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ARTICLE INFO ABSTRACT
Keywords: Background and purpose: Traumatic brain injury (TBI) and its consequences remain great challenges for
Traumatic Brain Injury neurology. Consequences of TBI are associated with various alterations in the brain but little is known about
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long-term changes of epigenetic DNA methylation patterns. Moreover, nothing is known about potential treat-
ments that can alter these epigenetic changes in beneficial ways. Therefore, we have examined myo-inositol (MI),
which has positive effects on several pathological conditions.

Methods: TBI was induced in mice by controlled cortical impact (CCI). One group of CCI animals received saline
injections for two months (TBI+SAL), another CCI group received MI treatment (TBI4+MI) for the same period
and one group served as a sham-operated control. Mice were sacrificed 4 months after CCI and changes in DNA
methylome and transcriptomes were examined.

Results: For the first time we: (i) provide comprehensive map of long-term DNA methylation changes after CCI in
the hippocampus; (ii) identify differences by methylation sites between the groups; (iii) characterize tran-
scriptome changes; (iv) provide association between DNA methylation sites and gene expression. MI treatment is
linked with upregulation of genes covering 33 biological processes, involved in immune response and inflam-
mation. In support of these findings, we have shown that expression of BATF2, a transcription factor involved in
immune-regulatory networks, is upregulated in the hippocampus of the TBI4+MI group where the BATF2 gene is
demethylated.

Conclusion: TBI is followed by long-term epigenetic and transcriptomic changes in hippocampus. MI treatment
has a significant effect on these processes by modulation of immune response and biological pathways of
inflammation.

Abbreviations: TBI, Traumatic Brain Injury; CCI, controlled cortical impact; MI, Myo-inositol; DNMT, DNA methyltransferases; RRBS, Reduced-representation
bisulfite sequencing; SDS, sodium dodecyl sulphate.
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1. Introduction

Traumatic brain injury (TBI) is a serious health issue that can affect
people of any age all over the world. TBI can frequently result in long-
term disabilities or death and involve a spectrum of brain abnormal-
ities from acute to chronic. Consequences of TBI can be diverse and
include post-traumatic epilepsy (PTE) (After and Brain, 1998), neuro-
degenerative diseases (Kenborg et al., 2015), psychiatric problems
(McLean et al., 1984), neuroendocrine impairment (Vespa, 2013), and
sleep disorders (Masel et al., 2001). All these consequences are linked to
the long-term electrophysiological, morphological, biochemical, and
molecular biological alterations (Rakib et al., 2021; Ratliff et al., 2020;
Ustaoglu et al., 2021). Among processes associated with TBI that can
intensively influence long-lasting cellular activity are epigenetic alter-
ations, which play a key role in regulation of gene expression at many
different levels, including transcription and post-transcriptional modi-
fications, as well as translation and post-translational modifications
(Monsour et al., 2022; Zima et al., 2022). The main mechanisms of
epigenetic modifications include DNA methylation and demethylation,
post-translational histone modification, and the actions of non-coding
RNAs such as microRNAs (Monsour et al., 2022). DNA methylation is
a process involving the covalent transfer of a methyl group to the C-5
position of the cytosine ring of DNA. The process is mediated by DNA
methyltransferases (DNMTs) and is one of the key mechanisms of
epigenetic regulation (Jin et al., 2011). DNA methylation mainly sup-
presses expression of the corresponding gene, but it is very much context
dependent. The locus of methylation as well as the type of stimulus can
influence the transcriptome of the cell differently (Dhar et al., 2021).
Epigenetic changes are vastly studied in diverse pathological conditions
since they can be reversed by pharmacological interventions, which
makes them interesting targets for possible treatments. Study of epige-
netic modifications after TBI has recently drawn much attention, but this
investigation is still in its infancy (Zima et al., 2022), especially since
little is known about long-term effects of TBI on DNA methylation. It is
obvious that finding treatments that counteract epigenetic changes that
lead to the pathological outcomes of TBI is of great importance. As far as
we know, no such treatment is currently available.

