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Abstract

Background: Histone deacetylase inhibitors (HDACis) such as Trichostatin A (TSA) have
emerged as promising epigenetic modulators of addiction-related behaviors. TSA treatment
has been previously shown to decrease alcohol (ethanol) consumption with dose and
sex differences. However, molecular mechanisms underlying TSA’s effects on ethanol
consumption remain poorly understood. Method: We collected the nucleus accumbens
shell (NAcSh) of HAD1 rats, which has been used to investigate the impact of TSA treatment
on ethanol consumption. RNA-seq profiling of NAcSh followed by IPA and GSEA analysis
were conducted. Results: Gene profiling identified differentially expressed genes (DEGs)
with sex- and dose-specific effects, with some genes demonstrating high fold change
(FC). Males showed significantly increased Oxt and decreased Ttr expression following
1 mg/kg TSA treatment. In females, Pmch expression significantly decreased following
1 mg/kg TSA treatment, whereas Tmem179 expression increased following 2 mg/kg TSA
treatment. Pathways centered on Hdac and Fkbp5 in males, and Bdnf and estrogen receptor
in females were significantly enriched following TSA treatment, with distinct pathways
identified at the 1 mg/kg and 2 mg/kg doses. IL1β and β-estradiol are common upstream
regulators among all groups. Unexpectedly, some common DEGs between male and
female comparisons have opposite responses to the same dose of TSA. GSEA analysis has
identified additional gene sets, hallmark genes and microRNAs, and functions including
immune response, metabolism, and estrogen response significantly associated with TSA
treatment. Conclusions: This study successfully identified gene expression evidence that
TSA treatment is sex- and dose-specific, underscoring the importance of considering both
variables in the development of HDAC-targeted therapies for alcohol use disorders.

Keywords: high alcohol drinking-1 rats; Trichostatin-A; epigenetics; sex difference; nucleus
accumbens shell; RNA-seq

1. Introduction
Alcohol use disorders (AUDs) are characterized as a chronically relapsing condition

and continuation of alcohol use despite negative consequences. Chronic use of alcohol can
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cause or exacerbate health problems, increase mortality rates, and cause social problems.
The cost to the US economy is roughly USD 250 billion per year and has been further
intensified by the COVID-19 pandemic [1–4]. The heritability of AUD is about 50–60% of
the total phenotypic variability [5–8]. The “missing heritability” is from environmental
factors, epigenetic factors, and their interactions [9–11]. Genetic predisposition is critical for
AUD development, but irreversible; epigenetic modifications occur over time by alcohol
exposure and are reversible [12–14]. Effective treatments for AUD are limited, and there is
a pressing need for new and effective medications to treat AUD [15].

Researchers recognize that alcohol (ethanol)-induced gene expression alterations are
partially due to epigenetic modifications [13,16]. Changing chromatin density prepares it
for transcriptional activity, resulting in gene expression alterations in response to ethanol
exposure [17–19]. In the brains of AUD patients, ethanol has been shown to induce histone-
related modification, DNA methylation, and other epigenetic changes in several brain
reward systems [11,20,21], and converging evidence suggests that these modifications play
roles in ethanol-induced gene regulation and behavior alteration [22–25]. Genes implicated
in ethanol drinking have also been modified epigenetically (e.g., brain-derived neurotrophic
factor (BDNF), synuclein alpha (SNCA), and nuclear receptor subfamily 3 group C member
1 (NR3C1)) [13,23,26]. Epigenetic regulation of neurotransmission-related genes, including
NR2B, and OPRM1, plays a critical role in ethanol dependence and withdrawal, and predicts
naltrexone treatment response [27,28]. Acetylation/deacetylation of histones is facilitated
by a large family of histone acetyltransferases (HATs) and histone deacetylases (HDACs).
Gene expression levels and protein activity of HDACs can be increased by chronic ethanol
exposure [29]. For example, increased expression of Hdac2 and Hdac3 was observed after
chronic ethanol exposure [19]. Co-exposure to HDAC inhibitors (HDACi) counteracted
ethanol-induced transcriptional alterations; one study found that Trichostatin A (TSA;
an HDACi) prevented chronic ethanol-induced suppression of the GABAA receptor α1
subunit gene (Gabra1) through reversal of HDAC-mediated chromatin remodeling [19].
Other evidence from the nucleus accumbens (NAc) also supports that excessive alcohol
drinking reduces histone H4 acetylation, and exposure to HDAC inhibitors decreased
ethanol consumption in rodents [30]. Antisense-induced downregulation of circadian
genes attenuates ethanol-induced increases in HDAC2 in the medial nucleus accumbens
shell (NAcSh) and significantly reduces alcohol consumption [31]. Researchers also found
epigenetic differences in a sex-specific manner [32,33]. Currently, the impact of ethanol
exposure on epigenetic modification has become a direction of interest for new drug
development [30,34].

HDACis have emerged as promising therapeutic agents for several diseases, including
AUD. TSA, a first-generation pan-HDAC inhibitor and prototype compound that led to
the development of the FDA-approved HDAC inhibitor Vorinostat, has been widely used
to investigate the role of epigenetic regulation in AUD. TSA was selected because chronic
ethanol exposure increases HDAC activity and disrupts histone acetylation, leading to mal-
adaptive transcriptional changes associated with ethanol dependence, anxiety-like behavior,
and excessive drinking in preclinical research. Studies have shown that ethanol upregulates
HDAC2 through oxidative stress pathways, whereas TSA reverses these changes by reducing
HDAC expression, restoring histone acetylation, and normalizing gene transcription [35,36].
TSA also attenuates ethanol-induced alterations in class I HDACs, modulates neuroimmune
signaling through effects on cytokines, chemokines, and NF-κB activity, and prevents ethanol-
related disruptions in GABAergic neurotransmission [19,35,37,38]. Consistent with these
mechanisms, TSA reduces ethanol consumption and anxiety-like behaviors in multiple rodent
models, supporting a critical role for epigenetic regulation in AUD pathogenesis and treat-
ment. Collectively, these findings suggest that HDAC inhibition may represent a promising
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therapeutic strategy for AUD. Currently, research has implicated HDAC activity in the devel-
opment of ethanol dependence and ethanol-seeking behaviors, suggesting that TSA inhibition
of HDACs can be a therapeutic approach [13].

The brain processes ethanol drinking behavior through distributed neural circuits and
genetic, epigenetic, and environmental factors that collectively affect AUD development.
However, investigation of drug effects in the human brain is limited by experimental and
ethical constraints. The high alcohol drinking (HAD) replicate line of rats satisfies the
criteria for an animal model of alcoholism [39–41]. HDACis have been reported to reduce
ethanol drinking in male HAD1 rats [42]. In a subsequent experiment, our co-authors
examined the TSA dose response in chronic ethanol-drinking models, and their findings on
TSA’s effects on ethanol consumption in HAD1 rats align with earlier research [43].

The NAcSh is a key component of the mesolimbic reward circuitry that regulates
ethanol consumption through motivational and emotional processes and neuron adapta-
tions, and deep brain stimulation to the NAcSh or NAc core significantly reduced ethanol
intake in rats [44–46]. Epigenetic changes and neuronal excitability adaptations in the
NAc caused by chronic ethanol consumption are associated with molecular remodeling
that promotes excessive ethanol consumption [47]. A previous study found binge ethanol
drinking results in divergent gene and pathway alterations between sexes in the NAc of
C57/6J mice [48].

Pharmacologic intervention followed by transcriptome profiling will provide transcrip-
tomic evidence of potential epigenetic mechanisms and their involvement in AUD, helping
to inform future drug development. Therefore, the objectives of the present study were to
evaluate gene expression alterations in the NAcSh after 1 mg/kg/day and 2 mg/kg/day
TSA treatment using the same rats mentioned above, and to identify gene expression and
associated pathway alterations in HAD1 rats responsible for the observed decrease in
drinking between sexes and doses.

2. Materials and Methods
2.1. Test Compound and Treatment Procedures

Trichostatin A (TSA; Sigma-Aldrich, St. Louis, MO, USA) administration has been
performed previously [43]. In short, adult male and female HAD1 rats were given con-
tinuous 24 h 3-bottle free-choice access to 15%, 30% ethanol vs. water for at least 8 weeks
(Supplemental Figure S1). Food and water were available ad libitum. The 9th week of
access served as the baseline week, such that the animal dose groupings were balanced
for the average daily ethanol intake. After the baseline week, the animals underwent five
consecutive days of testing (M–F), with each rat receiving its respective dose once daily.
During the test week, TSA was administered intraperitoneally (i.p.) at 1.0 or 2.0 mg/kg
doses. These doses were selected to approximate those previously reported to reduce
ethanol drinking in P rats [49].

2.2. RNA Isolation

NAcSh tissue samples were obtained from 49 rats [male controls (N = 8), 1.0 mg/kg
(N = 8), and 2.0 mg/kg (N = 8); female controls (N = 8), 1.0 mg/kg (N = 8), and
2.0 mg/kg (N = 9)]. In short, brains were snap-frozen and stored at −80 degrees. NAcSh
tissue was collected by micro-punch, with detailed methodology outlined in our previous
publication [50]. RNA was isolated using a Macherey-Nagle Nucleospin RNA isolation kit.
All samples had a high yield, and the average total amount of RNA of each group ranged
from 300 ng to 470 ng. The quality of RNA was measured by nanodrop and bioanalyzer.
There was no significant difference in RNA quality between groups, with the average RNA
Integrity Number (RIN) range of each group being 8.7–9.1.
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2.3. RNA-Seq Profiling and Data Analysis

RNA-seq was performed using the Illumina TruSeq RNA sample preparation protocol.
The resulting libraries were sequenced on an Illumina HiSeq 2000 instrument using a
standard single-end 50 bp sequencing protocol. The reads were aligned to the reference
Rattus norvegicus genome (UCSC Rn 6.0) with TopHat 2 [51]. No more than 2 mismatches
were allowed in the alignment. HTseq was used to count gene expression (reads), and
DEseq was used to find differentially expressed genes (DEGs) after performing median
normalization [52,53]. Significant DEGs were identified with adjusted p < 0.05 for multiple
tests by the Benjamini–Hochberg method for controlling false discovery rate [54] (gene has
read abundance with RPKM ≥ 1 within at least one treatment [sample]) to ensure only high-
confidence transcripts were analyzed. Pairwise differential gene expression (DGE) analysis
was performed using the DESeq package in R based on raw read counts. Downstream
gene expression quantification and visualization were conducted using normalized RPKM
values. Dose effect was assessed by comparing gene expression values between 2 mg/kg
and 1 mg/kg, and presented as log2 ratio.

