacological actions. The 

advantages of employing a label-free proteomics approach shows increased proteome 

coverage, decreased experimental steps for stable isotope labeling, enhanced ability to detect 

various types of post-translational modification on proteins, and the ability for single 

experiment relative comparisons of expression changes in multiple biological samples and 
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technical replicates (48). However, pharmacological treatment and genotype comparison in 

brain proteomic analysis can be challenging, due to highly complex and interconnected 

heterogeneous neural and glial cell populations, in addition to computing and validating the 

large amounts of data generated (49). It must also be noted that label-free proteomics are 

less strictly quantitative compared to targeted MRM analysis (50). In addition, the sample 

size for this investigative study was quite small (4 mice per group) with a short duration of 

treatment (5 days). Based on these realities, we strengthened the validity of our findings by 

measurements of blood acamprosate level and by confirmation of protein expression using 

western blotting. Then, we utilized PCA and IPA bioinformatics analysis to facilitate our 

understanding of the interest and reference protein data. We hope that our label-free 

approach to the pharmacological response in a mouse brain tissue lysate will contribute to 

the standardization of clinical proteomics approaches as an example for robust quantitative 

analysis

Overall, our study provides a possible mechanism for examining proteome response and 

pursuing multiple comparisons as a result of genotype and acamprosate treatment using 

PCA and IPA protein network analysis. Separation using PCA and cluster analysis was 

carried out to identify protein sub-groups, and heat map analysis was conducted to 

distinguish significant clusters from the total proteome. In addition, pathway analysis using 

IPA suggest that there is great potential for candidate protein network analysis, as noted 

here, in the acamprosate treatment of certain sub-populations of alcohol dependent patients. 

Future research will focus on the interpretation of pharmacoproteomics findings as related to 

the pathophysiology of alcohol use disorder.
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Statement of significance of the study

Pharmaco-omics, including pharmacogenomics, pharmacoproteomics, and 

pharmacometabolomics, is a general trend of contemporary pharmacological research 

suggesting the use of biomarkers for individualized medicine strategies. These drug 

efficacy biomarkers could be useful in predicting therapeutic outcomes, but the sensitivity 

and specificity have yet to be determined. Although proteomics is underused for 

biomarker application due to the complexity of the proteome, such as post-translational 

modification, it is an essential tool to measure the changes in protein contents in a target 

tissue. In this study, pharmacoproteomics enables us to study the mechanism of 

acamprosate action in a target brain tissue in an alcoholism animal model. Moreover, our 

label-free proteomics revealed that acamprosate’s effect is possibly regulated by EAAT2 

dependent glutamatergic regulation as well as RTN4 mediated neuroimmune pathway. 

Therefore, pharmacoproteomics approaches suggest that there is great potential for 

candidate protein network analysis, as noted here, in the acamprosate treatment of certain 

sub-populations of alcohol dependent subjects.
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Figure 1. 
Acamprosate treatment in ENT1−/− mice during two-bottle choice alcohol administration. A. 
Schematic representation of the experimental paradigm. Mice were given 18 days to 

acclimate to a 10% (v/v) ethanol concentration. Then mice were injected with either saline 

or acamprosate twice per day (2 times x 200mg/kg, i.p.) for the next 5 days during the two-

bottle choice self-administration (n = 9 ~10). B. There was no difference in the blood 

acamprosate levels between genotypes. C. Effect of Acamprosate treatment in alcohol 

consumption. Alcohol consumption (g/kg/day) is reduced in both genotypes with 

acamprosate treatment. D. Ethanol preference (%) is significantly reduced in in ENT1 –/– 

mice. E. Water drinking is similar between genotypes during acamprosate treatment. All 

data are presented as mean ± SEM.
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Figure 2. 
Pharmacoproteomics strategy for acamprosate treatment using label-free proteomics. A. 
Pharmacoproteomics workflow for NAc of ENT1 +/+ mice and in ENT1 –/– mice. Brain 

coordinates for NAc tissue collection. B. Label-free proteomics approach to identify 

acamprosate efficacy mechanism. Accumbal proteins were separated using SDS PAGE (n = 

4 per group). C. Pharmacoproteomics analysis in the NAc of ENT1−/− mice in response to 

acamprosate treatment. (a) 181 proteins were changed in response to both genotype and 

acamprosate treatment. Among 181 proteins, 50 proteins were changes in both genotypes. 
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(b) 130 proteins were changed by genotype only. (c) 729 proteins were changed by 

acamprosate treatment only. Among 729 proteins, 83 proteins were changes in both 

genotypes. (d) 2594 proteins were not changed by either genotype or treatment.
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Figure 3. 
PCA analysis of protein expression in response to acamprosate treatment and deletion of 