Myo-inositol (MI) is one of nine isomers of the cyclohexane family. It
is present in the human body, including the nervous system (Bizzarri
et al., 2016). MI and its derivatives participate in diverse physiological
processes, such as endocrine modulation, developmental processes, and
calcium metabolism. Various conditions have been reported to benefit
from MI treatment, such as depressive disorders (Taylor et al., 2004),
and polycystic ovary syndrome (Unfer et al., 2017). Moreover, anti-
epileptogenic properties of MI have been shown in our previous studies
performed on pharmacological (kainic acid-KA) animal models of epi-
lepsy (Kandashvili et al., 2022; Tsverava et al., 2019, 2016). It should be
emphasized that MI has a long-term influence on KA-induced alterations
since its beneficial effects are maintained for at least 1 month after its
treatments end (Kandashvili et al., 2022; Tsverava et al., 2019).

In line with these data, we have hypothesized that MI could also
exert its long-term effects on TBI-induced epigenetic and transcriptomic
changes.

There are several models of TBI and controlled cortical impact (CCI)
is among them. CCI enables a strong control over impact parameters and
guarantees the application of similar injury to all experimental objects
(Hunt et al., 2009; Kelly et al., 2015). The CCI model has been used to
study different aspects of TBI and its consequences at different levels
from behavioral to cellular.

The present study’s objectives were to determine whether: (i) CCI is
followed by long-term changes in DNA methylation and characterize
these sites and; (ii) MI treatment after CCI exerts long-term effects on
DNA methylation and gene expression patterns. We have also investi-
gated whether there is an inverse correlation between DNA methylation
and gene expression patterns on a selected protein level.

Experiments were performed on adult (2-3 month-old) mice using
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CCI and followed by MI treatment for two months, the most susceptible
period during which the main pathological changes take place and lead
to severe consequences, including posttraumatic spontaneous seizures
(Smith, 2016). To investigate long-term outcomes of TBI and the effects
of MI treatment, animals were sacrificed four months after CCI. This
time point allowed us to identify: (i) what type of epigenetic and gene
expression alterations remain as a long-term consequences of TBI and
(ii) whether 2-month MI treatment shows long-lasting effects, similar to
the KA model, months following treatment termination. Biochemical
and molecular biological analysis were performed on cortical and hip-
pocampal samples taken from both hemispheres. The reason for
choosing these structures was that the cortex is severely injured by the
CCI procedure, which subsequently is associated with pathological
changes in the hippocampus (Kharlamov et al., 2011; Mtchedlishvili
et al., 2010; Osier and Dixon, 2016).

Our results convincingly demonstrate that after CCL: (i) long-term
epigenetic and transcriptomic changes take place in the hippocampus
of traumatized mice; (ii) MI treatment has long-lasting effects on these
epigenetic and transcription alterations; (iii) for a number of genes the
changes in DNA methylation and gene expression are inversely
correlated.

2. Materials and methods
2.1. Traumatic Brain Injury

CCI was applied by pneumatic impact device model AMS 201 with an
automatic avarage rod speed measurment unit (AmScien Instruments).
For induction of severe TBI, compression of the cortex was applied to a
depth of 1.0 mm at a velocity of 3.5 m/sec and duration of 400 ms.
Picture of the damaged brain four months after application of CCI is
provided in Supplementary Fig. S1. Such a precise control over impact
parameters provides standardization of the procedure, thus providing
identical impact on all experimental animals. Sham-operated mice un-
derwent identical anesthetic and surgical procedures without CCL

After impact, animals were housed individually with a 24-hour light/
dark cycle and half of them received intraperitoneal injections of 30 mg/
kg MI two times daily for the following two months. This covered the
most susceptible time for development of pathological changes leading
to severe consequences (see Introduction). To determine whether: (i)
CCI has a long-lasting effects on epigenetic changes and (ii) MI effects
remain after the termination of treatment, experimental animals were
sacrificed four months after CCI, which for the MI-treated animals cor-
responds to 2 months after ceasing intraperitoneal injections. Hippo-
campal and neocortical samples were extirpated for molecular-
biological and biochemical analysis. DNA methylation and RNA-SEQ
studies were done on mixed hippocampal samples taken from both
hemispheres of each animal, whereas Western Blot analysis was done on
each hemisphere sample separately. The general scheme of experiments
is provided on Fig. 1.