2.4. Ingenuity Pathway Analysis

Ingenuity Pathway Analysis (IPA) software (Content version: 60467501 and release
date: 2020-11-19) was used to carry out bioinformatics analysis to identify canonical
signaling pathways, upstream regulators, and downstream biological effects between
control and treatment groups and between sexes. Causal network analysis allowed the
discovery of regulatory networks for mechanistic understanding. STRING analysis (https:
//string-db.org/) identified interconnections between genes involved in the same function
category. Cluster members with at least one connection with other members were included,
and the line (edge) between two protein nodes represents a predicted or known functional
or physical association between them.

2.5. Gene Set Enrichment Analysis (GSEA)

GSEA was performed to identify biologically relevant gene sets associated with TSA
treatment dose [55,56]. The algorithm ranks all genes based on differential expressions and
calculates an enrichment score (ES) for each gene set, reflecting its overrepresentation at the
top or bottom of the ranked list. A positive ES indicates enrichment among upregulated
genes, while a negative ES indicates enrichment among downregulated genes. Based on
gene ranks by pairwise FC, GSEA (GSEA, Broad Institute GSEA v4.3.3) was performed
using a pre-ranked gene list generated from pairwise differential expression analysis,
with genes ranked by log2 FC. (https://www.gsea-msigdb.org/gsea/index.jsp, and GSEA
analysis date: 24 March 2021). Furthermore, we identified hallmark gene sets, which were
collected from the Molecular Signatures Database (MSigDB) (h.all.v7.3.symbols.gmt) and
the Human_RefSeq_Accession_MSigDB.v7.3.chip annotation file [57]. All other parameters
were set to their default values. Gene sets with FDR q-value < 0.25 were considered
significantly enriched, and the top enriched pathways were selected for downstream
interpretation and visualization.

3. Results
3.1. Gene Expression Profiling Revealed Dose- and Sex-Specific TSA Responses

The NAcSh samples were obtained from animals used in a previously published
study [43]. TSA treatment (1 and 2 mg/kg) consistently reduced ethanol intake in male
HAD1 rats at both 4 h and 24 h time points. In females, TSA (1 and 2 mg/kg) was more
effective at reducing ethanol intake at the 4 h than at the 24 h time point.
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RNA-seq analysis identified differentially expressed genes (DEGs) between control
and dose treatments using a two-level p-value cutoff (p < 0.05 and p < 0.01) and various FC
cutoffs (Table S1). The analysis provides a broad overview of dose effects, and a majority of
DEGs have small FC. Figure 1A shows that in male rats, a similar number of dose-specific
DEGs were identified when comparing the 2 mg/kg dose to the control group (N = 266)
and 1 mg/kg dose to the control group (N = 210) (p < 0.05, FC > 1); a majority of DEGs were
found to be dose-specific, while 37 DEGs were found to be common between the two doses.
The top 10 upregulated and downregulated DEGs at each dose treatment reveal distinct
gene expression profiles, and it was noted that a few upregulated genes had a much higher
FC by log2 ratio (e.g., oxytocin (Oxt) and neurotrophic receptor tyrosine kinase 1 (Ntrk1))
ratios were higher than the rest, as well as a few downregulated genes (e.g., transthyretin
(Ttr) after 1 mg/kg TSA treatment) (Figure 1A).

Gene dose response is an important pharmacological aspect for drug development. To
understand the DEGs shared between doses (N = 37), we performed clustering analysis
and identified clusters of genes with increased or decreased expression as dose increased
compared with the control group. A heatmap depicts an overview of upregulated and
downregulated gene clusters with increasing dose, with an exception (e.g., Fkbp5 has a
different dose response) (Figure 1B). Expanding to all DEGs, we analyzed genes that are
positively or negatively correlated with increasing TSA dose. The gene expression ratio
between 2 mg/kg and 1 mg/kg TSA was calculated, and a fountain plot allowed for
visualization of their significance by p-value and log2 ratio between doses (Figure 1C).
When plotting dose DEGs with p < 0.01 and FC > 1 cutoff, 41 vs. 26 were positively or
negatively correlated with increasing dose, respectively. Some genes with a more significant
p-value or a higher ratio are labeled on the plot. For example, Ttr has the highest increased
gene expression ratio, and Col8a1 has increased gene expression with the highest p-value in
males (Figure 1C); Sult1a1 and Fkbp5, both epigenetically modifiable genes, have the most
significant p-value and are negatively correlated with increasing dose in males (Figure 1C).
The top 20 most significant genes by p-value, along with their expression levels, FC, and
their correlation with increasing dose, are presented in Table 1.

In female rats, the number of dose-specific DEGs varied significantly, with the
1 mg/kg dose resulting in more than six times as many DEGs as the 2 mg/kg dose (485 vs.
72, respectively). Additionally, 91 DEGs were in common between the 1 mg/kg and 2 mg/kg
dose groups (Figure 2A). The top 10 upregulated and downregulated DEGs at each dose level
revealed distinct gene expression profiles, with some genes exhibiting higher FC. Pro-melanin
concentrating hormone (Pmch), oxytocin/neurophysin I prepropeptide (Oxt), and neuronal PAS
domain protein 4 (Npas4) were downregulated after 1 mg/kg TSA treatment in females. Trans-
membrane protein 179 (Tmem179) increased significantly after 2 mg/kg TSA treatment (Figure 2A).
Similarly, in females, to understand the DEGs that are in common (N = 91) between doses, we
performed clustering analysis and grouped genes that were upregulated or downregulated in
response to increasing dose (Figure 2B). From all identified DEGs in females, some genes that
had the most significant p-value were positively correlated with treatment dose, like interferon-
induced protein with tetratricopeptide repeats 1 (Ifit1), neuronal PAS domain protein 4 (Npas4),
and dedicator of cytokinesis 6 (Dock6) (Table 1); genes negatively correlated with increasing
dose treatment included family with sequence similarity 181 and 134b, member B (Fam181b and
Fam134b) and immediate early response 5-like (Ier5l) (Table 1). A fountain plot (Figure 2C) is
included for visualization of the significance and FC of DEGs in females (p < 0.01 and FC > 1).
Therefore, the DEG profile revealed a dose-specific response to TSA treatment, with fewer
DEGs shared across doses.
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Table 1. Top 20 Most Significant Dose Response Genes in Males and Females.

Top 20 Most Significant Dose Response Genes in Males

Symbol TSA 1 mg/kg TSA 2 mg/kg FC p-Value Gene Full Name

Positive correlation with increasing dose

Ttr 49.3 8171.0 165.83 0.004 transthyretin
Bmp5 66.1 154.1 2.33 0.001 bone morphogenetic protein 5
Bmp7 27.3 60.4 2.21 0.009 bone morphogenetic protein 7
Col8a1 22.0 48.0 2.18 0.000 collagen type VIII alpha 1 chain
Neurod2 98.6 166.7 1.69 0.002 neuronal differentiation 2
Bmp3 101.7 169.1 1.66 0.001 bone morphogenetic protein 3
Nr4a3 245.6 392.7 1.60 0.001 nuclear receptor subfamily 4, group A, member 3
Tbr1 103.2 160.5 1.56 0.003 T-box, brain, 1
Itgbl1 94.0 145.7 1.55 0.003 integrin subunit beta like 1
Mmp14 75.5 116.4 1.54 0.006 matrix metallopeptidase 14

Negative correlation with increasing dose

Sult1a1 641.5 347.3 −1.85 0.000 sulfotransferase family 1A member 1
Fmo2 42.7 27.6 −1.55 0.004 flavin containing monooxygenase 2
Zbtb16 431.9 284.4 −1.52 0.003 zinc finger and BTB domain containing 16
Gbx1 37.8 25.3 −1.49 0.009 gastrulation brain homeobox 1
Hmgcs2 565.0 384.0 −1.47 0.000 3-hydroxy-3-methylglutaryl-CoA synthase 2
Hif3a 68.2 48.1 −1.42 0.006 hypoxia inducible factor 3 subunit alpha
Gpatch4 779.5 575.5 −1.35 0.005 G patch domain containing 4
Fkbp5 2216.8 1673.7 −1.32 0.000 FK506 binding protein 5
Mfsd2a 597.3 459.0 −1.30 0.000 major facilitator superfamily domain containing 2A
Pex11a 651.3 501.8 −1.30 0.000 peroxisomal biogenesis factor 11 alpha

Top 20 Most Significant Dose Response Genes in Females

Positive correlation with increasing dose

Ifit1 41.0 73.1 1.78 0.005 interferon-induced protein with tetratricopeptide repeats 1
Npas4 31.6 55.8 1.77 0.003 neuronal PAS domain protein 4
Evi2b 35.8 50.6 1.41 0.006 ecotropic viral integration site 2B
Akr1cl 57.9 81.0 1.40 0.012 aldo-keto reductase family 1, member C-like
Lims2 71.6 94.1 1.32 0.011 LIM zinc finger domain containing 2
Dock6 127.1 165.5 1.30 0.004 dedicator of cytokinesis 6
Tp53i3 59.6 76.4 1.28 0.015 tumor protein p53 inducible protein 3
Fos 136.2 173.1 1.27 0.007 Fos proto-oncogene, AP-1 transcription factor subunit
Dll1 95.4 118.0 1.24 0.013 delta like canonical Notch ligand 1
P2rx7 96.7 118.5 1.22 0.014 purinergic receptor P2X 7
LOC100910973 193.4 230.4 1.19 0.006 uncharacterized LOC100910973
Egfl7 203.8 241.9 1.19 0.008 EGF-like-domain, multiple 7