ENT1. A. Ratio proportion of variance line graph identifies the 60% of proportion of 

variance of the first principal components. B. Acamprosate treatment in ENT1−/− mice 

shows significant projection in the first principal component (PC1) in ratio scatterplot. C. 
Ratio scatterplot for the total 1040 proteins. Labeled proteins indicate outliers having more 

than 3 standard deviations away from the mean. D. Heat map for altered protein expression 

in response to acamprosate treatment and deletion of ENT1 gene. Values were normalized 
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by Z-Score E. Significantly increased protein expression by acamprosate treatment in 

ENT1−/− mice. F. Significantly decreased protein expression by acamprosate treatment in 

ENT1−/− mice.
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Figure 4. 
Validation of altered glutamatergic and synaptic molecules in the NAc of ENT1−/− mice. A. 
Western Blot showing altered protein expression changes between ENT1+/+ mice and 

ENT1−/− mice. B. EAAT2 [ t(8) =2.34, p <0.05] and CAP1 [ t(8) =2.28, p <0.05] 

expressions were significantly increase in the NAc of ENT1−/− mice, while RTN4 [ t(8) 

=2.50, p <0.05], pERK [ t(8) =2.46, p <0.05], and ERK [ t(8) =4.33, p <0.005], were 

decreased (n = 5). C. After acamprosate treatment, EAAT expression in the ENT1−/− mice 

were significantly decreased [ t(11) =2.30, p <0.05], while the other proteins showed no 

genotype differences (n = 6 ~ 7). All data are presented as mean ± SEM.
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Figure 5. 
Summary of IPA pathway analysis and representative network in the NAc of ENT1–/– mice. 

A. Significantly changed network by both genotype and acamprosate treatment B. 
Significantly changed network by acamprosate treatment only. C. Significantly changed 

network by acamprosate treatment with genotype. Blue circle represents RhoA cluster, while 

red circle indicates RTN4 network. Orange color indicates up-regulated protein, while green 

color indicates down-regulated proteins with statistical significance. Grey indicates protein 

was detected but did not show statistical significance. A color gradient indicates an 
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identified protein complex consisting of significantly altered proteins and proteins that did 

not show statistical significance. (*p < 0.05 by t-test for mean protein expression change 

measured by label-free proteomics). Table 1. 50 accumbal proteins altered by both ENT1 

genotype and acamprosate treatment.
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Table 1.

50 NAc proteins altered by both ENT1 genotype and acamprosate treatment.

Protein Name Gene

KO vs. WT KO vs. KO WT vs. WT

Con vs. Con Acam vs. Con Acam vs. Con

Ratio p-value Ratio p-value Ratio p-value

Myc box-dependent-interacting protein 1 BIN1_MOUSE 1.316 8.43E-09 0.799 0.004 1.29 6.16E-07

Diacylglycerol kinase beta DGKB_MOUSE 1.789 1.68E-08 0.71 7.05E-04 1.502 7.33E-05

Rabphilin-3A Q768S5_MOUSE 1.838 2.13E-07 0.721 0.008 1.684 3.51E-06

MKIAA1758 protein B9EJA2_MOUSE 1.548 1.92E-06 0.748 0.007 1.295 0.047

Msn protein MOES_MOUSE 1.456 2.61E-06 0.828 0.002 1.354 9.80E-04

Wiskott-Aldrich syndrome protein family member 1 WASF1_MOUSE 1.744 3.87E-06 0.759 0.012 1.61 1.88E-04

Ezrin EZRI_MOUSE 1.879 7.97E-06 0.768 0.033 1.733 0.001

Putative uncharacterized protein Q8C605_MOUSE 1.391 1.16E-05 0.802 1.20E-04 1.351 0.002

Q6P1J1_MOUSE Crmp1 protein Q6P1J1_MOUSE 1.743 4.31E-05 0.802 0.049 1.729 0.002

Isoform 2 of Dynamin-like 120 kDa protein OPA1_MOUSE_2 1.28 1.01E-04 0.849 0.017 1.282 0.007

Phosphofructokinase Q8VDX7_MOUSE 1.304 1.33E-04 0.837 0.003 1.307 1.92E-04

Hypoxanthine guanine phosphoribosyl transferase 1 B1B0W8_MOUSE 0.812 2.07E-04 1.154 0.017 0.735 2.95E-05

Adenylyl cyclase-associated protein CAP1_MOUSE 0.206 2.66E-04 4.267 0.03 0.389 0.029

Glial high affinity glutamate transporter EAA2_MOUSE 1.109 2.79E-04 0.914 0.004 1.125 0.018

LETM1 and EF-hand domain-containing protein 1 LETM1_MOUSE 1.188 3.36E-04 0.671 9.93E-11 1.168 0.005