2.2. Reduced-representation bisulfite sequencing (RRBS)

The RRBS experiment was conducted on 9 hippocampal samples (3
samples from each of TBI+SAL, TBI+MI and CON+SAL groups). DNA
Methylation Profiling (RRBS Service) (Diagenode Cat# G02020000)
was applied for this purpose.

2.2.1. Genomic DNA quality control

DNA concentration of the samples was measured using the Qubit®
dsDNA HS Assay Kit (Thermo Fisher Scientific) and DNA quality of the
samples was assessed with the Fragment Analyzer TM and the DNF-488
High Sensitivity genomic DNA Analysis Kit (Agilent).

2.2.2. RNase treatment
Genomic DNA from 9 selected samples was treated with RNase
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cocktail (Thermo Fisher Scientific, AMM2288) for 30 min at 37 °C to
remove contaminating small RNAs. Following the treatment, DNA was
purified using Agencourt AmpureXP beads (Beckman Coulter). DNA was
eluted in Elution Buffer (10 mM Tris-Cl, pH 8.5) and quality control
steps were performed as described above.

2.2.3. RRBS library preparation

The RRBS library preparation was performed by DNA Methylation
Profiling Service (RRBS Service) (Diagenode Cat# G02020000). The
Premium Reduced Representation Bisulfite Sequencing (RRBS) v2 Kit
(Diagenode Cat# C02030036) was used for RRBS libraries preparation.
100 ng of genomic DNA were used to start library preparation for each
sample. PCR clean-up after the final library amplification was performed
using a 1.45x beads:sample ratio of Agencourt® AMPure® XP (Beckman
Coulter).

2.2.4. RRBS library pools quality control

DNA concentration of the pools was measured using the Qubit®
dsDNA HS Assay Kit (Thermo Fisher Scientific). The profile of the pools
was checked using the DNF-474 NGS fragment kit on a Fragment
Analyzer (Agilent).

In the event of adapter dimer peaks being too high, the pools were
size-selected one more time using a 1.45x beads:sample ratio of Agen-
court® AMPure® XP (Beckman Coulter) and quality control steps were
performed again.

2.2.5. Deep sequencing
RRBS library pools were sequenced on a NovaSeq6000 (Illumina)
using 50 bp paired-end read sequencing (PE50).

2.3. RNA-SEQ

The RNA-SEQ experiment on 6 hippocampal samples (3 samples
from TBI+SAL and 3 samples from TBI-+MI groups) was performed by
RNA-SEQ services (Diagenode Cat# G02030000). RNAs were extracted
using the RNeasy Mini kit (Qiagen #74104). RNA was quantified using
Qubit™ RNA BR Assay Kit (Thermo Fisher Scientific, Q10210) and
secondarily checked for integrity using RNA 6000 Pico Kit (5067-1513,
Agilent) on a 2100 Bioanalyzer system (Agilent).