Negative correlation with increasing dose

Styx 26.5 17.9 −1.48 0.010 serine/threonine/tyrosine interacting protein
Fam134b 84.0 63.8 −1.32 0.006 Fam134b
Marcksl1 211.5 167.5 −1.26 0.010 MARCKS-like 1
Ier5l 283.5 232.6 −1.22 0.005 immediate early response 5-like
Sox11 159.1 130.9 −1.22 0.012 SRY box 11
Stx7 396.7 336.9 −1.18 0.007 syntaxin 7
Fam181b 645.5 554.6 −1.16 0.002 family with sequence similarity 181, member B
Hopx 561.4 484.8 −1.16 0.011 HOP homeobox
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Figure 1. Differentially expressed gene (DEG) identification in males. (A) A Venn diagram depicts
the number of genes that were differentially expressed compared to the control after 1 mg/kg and
2 mg/kg TSA dose in NAcSh of male HAD1 rats. The numbers of genes in common are represented
in the overlapping section of the diagram. The top 10 upregulated and downregulated genes in males
at 1 mg/kg and 2 mg/kg doses of TSA are listed, along with the expression FC by Log2 ratio for each
gene. Upregulated genes compared to the control are indicated in pink, and downregulated genes
are indicated in blue, and the “−“ value indicates down−regulated Log2 ratio. (B) The heatmap
displays dose-responsive DEGs that are in common between doses (N = 37) and their clustering
pattern with increasing dose in NAcSh of male HAD1 rats. (C) Gene expression response by dose.
Fountain plots depict the gene expression alterations by dose and their significance. A positive value
indicates increased gene expression when increased from 1 mg/kg to 2 mg/kg dose; on the contrary,
a negative value indicates decreased gene expression after increasing dose. Some of the genes with
higher FC ratio between 2 mg/kg and 1 mg/kg and significant p-values were labeled. In the heatmap,
the color key indicates row Z-score, and the light blue line represents the kernel density estimate of
the distribution of row-scaled expression values.
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Figure 2. Differentially expressed gene (DEG) identification in females. (A) A Venn diagram depicts
the number of genes that were differentially expressed compared to the control after 1 mg/kg and
2 mg/kg TSA dose in NAcSh female HAD1 rats. The number of genes in common are represented in
the overlapping section of the diagram. The top 10 upregulated and downregulated genes in female
rats at 1 mg/kg and 2 mg/kg doses of TSA are listed along with the expression FC by Log2 ratio for
each gene. Upregulated genes compared to the control are indicated in pink, and downregulated
genes are indicated in blue, and the “−“value indicates down–regulated Log2 ratio. (B) The heatmap
displays dose-responsive DEGs that are in common between doses (N = 91) and their clustering
pattern with increasing dose in NAcSh of female HAD1 rats. (C) Gene expression response by dose.
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Fountain plots depict the gene expression alterations by dose and their significance. A positive
value indicates increased gene expression when increased from 1 mg/kg to 2 mg/kg dose; on the
contrary, a negative value indicates decreased gene expression after increasing dose. Some of the
genes with higher FC ratios between 2 mg/kg and 1 mg/kg and significant p-values were labeled. In
the heatmap, the color key indicates row Z-score, and the light blue line represents the kernel density
estimate of the distribution of row-scaled expression values.

3.2. Common DEGs Between Sexes Respond Divergently Within the Same Dose

Further analysis of the sex difference within the same dose showed that DEGs are sex-
specific in response to TSA, and only a small number of DEGs were shared between sexes
when given the same dose of TSA (Figure 3). We focused on analyzing those DEGs that were
in common between sexes after the same dose treatments; surprisingly, among 29 DEGs in
common, only Interferon regulatory factor 7 (Irf7) and Bdnf increased in both males and females
after 2 mg/kg treatment (Figure 3A); 27 genes responded in opposite directions (Table 2). We
expect that these genes and their functions could be differentially regulated and may lead to
different behavioral consequences (Figure 3A). For example, activity regulated cytoskeleton
associated protein (Arc) and Fos are immediate early genes, critical for early response and
pathology of neurological diseases [50,58]. Fos is in a hub with multiple genes and regulates
cellular response and immune response (Figure 3B). However, they respond in opposite di-
rections in males and females. Dimorphic regulation of Fos was also found in a mouse binge
ethanol drinking model [48]. Dual specificity phosphatase 1 (Dusp1) plays an important role in
cellular and environmental stress, including ethanol [59,60]. Fkbp5 and Bdnf are both linked
to stress response and cognition and are epigenetically modifiable [61,62]. These genes
work in concert to regulate cellular functions in both sexes, but divergent gene expression
profiles might lead to different functional alterations. Similarly, we also found that among
38 genes in common between sexes after 1 mg/kg treatment, Fkbp5 and others have the
same increased expression, while Plxnd1 and others have the same decreased expression in
both sexes; however, more genes have an opposite trend of response (e.g., Oxt) (Table 2).
The functions of some of these genes are highlighted in Figure 3C. This observation further
suggests that gene expression response to TSA is sex-specific.

Table 2. Expression of DEGs in Common Between Both Doses and Sexes.

Gene Symbol Male Control Male 2 mg/kg Female Control Female 2 mg/kg
Irf7 2.83 4.02 2.75 3.78

Bdnf 1.30 1.72 1.27 1.73
Dbp 131.59 156.05 148.17 128.29

RGD1559896 85.22 101.75 98.36 84.08
Opalin 63.65 83.48 84.27 64.55

Pltp 39.93 45.04 46.40 39.90
Nr1d1 33.21 39.28 42.83 36.29

Fam129b 18.32 21.19 19.92 17.58
Mcam 13.71 18.41 17.94 13.94

Arc 11.33 14.58 16.44 12.48
Dusp1 11.56 14.00 18.41 13.78
Nkd1 8.94 12.33 11.12 8.93
Pdpn 9.82 11.91 10.69 8.47
Klf10 7.00 8.89 8.30 6.98
Scd1 7.06 8.25 8.82 7.49

Fgfrl1 6.16 7.29 7.18 5.09
Fos 4.38 6.65 8.97 6.15
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Table 2. Cont.

Gene Symbol Male Control Male 2 mg/kg Female Control Female 2 mg/kg
Rab7b 3.30 4.24 4.00 3.09
Stbd1 1.19 1.67 1.39 0.93
Mob3b 0.96 1.25 1.19 0.92
Gjb6 41.11 33.87 30.85 39.87
Fkbp5 33.24 28.46 23.11 32.54

Gpatch4 21.60 18.16 15.50 19.85
Sult1a1 25.16 16.86 16.61 25.63
Pex11a 15.15 13.14 11.89 14.17
Mfsd2a 15.19 12.65 11.74 15.62
Lonrf3 7.09 5.93 5.15 6.72

Fst 1.56 1.04 0.87 1.37
Plce1 1.05 0.88 1.00 1.24

Gene Symbol Male Control Male 1 mg/kg Female Control Female 1 mg/kg
Fkbp5 33.24 37.54 23.11 32.43
Nxn 19.8 24.48 16.68 18.48

Acss3 0.76 1.17 0.91 1.05
Adamts4 8.8 11.14 11.08 8.19

Atf5 46.83 57.34 47.82 41.34
Bspry 13.81 17.22 15.02 12.27
Bst2 4.58 6.85 5.59 4.09
Cd82 35.54 45.08 38.58 32.33

Cdc42ep1 17.19 20.82 19.97 15.08
Csrp1 322.11 403.52 317.95 268.06
Dusp1 11.56 14.17 18.41 14.19
Elovl1 38.48 47.3 42.77 34.62
Fhdc1 2.81 3.38 3.5 2.89
Gamt 41.94 51.91 40.37 35.74
Gltp 39.37 51.17 42.61 34.44
Josd2 51.3 66.46 50.63 41.84
Map4 84.12 96.99 91.71 81.22
Oxt 0.81 2.84 5.18 1.14

Rassf3 2.86 3.59 3.45 2.67
Tagln 16.36 22.95 18.18 13.25
Tagln2 14.34 19.52 15.24 11.54
Vwa1 15.37 17.27 15.62 14
Wipi1 19.22 22.3 22.04 18.94
Pqlc3 1.69 2.55 2.36 1.77
Ninj2 10.66 14.1 11.89 8.32
Ifitm3 6.93 11.33 10.57 6.15
Adpgk 34.19 38.11 32.96 24.09
Map9 25.58 21.93 26.02 29.47
Dpp10 47.35 39.48 49.28 53.87
Fam49a 44.62 38.5 44.54 53.75
Fam65b 23.53 19.75 22.93 25.73

Napb 140.41 119.72 139.44 159.48
Rasgrf2 8.71 7.05 9.75 12.69
Slc4a10 47.36 40.9 49.4 54.71
Sphkap 15.98 12.74 16.36 19.47
Stxbp6 21.49 17.5 21.09 24.13
Rnf138 6.38 5.36 6.4 5.64
Plxnd1 4.33 3.73 4.97 4.2

Red indicates increased, and blue decreased, gene expression after TSA treatment compared to control.
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Figure 3. Sex-specific and in common DEGs after the same dose treatment. (A) A Venn diagram
shows the number of differentially expressed genes in NAcSh of male and female HAD1 rats after
administration of a dose of TSA compared with the control group. The overlapping section of
the Venn diagram shows the number of genes that are shared in male and female rats adminis-
tered a 2 mg/kg dose of TSA. The right panel shows genes of interest, their associated functions,
and the relationship between their expression in males and females after 2 mg/kg TSA treatment.
(B) STRING analysis prediction of protein–protein interaction (PPI) network that connects Fos gene in
males and females. Blue nodes indicate decreased gene expression, and pink nodes indicate increased
expression. Red arrow indicates increased, and blue arrow decreased, gene expression following TSA
treatment. The line (edge) in between the gene nodes represents a predicted or known functional or
physical association between them. (C) A Venn diagram shows the number of differentially expressed
genes in male and female HAD1 rats after administration of a 1 mg/kg dose of TSA compared to
the control group. The overlapping section of the Venn diagram shows the number of genes that are
shared in male and female rats administered a 1 mg/kg dose of TSA. The right panel shows genes
of interest, their associated functions, and the relationship between their expression in males and
females after 1 mg/kg TSA treatment.