Dynein cytoplasmic 1 intermediate chain 2 D6Q0F5_MOUSE 1.32 3.51E-04 0.785 0.008 1.344 0.001

Protein kinase C epsilon type B1B1C8_MOUSE 1.379 3.60E-04 0.855 0.045 1.388 0.013

Calnexin CALX_MOUSE 1.371 6.20E-04 0.749 0.002 1.332 0.004

Aconitate hydratase, mitochondrial ACON_MOUSE 1.336 6.66E-04 0.678 6.31E-05 1.228 0.009

Rab15 Q3TYH2_MOUSE 0.668 0.002 1.21 0.009 0.722 0.029

Thimet oligopeptidase THOP1_MOUSE 1.296 0.002 0.85 0.014 1.301 0.018

14–3-3 protein theta 1433T_MOUSE 0.898 0.002 1.088 0.025 0.834 5.97E-04

cGMP 3’,5’-cyclic phosphodiesterase 10A PDE10_MOUSE 1.357 0.003 0.734 4.51E-04 1.189 0.041

Adenylate cyclase type 5 ADCY5_MOUSE 1.149 0.003 0.836 8.99E-04 1.174 0.022

Rap1 GTPase-activating protein A2ALS7_MOUSE 1.227 0.003 0.816 0.006 1.263 0.002

Receptor-type tyrosine-protein phosphatase delta PTPRD_MOUSE 1.319 0.003 0.842 0.037 1.349 0.01

Tubulin polymerization-promoting protein Q3URG1_MOUSE 0.777 0.004 1.43 0.001 0.846 0.007

Synapsin-1 SYN1_MOUSE 1.238 0.004 0.787 0.001 1.218 0.007

Phosphatidylinositol-4-phosphate 5-kinase gamma PI51C_MOUSE 1.15 0.004 0.857 0.006 1.153 0.007

Rapgef2 protein Q6NXI4_MOUSE 1.146 0.007 0.903 0.035 1.366 9.48E-10

Putative uncharacterized protein DNM1L_MOUSE 1.29 0.008 0.752 1.54E-05 1.233 0.042

14–3-3 protein gamma 1433G_MOUSE 0.914 0.009 1.162 0.002 0.861 0.005

6-phosphofructokinase, muscle type K6PF_MOUSE 1.289 0.01 0.823 0.015 1.298 0.005

Dihydropteridine reductase DHPR_MOUSE 0.879 0.01 1.128 0.031 0.824 0.022

Putative uncharacterized protein Q99JZ4_MOUSE 0.787 0.012 0.748 0.001 0.559 1.27E-06

Ubiquitin carboxyl-terminal hydrolase isozyme L1 UCHL1_MOUSE 0.832 0.012 1.213 0.011 0.757 2.87E-05

Cullin 5 CUL5_MOUSE 1.292 0.015 0.804 0.04 1.32 0.006
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Protein Name Gene

KO vs. WT KO vs. KO WT vs. WT

Con vs. Con Acam vs. Con Acam vs. Con

Ratio p-value Ratio p-value Ratio p-value

Uncharacterized protein C6orf174 homolog CF174_MOUSE 1.335 0.015 0.809 0.045 1.314 0.019

Rho GDP-dissociation inhibitor 1 GDIR1_MOUSE 0.872 0.017 1.206 0.003 0.863 0.017

Putative uncharacterized protein CUL1_MOUSE 1.277 0.019 0.79 0.003 1.298 0.007

MKIAA0617 protein Q6ZQ84_MOUSE 1.295 0.021 0.788 0.018 1.273 0.013

Vesicle-associated membrane protein B VAPB_MOUSE 0.861 0.021 1.136 0.019 0.784 0.004

AMP phosphotransferase, mitochondrial KAD3_MOUSE 0.859 0.023 1.204 0.01 0.841 0.003

Platelet-activating factor acetylhydrolase IB subunit PA1B2_MOUSE 0.896 0.031 1.137 0.015 0.822 0.003

Tubulin alpha-4A chain TBA4A_MOUSE 0.885 0.031 0.737 0.029 0.623 5.69E-10

Ubiquitin carboxyl-terminal hydrolase isozyme L3 UCHL3_MOUSE 0.864 0.035 1.2 0.024 0.826 0.025

Myosin-9 MYH9_MOUSE 1.214 0.039 0.601 1.00E-04 1.427 2.46E-07

HECT, UBA and WWE domain containing 1 Q4JG03_MOUSE 0.785 0.042 0.829 0.004 0.686 0.011

Protein kinase C and casein kinase substrate PACN2_MOUSE 1.39 0.044 0.631 0.02 1.382 0.015

Triosephosphate isomerase TPIS_MOUSE 0.872 0.05 1.251 0.004 0.863 0.003

*
p < 0.05 compared with control treatment by unpaired two-tailed t-test.
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