The 6 samples were processed together and library preparation was
done with 500 ng of input RNA using: NEBNext® rRNA Depletion Kit
(Human/Mouse/Rat) (NEB #E6310) followed by NEBNext Ultra II
Directional RNA Library Prep Kit for Illumina (NEB #E7760) and
NEBNext® Multiplex Oligos for [llumina® Index Primers Set 1 (NEB#
E6440). Optimal library amplification was assessed by qPCR on Light-
Cycler® 96 System (Roche). The generated DNA libraries were purified
using Agencourt® AMPure® XP (Beckman Coulter). Purified libraries
were quantified using Qubit™ dsDNA HS Assay Kit (Thermo Fisher
Scientific, Q32854) and their size assessed with QIAxcel (Qiagen). llu-
mina sequencing was applied with paired-end 50 bp 50 M raw reads/
sample on average (Diagenode Cat# G02030003).
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2.4. SDS electrophoresis and Western immunoblotting

SDS electrophoresis and Western immunoblotting experiments were
performed on the whole homogenate fractions from the hippocampal
and neocortical samples separately from each hemisphere. Three groups
of experimental mice (CON+SAL, TBI+SAL and TBI+MI) were
analyzed. Brain tissues were rapidly homogenized in 0.32 M sucrose, 20
mMTris-HCI (pH 7.4), cocktail of protease inhibitors (Sigma, P8340),
1 mM ethylendiamintetraaceticacid, 1 mM sodiumorthovanadate,
10 mM sodiumpyrophosphate and 0.5 mM ethylene glycol-bis(2-ami-
noethylether)-N,N,N’,N"- tetraacetic acid. The protein concentration was
determined in brain tissue homogenate fractions in quadruplicate, using
a micro bicinchoninic acid protein assay kit (Pierce).

Samples containing 30 pg protein in equal volumes were applied to
the sodium dodecyl sulphate (SDS) gels and electrophoresis and Western
blotting were performed as described previously (Solomonia et al.,
2013). Proteins were transferred onto nitrocellulose membranes, stained
with Ponceau S solution, and analyzed with Image J software (https:
//imagej.net/ImageJ) to confirm uniform gel loading and transfer.
Standard immunochemical procedures were performed using primary
antibodies  against BATF2 (PA5-37138 (Invitrogen)) and
peroxidase-labelled secondary antibodies and Super-Signal West Pico
Chemiluminescent substrate (Pierce) (Solomonia et al., 2013, 2010).
The optical densities of bands corresponding to BATF2 were measured
using LabWorks 4.0 (Ultra-Violet Products Ltd., Cambridge, UK). The
autoradiographs were calibrated by including in each gel four standards
of homogenate (15, 30, 45, and 60 pg of corresponding total protein)
obtained from the control mice. Optical density was proportional to the
amounts of BATF2 (see Fig. 5). For the data analysis optical density of
each sample band was divided by the optical density of the band for
30 pg of protein standard (Solomonia et al., 2013, 2010) to give “relative
amount of protein.”

We have not normalized obtained density data with respect to any
other housekeeping protein in brain tissue samples because it cannot be
guaranteed that such proteins are not affected by CCI e.g. (Li and Shen,
2013). As outlined above, the gel loading was controlled by Ponceau S
staining, Image J software analysis, and calibration with protein
standards.

2.5. Bioinformatics analysis

Raw fastq files were processed with nf-core pipelines (Di Tommaso
et al., 2017; Ewels et al., 2020)]. The nf-core “methylseq” pipeline was
used for the RBBS-seq data; this pipeline uses “Trim Galore!” for trim-
ming adapter sequences, and Bismark (Krueger and Andrews, 2011) for
reads alignment and methylation calls. In contrast, the nf-core “rnaseq”
pipeline used for the transcriptomics profiling is based upon “Trim
Galore!,” the combination of STAR (Dobin et al., 2013) and Salmon
(Patro et al., 2017) for reads alignment and expression levels quantifi-
cation. The ENSEMBL mm10 version 81 reference mouse genome was
used for alignment.