3.3. Pathways Associated with Neuropathic Pain Signaling, Inflammation, and Stress Response
Were Altered After TSA Treatment

To understand the involvement of these DEGs in pathways, they were used as input
for Ingenuity Pathway Analysis (IPA) to predict relevant molecular networks, biological
functions, and canonical pathways. The most significant pathways were identified based
on activation z-scores and statistical significance (p-values). The top IPA pathways in males
given 2 mg/kg treatment (Figure 4A) were identified when compared to controls. Negative
regulation of the Sirtuin signaling pathway and positive regulation of neuroinflammation
were among significant IPA pathways when comparing 2 mg/kg dose with the control
(Figure 4A). The primary activity of sirtuin is deacetylation, and it plays a key role in
addiction-related brain changes. Sirtuin signaling, involved in senescence and aging,
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plays a role in metabolic and stress response pathways [63–65]. A canonical pathway
identified in 2 mg/kg treatment is centered around Hdac and interacts with upregulated
neurotrophic receptor tyrosine kinase 1 (Ntrk1) and RELA proto-oncogene, NF-kB subunit
(Rela, also known as p65), highlighted in Figure 4B. Consistently, another pathway including
upregulation of NF-kB complex centered around IRF7 suggests de-repression of master
transcription factor response for innate immune response; downregulation of cholinergic
signaling (nAchR, CHRNA2) for mediating “dampening” of some receptors. The presence
of HAT (Histone Acetyltransferase) and NAP1L2 (Nucleosome Assembly Protein) showed
that TSA’s inhibition of HDACs actively shifted the chromatin toward an open state,
particularly loci that control immune vigilance (Figure S2A).

Figure 4. IPA analysis of significant pathways by different TSA treatment doses in males. (A) The
most significant pathways in male HAD1 rats that were given a 2 mg/kg dose of TSA. An orange
bar is indicative of a positive z-score and increased activity, and a blue bar represents a negative
z-score and a decrease in pathway activity. A gray bar indicates no activity pattern available, and
a white bar indicates a z-score of 0 and no change in pathway activity compared to the control.
(B) HDAC-centered IPA pathway after 2 mg/kg dose of TSA. (C) The most significant pathways
in male HAD1 rats that were given a 1 mg/kg dose of TSA. Red indicates increasing, and green
decreasing, gene expression. Solid lines indicate direct physical interaction, and dashed lines indicate
two molecules affecting each other through one or more intermediate or regulatory steps.

When comparing 1 mg/kg vs. control in males (Figure 4C), some pathways were activated,
including IL-6 signaling, NGF-signaling, and Huntington’s disease signaling, while PPAR
signaling was inactivated. Among them, one worth mentioning is the pathway centered around
the downregulation of transthyretin (Ttr) and ubiquitin protein ligase E3 component n-recognin
1 (Ubr1), but upregulation of Fkbp5 and Ntrk1 (Figure S2B). Another hub gene in this pathway
is a master regulator, Fragile X Messenger Ribonucleoprotein 1 (FMR1), which plays a role in
regulating synaptic plasticity and involves mRNA transportation and regulation in neurons
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(Figure S2B). Further IPA causal network analysis also indicated that glucocorticoid (GC) and
its receptor (GR) are implicated in TSA treatment response.

To understand dose effect and functional alterations, we compared the impact of
2 mg/kg vs. 1 mg/kg TSA treatment in males. Differentially regulated genes (WNT3A and
EGF) altered cell migration, and mesenchymal differentiation functions were identified, and
this network is modulated by circadian (ARNTL), transcriptional (ZBTB16) and neuronal
guidance pathways (Figure S3A). Likewise, pathways that are commonly regulated between
doses in males, such as axonal guidance signaling, IL-6 signaling, Aryl Hydrocarbon
Receptor Signaling (AHR) signaling, and more, are listed in Table 3. Overall, TSA treatment-
associated epigenetic regulation affects pathways involved in transcriptional regulation,
immune cell migration, axonal guidance, and cell communication.

Table 3. Common IPA Pathways by Dose in Males and Females.

Common Pathways Between Doses −Log p-Value
Ingenuity Canonical Pathways 2 mg/kg 1 mg/kg

Male

Embryonic Stem Cell Pluripotency 4.27 1.5
Axonal Guidance Signaling 3.74 1.6
Acute Phase Response Signaling 2.69 1.48
Aryl Hydrocarbon Receptor Signaling 2.65 1.27
LXR/RXR Activation 2.37 1.49
IL-6 Signaling 2.29 2.8
Neuropathic Pain Signaling In Dorsal Horn Neurons 5.34 3.24

Female

Corticotropin Releasing Hormone Signaling 5.23 2.63
Regulation of IL-2 Expression in Activated and Anergic T Lymphocytes 3.47 3.57
Hepatic Fibrosis Signaling Pathway 3.00 4.00
Protein Kinase A Signaling 2.83 3.65
ILK Signaling 2.76 2.73
Cellular Effects of Sildenafil (Viagra) 2.73 3.56
PI3K Signaling in B Lymphocytes 2.63 5.31
ERK/MAPK Signaling 2.62 2.51
Tight Junction Signaling 2.27 6.3
Cardiac Hypertrophy Signaling (Enhanced) 2.21 3.47
Wnt/Ca+ Pathway 2.08 5.76
Regulation Of The Epithelial Mesenchymal Transition By Growth Factors Pathway 2.07 3.27
Synaptic Long Term Depression 2.06 3.25

In females, top IPA pathways were identified by comparing 2 mg/kg TSA treatment
to the control (Figure 5A) and 1 mg/kg dose to the control (Figure 5B), revealing multiple
negatively regulated pathways that were not identified in male comparisons. Negative reg-
ulation of the white adipose tissue browning pathway, ILK signaling and TGF-β signaling
was observed after 2 mg/kg TSA treatment (Figure 5A); negative regulation of multiple
cholesterol biosynthesis-related pathways, Wnt/Ca+ pathway and PI3K signaling pathway,
and CREB signaling in neurons after 1 mg/kg TSA treatment was observed (Figure 5B). The
BDNF network was identified in females after 2 mg/kg TSA treatment. Upregulation of
BDNF and Plc and downregulation of Klf10, Nr4a1, Creb and TGFβ2 were identified and are
highlighted in Figure S4A. BDNF has been found to regulate ethanol and cocaine use, and
its expression is altered by epigenetic modification [14,66]. Analysis of the 1 mg/kg dose in
females revealed alterations in metabolic pathways, especially the network centered around
insulin that connects with Slc16a1 and Occludin (OCLN). Additionally, both estrogen recep-
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tor and Transferrin Receptor 1 (TFRC1) play roles in lipid sensory, glucose homeostasis, and
metabolically active neurons (Figure 5C). Another pathway involves Fkbp5, a GR binding
protein that plays roles in ethanol consumption and withdrawal, as well as in response to
stress and chemical stimulation [67–69]. Alteration of Fkbp5 affects neuronal development,
RNA binding, and immune-related functions (Figure S4B). When comparing dose effect
and response in females, the significance of inflammatory response and cell-to-cell signaling
networks was observed. Overall, TSA treatment in females results in a coordinated immune
response through signal transduction (STAT1, IRF7), cytokine signaling (IFNγ, IL21), and
regulatory feedback (SIRT1 and TRIM24), as well as development of phagocyte processes
(TLR4) (Figure S3B). Notably, a greater number of canonical pathways shared between the
2 mg/kg and 1 mg/kg doses were identified in females (see Table 3). Neuropathic pain
signaling in dorsal horn neurons, corticotropin releasing hormone signaling, and regulation
of IL-2 expression in activated and anergic T lymphocytes are among the top significantly
altered pathways shared between doses in females. In summary, TSA influences genes
involved in neuronal function, immune response, and metabolic processes, with regulatory
effects that are distinctly sex- and dose-specific.

Figure 5. IPA analysis of significant pathways by different TSA treatment does in females. The most
significant pathways in the NAcSh of female HAD1 rats that were given (A) a 2 mg/kg dose of TSA
and (B) 1 mg/kg dose of TSA. An orange bar is indicative of a positive z-score and increased activity,
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a blue bar represents a negative z-score and a decrease in pathway activity, a gray bar indicates no
activity pattern available, and a white bar indicates a z-score of 0 and no change in pathway activity
compared to the control. (C) Pathway centered by estrogen receptor and insulin after 1 mg/kg dose
of TSA. Red indicates increasing, and green decreasing, gene expression. Solid lines indicate direct
physical interaction, and dashed lines indicate two molecules affecting each other through one or
more intermediate or regulatory steps.

3.4. β-Estradiol Is a Shared Upstream Regulator Between Sexes and Doses

To understand the biological mechanisms driving the observed changes in gene expres-
sion, upstream regulator prediction brings the cause–effect relationship of TSA treatment
response and directionality of regulation into focus. Figure 6A–D shows the top upstream
regulators activated or inhibited by dose and sex. Some of these upstream regulators
play a role in immune response (IL1B, IFNγ) and transcriptional regulation (CREB1, Sox2,
TCF7L2, and SRF), as well as functioning as hormones (β-estradiol, progesterone), growth
factors (IGF1), and many more. β-estradiol, the most potent and predominant form of
estrogen that influences neurodevelopment, immune response, and gene expression, is
predicted to be an upstream regulator of DEGs after TSA treatment.

Figure 6. Analysis predicted upstream regulators that are activated or inhibited by TSA treatment.
Predicted upstream regulators for (A) Male HAD1 rats and (B) Female HAD1 rats after 2 mg/kg dose
TSA. (C) Male HAD1 rats and (D) Female HAD1 rats after 1 mg/kg dose TSA. Upstream regulators that
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are shared between sexes or doses are indicated with a black box. IPA analysis predicted disease
functions that are affected by TSA treatment compared to the control group. (E) Male HAD1 rats and
(F) Female HAD1 rats after 2 mg/kg dose TSA. (G) Male HAD1 rats and (H) Female HAD1 rats after
1 mg/kg dose TSA

Interestingly, β-estradiol and IL1B were identified as common top upstream regulators
in all comparisons by dose in both sexes; however, it is inhibited in females after 2 mg/kg
TSA treatment and activated in all other comparisons (Figure 6B). Other common upstream
regulators were highlighted; again, BDNF is a common upstream regulator in males but
with opposite activation z-score between doses (Figure 6A,C). Profound differences were
found in females by dose, as most of the upstream regulators are inactive in 2 mg/kg TSA
treatment but active in 1 mg/kg dose (except progesterone) (Figure 6B,D). The upstream
regulator prediction generates hypotheses for future validation and potential drug targets.

The next question to address is which functions are altered after TSA treatment. IPA
analysis has identified the most significant functions with predicted increased or decreased
activation in males (Figure 6E,G) and in females (Figure 6F,H). In males, 2 mg/kg dose
activation of cell movement and leukocytes indicates increased inflammatory response.
Furthermore, phosphorylation of proteins is associated with activation of enzymes, and
synthesis of lipids indicates increased metabolism. The 2 mg/kg dose also results in
glucose metabolism and organismal death inactivation (Figure 6E). The 1 mg/kg dose
activates cell viability, cell-to-cell signaling and interaction, and molecular transport in
males (Figure 6G). In females, the 2 mg/kg dose increased perinatal and neonatal death and
cellular growth and proliferation, while it inactivated migration of cells (Figure 6F). Effects
of the 1 mg/kg dose in females included increased inflammatory response, decreased
neuron dendritic growth, and neuron proliferation (Figure 6H). Gene function alteration
consistently indicates that the 2 mg/kg dose may be less effective than the 1 mg/kg dose in
females. The data suggest that dose effects on functional changes are divergent between
sexes, with few commonalities.

3.5. GSEA Pathway Analysis

In addition to DEGs with relatively high FC, some other genes have low expression lev-
els, but their pathway commonalities may contribute similarly to TSA treatment responses.
In complement to DEG analysis, gene set enrichment analysis (GSEA) was performed
to identify genes that were altered and enriched by treatment, as well as their effects on
function. GSEA enrichment score curves plot the normalized enrichment score (NES) vs.
significance (FDR q-value) of each gene set and determine specific gene set(s) that trend
the top (Na-positive) or bottom (Na-negative) of the gene list, which is correlated with
TSA treatment (Figures 7 and S5). Comparing TSA treatment does with the control in
both males and females, the bell-shaped plot indicates the enrichment score distribution,
with the most significant ones in the yellow-colored area (FDR q-value < 25%, or nominal
p-value < 0.05) (Figure S5A–D). Interestingly, more Na-positive enrichment gene sets were
identified than Na-negative enrichment gene sets in both doses in males (Figure S5A,B); on
the contrary, more Na-negative gene sets were identified in females of both dose treatments
(Figure S5C,D). Table S2 summarizes the number of gene sets at various FDR cutoffs. These
results from GSEA analysis not only support the results of the IPA analysis but also provide
additional insights into different sex-specific responses to TSA treatment.
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Figure 7. Representative gene set enrichment in each sex and treatment group. A positive normalized
enrichment score (NES) indicates gene set enrichment at the top of the ranked list; a negative ES
indicates gene set enrichment at the bottom of the ranked list. The green curve denotes the ES
(enrichment score) curve, the running sum of the weighted enrichment score in GSEA. Normalized
enrichment score (NES) and FDR q-value are indicated on the plot. (A) Male HAD1 rats after 2 mg/kg
dose TSA and (B) Male HAD1 rats after 1 mg/kg dose TSA. (C) Female HAD1 rats after 2 mg/kg
dose TSA and (D) Female HAD1 rats after 1 mg/kg dose TSA.

Supplemental Table S3 lists the top identified gene sets in males and females. Some of
the representative enrichment gene sets with enrichment profiles and ranking metric scores
are presented (Figure 7A–D). In each gene set enrichment (GSE) profile plot, an upward peak
or downward groove indicates enrichment of genes with positive Na scores or negative Na
scores, respectively. For males given the 2 mg/kg dose, Figure 7A shows enrichment of oligo-
dendrocyte markers and neoplastic transformation gene sets, indicating that TSA modulates
oligodendrocyte-related gene expression, consistent with previously reported findings [70].
A pseudopodia haptotaxis gene set has Na-negative scores, indicating that TSA treatment
suppresses expression of these genes and impairs cell motility [71]. Similarly, in 1 mg/kg
TSA treatment in males, more Na-positive enrichment gene sets were found, and only one
Na-negative gene set (Alzheimer’s Disease) was found (Figures S5B and 7B). The oligodendro-
cyte marker gene set was also enriched in 1 mg/kg dose (Table S4), along with EZH2 targets
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and neocortex, suggesting altered gene expression associated with behavioral and neuronal
deficits (Figure 7B) [72]. In the female comparison, more Na-negative gene sets were identified
than Na-positive in both dose treatments (Figure S5C,D). Gene sets enriched in choroid plexus
markers, aging, and response to TSA were identified (Table S4 and Figure 7C). Similarly, TSA
treatment at 1 mg/kg in females results in the most significant enrichment of gene sets relevant
to brain function (oligodendrocytes and dendrites) and to depression (Figure 7D). [73]. Few
Na-positive gene sets were found, and the top ones were related to the prefrontal cortex, neurex-
ins, and neuroligins. Of particular interest, we found some gene sets were identified in both
males and females (Table S4). For example, the enrichment of the oligodendrocyte marker gene
set was identified in both doses in both sexes; however, most of these genes were Na-negative
in females but Na-positive in males, demonstrating dimorphic responses between sexes after
TSA treatment (Table S4). These data suggest that even though the same gene set commonly
responds to TSA treatment, individual genes have a complex, sex-specific response pattern.

Hallmark gene set analysis identified additional biological processes that respond
to TSA treatment at 2 mg/kg (Figure S6) and 1 mg/kg (Figure S7) in males and females.
In males administered the 2 mg/kg dose, immune-related signaling like IL6 JAK STAT3
signaling, inflammatory response, IL2 STAT5 signaling, interferon γ and α response, and
TNFα signaling via NFκB was observed (indicated by blue box in Figure 8A), suggesting
a strong pro-inflammatory response. In females after 2 mg/kg TSA treatment, interferon
γ and α responses were similarly identified, but these signaling pathways responded
differently in females and had negative normalized enrichment scores (NES) (Figure 8A).
The data indicate a sex difference in terms of inflammatory response, with females having
less pro-inflammatory response. For the 1 mg/kg dose, metabolism-related functions are
significantly affected, with pathways such as heme metabolism, oxidative phosphorylation,
cholesterol homeostasis, fatty acid metabolism, adipogenesis, and xenobiotic metabolism
altered in both males and females but with different activation directions (indicated by
green box, Figure 8B). More details of additional pathways between males and females are
shown in Figures S6 and S7.

GSEA analysis identified several hallmark genes and microRNAs with positive or nega-
tive enrichment scores, and gene expression FC was incorporated to facilitate interpretation.
We further performed STRING analysis on these genes to identify enriched protein–protein
interaction (PPI) networks and evaluate their functional coherence. In general, larger input
gene sets allow for better-resolved PPI network enrichment. The following two categories
correspond to treatment groups associated with reduced ethanol intake.

Using hallmark genes (N = 99) with a Na-positive cutoff of 0.4 following 2 mg/kg TSA
treatment in males, the PPI network revealed preferential induction of several functional
clusters, each enriched with multiple genes (Figure 9). Enrichment of interferon signaling
(IRF7, ICAM2, USP18) suggests attenuation of ethanol-induced dysregulated neuroimmune
responses through activation of IRF7 and induction of USP18, thereby protecting synaptic
integrity. This cluster links CD34 with IGF2 signaling, which promotes memory extinction
and synaptic stabilization. In addition, WNT/BMP signaling (including BMP5 and BMP7)
contributes to structural plasticity and dendritic remodeling. The FOS-centered mod-
ule (including NR4A3) and growth factor pathways (NTRK1, NGFR) suggest epigenetic
priming of transcriptional responsiveness rather than acute activation alone. Metabolic
genes (PDK4, FABP4/7) and ALDH1A1/A2 indicate reprogramming of ethanol-induced
metabolic dysfunction, improving glucose and lipid utilization as well as redox balance.
Collectively, these pathways likely represent a compensatory or normalization program
that restores synaptic, immune, and metabolic homeostasis disrupted by ethanol exposure
(Figure 9).
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Figure 8. The bar graph shows only the functions that were enriched in opposite directions in male
and female HAD1 rats (A) after 2 mg/kg treatment and (B) 1 mg/kg treatment with TSA. Gray
indicates male normalized enrichment scores (NES), and orange indicates female NES. Important
functions that are represented in both treatment groups are indicated in blue and green boxes.