, 2 months after ‘
termination of injections

Extirpation of brain
structures for RNA-SEQ,
RRBS and Western Blot

analysis

\\

Fig. 1. The general scheme of experiments.
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2.6. Statistical analysis

The R package BiSeq (Hebestreit et al., 2013) was used for extracting
methylation levels from the coverage files produced by the Bismark
aligner, and for smoothing methylation levels within CpG clusters. The
moderated t-statistics implemented in the limma package (Ritchie et al.,
2015) was employed for identifying differentially methylated CpG sites
between each pair of experimental conditions. Log-transformed
methylation values (a.k.a. “m-values”) were for differential analysis,
as their distributional properties better adhere to t-test assumptions (Du
et al., 2010). CpG sites were associated with the closest gene, consid-
ering a window of 2000 base-pairs upstream of each gene TSS as the
promoter region.

Normalization and differential expression analysis of RNA-seq
counts data were performed with the R package DESeq2 (Love et al.,
2014). The hypergeometric test (Wu et al., 2021) was used for identi-
fying Gene Ontology (Ashburner et al., 2000) biological process
enriched for differentially expressed/methylated gene. A 0.1 False Dis-
covery Rate threshold was consistently used for assessing statistical
significance.

All statistical analyses were performed using the R Statistical Soft-
ware (R Development Core Team, 2016).

The protein data were analyzed by one-way ANOVA with factor-
treatment (TBI+SAL; TBI+MI and CON+SAL). In the event of a signif-
icant effect in ANOVA, planned comparisons were done by two-tailed t-
test.

3. Results

3.1. TBIH+-SAL and TBI4-MI treatments are associated with profound but
different changes in DNA methylation

The RRBS-SEQ experiments provided methylation levels over
1185807 CpG sites. The methylation profiles of the control samples were
highly similar, whereas the TBI+SAL and TBI+MI groups showed more
heterogeneity (Supplementary Fig. S2).

The comparison between each pair of experimental conditions
highlighted the presence of several TBI-associated changes in the
methylome: 597 when contrasting TBI+MI vs. TBI+SAL, 851 in TBI
+SAL vs. Controls, and 980 for TBI+MI vs. Controls (FDR adjusted p-
value < 0.1; Fig. 2a; Supplementary Tables S1, S2, and S3, respectively).

Fig. 2b indicates that some changes are unique with respect to each
group. In particular, 542 CpG sites are hypermethylated in both
TBI+4SAL and TBI+MI compared with control samples, 156 CpG sites are
hypomethylated exclusively in TBI4+SAL hippocampus, and 314 CpG
sites are hypomethylated exclusively in the TBI4+MI group (lists of
uniquely deregulated CpG sites are in Supplementary Table 54).

The unique methylation changes cover different molecular pathways
(see Fig. 3, Supplementary Fig. S3, and Supplementary Table S5, S6, and
S7). Interestingly, 7 Gene Ontology (GO) Biological Processes are
enriched for hypermethylated CpG sites both in the TBI+SAL vs.
CON-+SAL contrast, and in the TBI+MI vs CON+SAL contrast, including:
dynein intermediate chain binding, dynein light intermediate chain
binding, histone deacetylase binding, microtubule motor activity,
minus-end-directed microtubule motor activity, ubiquitin conjugating
enzyme activity, and ubiquitin-like protein conjugating enzyme activity.
Conversely, when TBI4+MI and TBI+SAL are contrasted against each
other, 46 GO biological processes are enriched for hypermethylated CpG
sites, most notably C-acyltransferase activity, SH3 domain binding, ADP
binding, NAD binding, exopeptidase activity, and oxidoreductase ac-
tivity acting on the CH-OH group of donors, and NAD or NADP as
acceptor. The comparison of hypomethylated CpG sites between the
same groups reveals 25 biological processes enriched in the TBI+MI
group. These biological processes include core promoter sequence-
specific DNA binding, transcription corepressor activity, trans-
membrane transporter binding, ion channel inhibitor activity, tau
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Fig. 2. : Methylation changes. a) Volcano plot of methylation differences be-
tween TBI4+MI and TBI+SAL. Each dot represents a CpG site, x-axis log fold
change in M-values, y-axis statistical significance. Positive log FC indicates
hypermethylation in TBI+MI; gray dots are significant CpG (FDR adjusted p-
value <= 0.1), black not significant. b) Venn diagram showing overlapping
among deregulated CpGs across the three contrasts. Both hyper- and hypo-
methylated CpG are considered (FDR adjusted p-value <= 0.1).

protein binding, and many others.