Figure 9. STRING analysis predicts the protein–protein interaction (PPI) network using hallmark
genes (N = 99) with a Na-positive cutoff at 0.4 after 2 mg/kg TSA in males. Identified interconnected
clusters and cluster members with no connection with other members were excluded. Genes involved
in the same function are color-coded with the same hue and circled. Solid lines indicate direct
physical interaction, and dashed lines indicate two molecules affecting each other through one or
more intermediate or regulatory steps.
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In contrast, in females treated with 1 mg/kg TSA, genes with a Na-negative cutoff of
0.4 (N = 155) revealed multiple functionally connected gene sets that were significantly
enriched among downregulated genes, indicating coordinated suppression at the pathway
level (Figure 10). The network was enriched for pathways related to cell–cell junctions and
angiogenesis, suggesting remodeling of vascular, endothelial, and angiogenic signaling.
The network was centered on transcriptional regulators such as FOS, ARC, and CREB5, in-
dicating downregulation of immediate early gene expression. Suppression of stress-related
neuropeptides (CRH, OXT, PMCH, etc.) may reduce stress signaling and motivational
drive for ethanol consumption (Figure 10).

Figure 10. STRING analysis predicts the protein–protein interaction (PPI) network using hallmark
genes (N = 155) with a Na-negative cutoff at 0.4 after 2 mg/kg TSA in females. Identified intercon-
nected clusters and cluster members with no connection with other members were excluded. Genes
involved in the same function are color-coded with the same hue and circled. Solid lines indicate
direct physical interaction, and dashed lines indicate two molecules affecting each other through one
or more intermediate or regulatory steps.

Collectively, these results demonstrate that 2 mg/kg TSA treatment in males induces
adaptive transcriptional reprogramming, whereas 1 mg/kg TSA in females acts as a func-
tional “brake,” leading to reduced ethanol intake over 24 h in males and reduced 4 h intake
in females.

4. Discussion
Recently, our co-authors have investigated the TSA dose response in chronic ethanol

drinking models; the overall findings are that 1 mg/kg TSA/day more significantly reduced
drinking in females in 4 h ethanol consumption; and 2 mg/kg TSA/day significantly
decreased drinking in males, measured by 24 h ethanol consumption [43]. To understand

https://doi.org/10.3390/cells15161494

https://doi.org/10.3390/cells15161494


Cells 2026, 15, 1494 21 of 35

molecular alterations, our current RNA-seq profiling was carried out using the NAcSh
of the same rats from the previous experiment. Samples were only from the 1 mg/kg
and 2 mg/kg TSA doses, as those were the effective doses. Similarly to a recent study, a
reduction in ethanol intake was seen with these two doses of another epi-modification
drug. [42]. We found that the effect of TSA treatment on gene expression alteration is
dose-specific and sex-specific. Identified pathways show some similarities between doses
and sex, such as the inflammatory response network, but more divergences between sexes
exist. Pathways centered by Hdac and Fkbp5 were significant in males, while estrogen- and
insulin-centered pathways were significant in females. Gene expression analysis provided
some explanations and potential mechanisms of sex specificity and dose sensitivity. One
surprising finding from both DEG analysis and GSEA indicates that some of the same
genes or gene sets could respond in opposite directions between males and females after
TSA treatment.

4.1. TSA Treatment Significantly Altered the Expression of Genes with Functions Relevant to
Ethanol Consumption

Previously, multiple epigenetic mechanisms in the regulation of ethanol consump-
tion were proposed including modification of cholinergic interneurons, adjustment of
neurokinin-1 receptor sensitivity to stress, and modification by HDAC2 [31,74–76]. In our
current study, the behavioral effects of TSA on ethanol consumption were accompanied by
substantial transcriptomic remodeling in the NAcSh, revealing sex- and dose-specific gene
networks associated with neuronal adaptation, neuroimmune signaling, and myelin regu-
lation. This provides new mechanistic insights into how HDAC inhibition may attenuate
AUD-related behaviors.

According to our and others’ publications, transcriptome profiling using brain tissues
tends to yield DEGs with smaller FCs, e.g., Log2 FC 0.1–0.3 [77–79]. In this study, we found
some top candidate genes with Log2 FC 2–5, suggesting they are primary targets for further
investigation in epigenetic regulation of ethanol consumption. Notably, genes with high
FC could drive ethanol consumption. In males, we observed significantly increased (Oxt,
Ntrk1) and decreased (Ttr, Fst) expression after 1 mg/kg TSA treatment and increased
(Serpinf1, Ifi27l2b) and decreased (Alkbh8, Mc3r) expression after 2 mg/kg TSA treatment. In
females, significantly increased (Tnfsf15, Sult1a1) or decreased (Pmch, Apold1) expression
was observed after 1 mg/kg TSA treatment, and increased (Tmem179, Bdnf) or decreased
(Hbb, Acta2) expression was observed after 2 mg/kg. Some of these genes are noteworthy,
as they play roles in ethanol consumption, including Oxt, Pmch, Ttr, and miR433 [80,81].

OXT affects ethanol-related tolerance, withdrawal, craving, and anxiety and is a
candidate for AUD treatment [82–85]. Recent research has furthered our understanding of
the mechanism and shown that releasing OXT in VTA reduces ethanol consumption [86].
In our study, Oxt increases by almost 4-fold (log2 ratio is 1.98) in males but decreases by
a similar FC in females when comparing 1 mg/kg TSA to the control (Figures 1 and 2).
Concordantly, the sex difference was also observed in previous research when studying
Oxtr knockout mice, response to OXT administration, and OXT blood concentration in
humans [87–89]. Previously, our own study also found downregulation of Oxt in the NAc
of females, but not males, of a congenic animal model [90]. One explanation could be due to
the interplay between oxytocin and sex hormones, as estrogen receptor translocation to the
nucleus regulates Oxt gene expression [91,92]. Epigenetic modifications of Oxt were found
in stress responses, including DNA methylation of oxytocin, epistatic interaction between
oxytocin and dopamine-related genes in humans, and alleviation of cognitive impairment
in drug-induced disease animal models [93–96]. We interpret that Oxt expression through
TSA treatment plays an important role in regulating ethanol consumption.
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In the NAcSh of females after 1 mg/kg treatment, Pmch, Oxt, Npas4, and Fos decreased
from 1.24× to 2.28× log2 FC (Figure 2A). Pmch encodes melanin-concentrating hormone
(MCH), a hypothalamic neuropeptide projecting strongly to NAcSh, VTA, and limbic
circuits. MCH projections heighten hedonic value of food/ethanol through NAc path-
ways [97]. MCHR1 enhances ethanol reward; blocking MCHR1 reduces ethanol preference
and dopamine-linked signaling [98,99]. Ethanol and other drugs upregulate MCH systems,
creating a reinforcing loop [100]. Additionally, MCH influences energy and reward re-
sponses, and MCH-driven motivated behaviors differ by sex [101]. Thus, downregulation
of Pmch after 1 mg/kg TSA treatment in females likely diminishes the effect of ethanol on
incentive salience and aligns with reduced ethanol consumption. In addition to the above
discussion of Oxt, downregulation of Oxt may reduce ethanol–dopamine coupling and
indicate successful disengagement of ethanol reinforcement circuits. Neuronal PAS Domain
Protein 4 (Npas4) is an activity-dependent transcription factor that regulates excitatory–
inhibitory balance, synaptic remodeling, and memory encoding. Downregulation in the
NAc reduces conditioned reward behaviors and slows acquisition of drug reinforcement
through negative regulation of the enhancer of Npas4 gene by HDAC5 [102]. This profile
closely resembles punishment-sensitive/low-compulsive drinking phenotypes [103]. These
observations support a network-level reduction in ethanol reinforcement capacity and
transcriptional decoupling of ethanol experience from memory formation (Npas4 and Fos)
aligned with reducing ethanol consumption.

TTR is synthesized predominantly by the liver, but as a major brain-derived transport
protein, it is also produced by the choroid plexus of the brain. It is essential for thyroid
hormone and retinol delivery to the central nervous system (CNS) and participates in the
pathological process of amyloidosis [104–108]. Ethanol disrupts choroid plexus structure
and function, and circulating levels of choroid plexus-derived proteins are decreased during
inflammatory conditions and malnutrition [109–111]. A mouse model study found that Ttr,
as a thyroid hormone synthesis pathway gene, was downregulated in brains of the alcohol
drinking group when compared to the control group [110]. Previously, we found that TTR
upregulation is associated with decreased drinking in a congenic animal model [90]. In
the current study, only males given 2 mg/kg TSA treatment had significantly increased
TTR (3.37×) expression; interestingly, these male rats were found to have decreased 4 h
and 24 h ethanol consumption [43]. Thus, the congenic genetic model, which was derived
from ethanol-preferring rats and HAD1 rats after TSA treatment, along with the above
studies, suggests that altered TTR signaling likely contributes to neuroendocrine imbalance
and cognitive dysfunction associated with chronic ethanol exposure and AUD [90,108].
We conclude that ethanol exposure indirectly reduced TTR expression and function, and
2 mg/kg TSA treatment in males restored TTR expression, at least partially explaining
the decrease in drinking in these rats, possibly through epigenetic and/or neuroendocrine
regulation mechanisms.

Recently, miRNA-mediated repression of stress-response genes has been identified as
a critical mechanism in chronic ethanol exposure and relapse biology [112]. In the current
study, we found that miR-433 is on the top hallmark gene list and significantly increased
only after 2 mg/kg TSA treatment. Even though there is no direct evidence between
ethanol exposure and miR-433 expression, some other studies suggest its important role as
a post-transcriptional regulator that primarily controls neuronal survival, autophagy, and
apoptosis under stress conditions [113,114]. Overexpression of miR-433 could rescue the
Aβ-induced inhibition in neuronal viability in neuroblastoma cell lines [114]. Additionally,
miR-433 is part of the miRNA cluster, a locus repeatedly shown to be epigenetically
sensitive to ethanol exposure, suggesting vulnerability of miR-433 to regulation [115]. Given
the established role of miR-433 in regulating apoptosis and autophagy and its increased
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expression after a high dose of TSA, it is reasonable to consider it functionally relevant
to reduced neuronal toxicity and increased viability. Moreover, miR-761 should also be
considered as another candidate for ethanol-epigenetic regulation. miR-761 is a stress-
responsive, epigenetically active miRNA that suppresses HDAC-dependent transcriptional
programs and limits pathological survival signaling. It binds the 3′UTR of HDAC1 and was
found to be downregulated in cancer, repressing its expression. We acknowledge that these
observations are preliminary. Nevertheless, the identification of miR-433 and miR-761, in
addition to the differentially expressed genes, represents a novel finding and highlights
these miRNAs as intriguing candidate regulators that warrant further investigation as
potential therapeutic targets in ethanol-related neurobiological processes.

4.2. TSA Treatment Altered Immune, HDAC, and Metabolism-Associated Pathways, Leading to
Neurotransmitter and Neuronal Modification Underlying Reduction of Ethanol Consumption
4.2.1. TSA-Induced Immune-Related Pathway Regulation Is Significant

Previous reports demonstrate that TSA possesses anti-inflammatory and neuroprotec-
tive properties in the CNS and may act through HDAC regulation and ethanol-induced
neuroimmune responses. In our alcohol model, immune-related processes emerged as a
shared response across both sexes and TSA treatment doses. However, the underlying
immune regulatory mechanisms appeared to be sex-specific. Multiple immune-related
signals are noteworthy, including IL6/JAK/STAT3 signaling, IL2/STAT5 signaling, IFNγ re-
sponse, IFNα response, and TNFα signaling via NFkB; however, these signaling pathways
show divergent activation patterns between males and females, characterized by nega-
tive NES values in males and positive NES values in females (Figure 8). Upregulation of
IL6/JAK/STAT3 signaling results in chronic inflammation, promotes cancer, and promotes
expression of anti-apoptotic and proliferative genes [116,117]. Upregulation of IL-2/STAT5
signaling promotes Treg stability, development of Th1 and Th2, and T cell survival, which
are essential for immune tolerance [118]. Consistently, TSA has immunomodulatory effects
including induction of immune tolerance and Treg expansion [37,119,120]. In males, both
doses enhance IL-6 signaling, inflammatory response, and TNFα signaling via NFκB, all
of which are responses dampened in females (Figure 8A,B). Additional pathways altered
the NTRK1-HDAC-RELA network, suggesting neuroinflammation is partly through NFκB
activation and could affect other gene expressions (Figure 4B). Notably, genes related to
immune function were upregulated, including Serpinf1 and Ifi27l2b, as well as downregu-
lated, in the case of Sult1a1. Serpinf1 plays roles in neuroprotection and anti-inflammation.
TSA could activate neurotrophic pathways and upregulate interferon-stimulated genes,
which may connect to better counter oxidative stress and immune modulation. Downreg-
ulation of Sult1a1 could slow sulfation of neurotransmitters and ethanol metabolites and
reduce ethanol-induced rewarding effects. Consistently, STRING network analysis suggests
a system where neuronal signaling (cholinergic and neurotrophic) is tightly integrated
with immune activation (interferon and complement pathways) and metabolic regulation
(insulin, PPAR, IGF, retinoic acid, transporters) (Figure 9). Thus, sex-specific immune
regulation by TSA treatment is evident.

4.2.2. TSA Treatment Affects Myelin Remodeling Gene in Sex-Dependent Manner

Previous findings suggest that chronic ethanol exposure can induce myelin remodeling
within reward-related brain regions, including the NAc. Recent studies have demonstrated
that long-term ethanol consumption enhances myelination and oligodendrocyte maturation
in the NAc, suggesting a potential role for myelin plasticity in the maintenance of ethanol-
drinking behaviors [121]. The selective breeding process increased ethanol consumption
in each generation, potentially due to an increase in myelination based on recent findings,
which in turn enhances ethanol consumption [121,122].
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In addition, recent evidence has revealed sex-dependent microglial responses to
chronic ethanol exposure and stress, particularly within the hippocampus and amygdala,
indicating that glial regulation may contribute to sexually dimorphic, neurobiological
adaptations associated with ethanol use [123]. These findings raise the possibility that
HDAC inhibition by TSA may influence ethanol-related behaviors through modulation of
glial and oligodendrocyte-associated pathways. Consistent with this hypothesis, enhanced
expression of myelin-related genes may contribute to the restoration of ethanol-induced
oligodendrocyte dysfunction, white matter abnormalities, and impaired neuronal connec-
tivity, thereby altering reward-circuit plasticity and ethanol consumption.

Notably, our GSEA analysis identified significant enrichment of the myelin sheath
gene cluster in females treated with 1 mg/kg TSA. Further examination of individual genes
revealed a striking sex-dependent pattern, whereby multiple myelin-associated genes (e.g.,
OPALIN, ERMN, UGT8, FA2H, CNP, CLDN11, and PLLP), including markers of mature
oligodendrocytes and myelin structure, were generally downregulated in females but
upregulated in males following TSA treatment (Tables S4 and S5). This pattern suggests
that TSA differentially regulates oligodendrocyte- and myelin-related transcriptional pro-
grams between sexes. The observation is consistent with recent studies highlighting sex
differences in glial responses and ethanol-associated myelin remodeling. Collectively, these
findings suggest that HDAC inhibition may promote a pro-myelinating oligodendrocyte
transcriptional program in males, characterized by increased expression of genes involved
in myelin formation, maintenance, and oligodendrocyte maturation. In contrast, females
exhibited an opposing transcriptional response. Although direct assessment of myelin
structure and oligodendrocyte morphology was not performed in the current study, the
observed sex-dependent regulation of myelin-related genes suggests that differential mod-
ulation of oligodendrocyte biology may contribute to the sexually dimorphic effects of TSA
on ethanol-related phenotypes.

4.2.3. HDAC Network Plays a Role in Reducing Ethanol Consumption After 2 mg/kg TSA
Treatment in Males

Given that 2 mg/kg TSA is the most effective dose for reducing ethanol consumption
in males measured by 24 h intake and in females by 4 h intake at multiple testing days, the
data highlight the HDAC-centered pathway and the potential gene-regulatory mechanisms
in the NAcSh underlying this effect (Figure 4B). Our discussion will focus on TSA’s alter-
ation of neurotransmitters, neuron plasticity and survival, and cellular stress signaling. In
this pathway, a cluster of genes includes Ntrk1 (TrkA) and RelA directly connected to HDAC,
and several neurotransmitter receptors (CHRM4, GRM2, MC3R) connected to ADCY and
G-protein coupled receptors (GPR4 and RGS members). Increased Ntrk1 signaling suggests
enhanced activity-dependent plasticity, including accumulation of acetylcholine neuro-
transmitter loading, promotion of acetylcholine synthesis, and release through NGF and
TrkA-dependent regulation [124–126]. Other genes, like increased Rgs6 and Rgs12 and
decreased Rgs and Rgs17, affect G-protein signaling and dopamine/glutamate modulation.
Upregulation of GRM2 activation reduces presynaptic glutamate release, dampening exci-
tatory drive in reward circuits, and previously, we found that loss of Grm2 is associated
with high ethanol consumption in rats [127]. Chrm4 upregulation modulates cholinergic
tone, which can reduce dopamine release in mesolimbic pathways. Both neuropeptide re-
ceptors decrease the reinforcing properties of ethanol. Several factors affect stress response
signaling. For example, Ntrk1 interacts with RNA-processing proteins (Cwf19l2, Gpatch4),
stabilizing stress responses. Furthermore, NTRK1 activates RelA and is linked to stress
and inflammatory responses. Additionally, decreased FKBP5 increases stress adaptation
(Table 2) [128,129]. Collectively, these results suggest a possible association between TSA-
induced transcriptional changes in neurotransmission- and stress-related pathways and
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the reduced ethanol consumption observed following 2 mg/kg TSA treatment; however, a
causal relationship remains to be established. An additional explanation is the promotion of
neuronal differentiation and survival in males after 2 mg/kg dose through Sirtuin signaling
pathway regulation. Sirtuins are a family of seven highly conserved proteins (SIRT1–SIRT7)
found in mammals that play critical roles in gene expression, cellular metabolism, stress re-
sistance, and DNA repair. They are NAD+-dependent enzymes, and their primary activity
is deacetylation. Sirtuins, especially SIRT1 and SIRT2, have been shown to play a key role
in addiction-related brain changes, particularly in the NAc. Chronic cocaine and morphine
use increases expression of SIRT1 and SIRT2 in the NAc [130]. Overexpression of SIRT1 or
SIRT2 in the NAc enhances drug reward, while knockdown of SIRT1 reduces drug-seeking
behavior [131]. Thus, inactivation of this pathway would reduce deacetylation activity,
modify the epigenetic makeup of related genes, and reduce ethanol reward.

In contrast, TTR downregulation and Fkbp5 upregulation following 1 mg/kg TSA
treatment show expression patterns opposite to those observed with 2 mg/kg TSA, sug-
gesting a potential enhancement of stress-related signaling. Furthermore, downregulation
of FMR1, Cacnb4, Fgf14 and Pcdhg8 may adversely affect synaptic regulation and network
stability. Together, these changes may reduce the capacity of 1 mg/kg TSA to normalize
executive and inhibitory synaptic functions in the NAcSh, which could contribute to the
lack of a measurable effect on ethanol consumption.

4.2.4. Estrogen-Related Hormone Signaling Dampens Reward Sensitivity and Decreases
Ethanol Consumption in Females in 1 mg/kg TSA Treatment

Given that 1 mg/kg TSA is the most effective dose for reducing ethanol consumption
measured by 4 h intake in females, we further explored molecular evidence underlining this.
In addition to previously discussed DEGs with high FC (Pmch, Oxt, Npas4 and Fos), top path-
ways also strengthen the mechanistic understanding of the role of metabolism alteration
after TSA treatment. Notably, some metabolism-related pathways were decreased, such as
the cholesterol biosynthesis-related Wnt/Ca+ pathway (Figure 5B). Our observation is con-
sistent with the evidence that TSA reduced cholesterol levels, increased its catabolism, and
controlled SREBP-driven cholesterol biosynthetic gene expression [132,133]. We emphasize
a metabolism-associated pathway showing estrogen-centered signaling nodes interacting
with metabolic and neuroendocrine regulators (Figure 5C). Genes in this pathway were
grouped into hormonal, metabolic, stress, and reward clusters based on canonical biological
function and network localization. The hormonal cluster consists of ESR (estrogen receptor)
and insulin for glucose control. Previously, TSA has been shown to enhance estrogen
receptor-dependent transcription by increasing chromatin accessibility, restoring ER ex-
pression, and stabilizing acetylated ER complexes [134,135]. Another study revealed gene
expression differences in NAc between sexes, particularly ESR upregulated fivefold only
in females [48]. Decreased SLC16A1 (−1.18×) for insulin/estrogen-responsive metabo-
lite transport and transferrin receptor (TFRC, −1.15×) for hormone-regulated metabolic
signaling and cellular iron uptake both support metabolic signal alteration. Furthermore,
the metabolic cluster includes genes that regulate metabolism (increased ACSL3 for fatty
acid metabolism), transporters (decreased SLC22A8 and SLC38A2), and decreased ATPase
for energy utilization, further interpreted as metabolism-associated changes. This path-
way also includes cellular stress response hub genes (e.g., WDR19, VCPIP1), along with
reward/cytoskeleton and neuro-mobility genes (CAV2, OCLN). In summary, 1 mg/kg TSA
may decrease ethanol consumption by epigenetically enhancing estrogen-driven hormone
and metabolic networks in a short period of time, leading to reduced stress responsiveness
and altered reward processing.
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4.2.5. GR, Fkbp5 and BDNF Epigenetic Modification After TSA

Previous work suggests that epigenetic mechanisms (HDACs, DNMTs, histone acety-
lation) are sexually differentiated and interact with steroid hormones to shape circuit
plasticity [32,33,136]. In the current study, glucocorticoid (GC) and its receptor GR are
a top causal network affected by the 2 mg/kg dose of TSA in males, and estrogen is
one common upstream regulator in all doses and sexes. We predict that glucocorticoid
and estrogen actions occur synergistically and mediate TSA response. Aside from the
previously mentioned HDAC pathway, an additional significant network is the Fkbp5,
Hsp90, Hsp70, and co-factors of GR centered pathway (Figure S4B). The FKBP5 protein is a
cochaperone of HSP90 and regulates stress response along with other HPA genes such as
Nr3C1, Hsp90, and Crh [137,138]. Previously, FKBP5 was found to affect neurite outgrowth,
neuron morphology, and hippocampus formation [139–141]. GC and GR are involved
in mediating ethanol-seeking, compulsive drinking, and abstinence, and we have found
a sex-specific difference in response to ethanol exposure in Fkbp5 KO mice [68,142,143].
Fkbp5 is directly and indirectly connected to other gene clusters that result in functional
alterations. Increased Fkbp5, Prkab2, and other genes are associated with neuronal develop-
ment. Other affected functions include RNA binding and process, synaptic transmission
and cytoskeletal-related proteins and immune-related genes. We found that a 2 mg/kg
TSA dose decreases Fkbp5 in the NAcSh of males and increases it in females; however, a
1 mg/kg dose induces similar increases in both sexes, which could explain sex differences
after TSA treatment in Fkbp5-associated functions like stress adaptation.

Previous research has linked increased intracellular FKPB5 protein expression and
faster antidepressant response in humans with specific genotypes, as well as an increase
in mRNA in specific brain regions after stress in mouse models [144,145]. The interplay
between stress and ethanol use results in epigenetic modification of gene expression in
reward circuits, neurobehavioral deficits, and disease progression [146–148]. FKBP5 has
been found to indirectly participate in stress-mediated epigenetic programming through the
HPA axis [149,150] and through its action on GR [137,151,152]. Directly, FKBP5 epigenetic
modification is associated with stress resiliency, cardiovascular disease, and post-traumatic
stress disorder [150,153–155]. In particular, FKBP51 controls phosphorylation and thus the
activity of DNMT1, suggesting it directly contributes to epigenetic programming [156].

Further, we found evidence that the BDNF network is implicated in the TSA response
and that BDNF is an upstream regulator, which may affect gene expression of identified
DEGs (Figure S4A). Our study found that a 2 mg/kg dose of TSA increased Bdnf and Irf7
expression in both sexes, which may enhance neuron and neurite growth and immune
regulation. Various studies have supported histone deacetylation of BDNF in synaptic
plasticity [157]. Consistently, TSA treatment was found to increase BDNF in a high fat diet-
fed model [132]. Additionally, the BDNF pathway showed that several nuclear receptor
family member expressions were altered. Lower expression of nuclear receptor subfamily
4 group A member 1 (Nr4a1), KLF transcription factor 10 (a transcriptional repressor
and effector of TGFβ signaling), and cAMP responsive element binding protein (Creb)
was observed (Figure S4A). Creb has histone acetyltransferase binding activity and is
involved in AUD, obsessive-compulsive disorder, and drug dependence. Interestingly,
FKBP5 expression is inversely correlated with both global and BDNF methylation, and
stress-induced FKBP5 protein levels result in increased BDNF expression [156]. Thus, this
study suggests that TSA treatment modification of BDNF, FKBP5, and related pathways
may be one of the potential mechanisms for reducing ethanol consumption in animal
models. Thus, our result is consistent with corticostriatal- and NAc-specific molecular
plasticity differences between males and females; females show broader transcriptional
remodeling, but males show restricted, stress-biased gene networks [158].
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TSA treatment elicited dose- and sex-dependent transcriptional responses in the NAcSh
that were associated with alterations in neuronal and synaptic function. The identified DEGs,
gene sets, and pathways provide insights into the molecular basis of these differential responses
and may help guide future investigations of sex-specific therapeutic approaches.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/cells15161494/s1, Supplementary Figure S1. Schematic diagram of
testing procedure. Subjects were 60 days old at the start of the experiments, and the rats were allowed to
consume 15% and 30% ethanol concurrently with water for 8 weeks of 24 h continuous access drinking.
All rats received free access to standard laboratory chow and water throughout the experiments. The
animals were maintained on a 12/12 h reverse dark/light cycle (lights off at 1100 h). The rats were
randomly assigned to control and dose groups (1 mg/kg and 2 mg/kg) during test week, and the last
week of ethanol drinking was used as a baseline. Brains were snap-frozen, followed by slicing and
micro-punch on slides. Supplemental Figure S2. IPA analysis identified prominent gene networks in
male HAD1 rats after different doses of TSA compared to the control. (A) Immune function-related
gene network connected to NF-κB complex, IRF7 and neurotransmitter after 2 mg/kg dose of TSA.
(B) Network involving FKBP5, TTR, and UBR1 is prominent in male rats administered a 1 mg/kg dose of
TSA. Supplemental Figure S3. Pathway alterations and genes differently impacted between 2 mg/kg and
1 mg/kg doses of TSA (A) in male and (B) in female HAD1 rats. Supplemental Figure S4. Prominent gene
networks in female HAD1 rats after different doses of TSA compared to the control. (A) A gene network
connecting BDNF to genes like Creb, NR4A1, and DUSP1 is significant in female rats administered
a 2 mg/kg dose of TSA. (B) Network involving synaptic transmission, neuronal development and
RNA process is prominent in female rats administered a 1 mg/kg dose of TSA. Green nodes indicate
downregulated genes, and pink nodes indicate upregulated genes. Supplemental Figure S5. Overview
of GSEA-enriched gene sets; each dot represents a gene set, and yellow highlighted areas are significant
gene sets. (A) Male HAD1 rats after 2 mg/kg dose TSA and (B) Male HAD1 rats after 1 mg/kg dose
TSA. (C) Female HAD1 rats after 2 mg/kg dose TSA and (D) Female HAD1 rats after 1 mg/kg dose TSA.
A positive normalized enrichment score (NES) indicates gene set enrichment at the top of the ranked list;
a negative ES indicates gene set enrichment at the bottom of the ranked list. Supplemental Figure S6.
Hallmark gene set analysis identified processes that are differentially enriched after a 2 mg/kg dose of
TSA in (A) males and (B) females. Supplemental Figure S7. Hallmark gene set analysis identified processes
and functions that are differentially enriched after a 1 mg/kg dose of TSA in (A) males and (B) females.
Supplemental Table S1. The number of identified differentially expressed genes in males and females.
Supplemental Table S2. Number of gene sets identified by GSEA. Supplemental Table S3. Comparison of
enrichment score of genes in oligodendrocyte markers gene set. Supplemental Table S4. Hallmark
Gene Sets. Supplemental Table S5. Genes enriched in myelin sheath cluster.
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The following abbreviations are used in this manuscript:

ASB13 Ankyrin Repeat and SOCS Box Containing 13

COQ10B Coenzyme Q10B

DES Desmin

EFHD1 EF-Hand Domain Family Member D1

HNRNPR Heterogeneous Nuclear Ribonucleoprotein R

KANK2 KN Motif and Ankyrin Repeat Domains 2

KLF4 KLF Transcription Factor 4

NR4A1 Nuclear Receptor Subfamily 4 Group A Member 1

NR3C2 Nuclear Receptor Subfamily 3 Group C Member 2

PARN Poly(A)-Specific Ribonuclease

PMCH Pro-Melanin Concentrating Hormone

PRKAB2 Protein Kinase AMP-Activated Non-Catalytic Subunit Beta 2

PRR5L Proline Rich 5 Like

RC3H2 Ring Finger And CCCH-Type Domains 2

SNTB1 Syntrophin Beta 1

STXBP5L Syntaxin Binding Protein 5L

SPRED1 Sprouty Related EVH1 Domain Containing 1

SS18L1 SS18L1 Subunit of BAF Chromatin Remodeling Complex

LMO2 LIM Domain Only 2

TLE3 TLE Family Member 3, Transcriptional Corepressor

TTR Transthyretin

USHBP1 USH1 Protein Network Component Harmonin Binding Protein 1

ZMYND19 Zinc Finger MYND-Type Containing 19
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