Finally, we identified GO biological processes that are enriched on
CpG sites showing methylation changes specific for each group. Bio-
logical processes enriched for CpG sites hypermethylated in both
TBI+SAL vs. CON+SAL and TBI4+MI vs. CON+SAL are listed in Sup-
plementary Table S8. Analysis of CpG sites hypomethylated exclusively
in TBI4-SAL (Supplementary Table S9) results in a total of 44 enriched
biological processes, most notably exopeptidase activity and SH3
domain binding. Considering CpG sites hypomethylated exclusively in
TBI4+MI (Supplementary Table S10) instead results in a total of 79
enriched biological processes, including core promoter sequence-
specific DNA binding, histone deacetylase binding, helicase activity,
and many others.

3.2. TBI4+SAL and the TBI+-MI groups have different transcriptomic
profiles

PCA analysis identified a TBI+MI sample whose expression profile
appeared to be identical to TBI+SAL samples, and therefore was dis-
carded as an outlier (Supplementary Fig. S4).

A total of 378 genes were differentially expressed (FDR adjusted p-
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Fig. 3. : Gene Ontology biological processes enrichment for hypermethylated CpG sites. Each dot represents a biological process. The x-axis reports the ratio of genes
linked to hypermethylated CpG sites that are also in the biological process. The size of the dots reports the absolute number of hypermethylated genes. Panel a)
corresponds to the TBI+SAL vs. CON-+SAL contrast, panel b) to the TBI+MI vs. CON+SAL contrast, and panel ¢) to the TBI+MI vs TBI+SAL contrast.

value <= 0.1) between the TBI+MI and TBI+SAL groups (Fig. 4a and
Supplementary Table S11). Of these 378 genes, 347 are overexpressed in
TBI+MI, with a total of 33 GO biological processes enriched for these
347 genes (see Figs. 4b, 4c and Supplementary Table S12), whereas
downregulated genes covered 23 biological processes (Supplementary
Table S13).

3.3. Some differentially expressed genes are overlapping with
demethylated CpG sites in hippocampus after TBI+SAL and TBI+MI
treatment

Overlap between demethylated CpG sites and differentially
expressed genes is limited. We identified 49 genes for which expression
was significantly deregulated (FDR adjusted p-value 0.1) with CpG sites
showing demethylation that is nominally significant (unadjusted p-
value 0.05, Supplementary Table 14). Among these, 24 genes display an
inverse relationship between expression and methylation. In particular,
the BATF2 gene is overexpressed in TBI+MI with respect to TBI4-SAL,
whereas all CpG sites constituting a CpG island located between its first
two exons are hypomethylated. BATF2 differential expression was
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further validated through Western Blot analysis.

3.4. BATF2 levels are increased in the ipsilateral hippocampus of TBI+MI
group

Anti-BATF2 antibodies bound to a protein band with a molecular
weight of 29 kDa, which corresponds to the expected size of target
protein. For the applied four internal standards, the least-squares
regression showed a significant fit to a straight line (Fig. 5).

In the ipsilateral hippocampus the effect of treatment on the amount
of BATF2 was significant (one-way ANOVA F,217 =3.88, P = 0.044).
The planned comparisons revealed that level of the studied protein was
significantly higher in the hippocampus of the TBI+MI group compared
with the TBI+SAL group (T =2.46 P = 0.034 DF = 10, Fig. 5). The
difference between the TBI+MI and CON-+SAL groups was similar, but
significant only with a one-tailed test, whereas nearly the same levels of
the BATF2 were observed in the TBI+SAL and CON+SAL groups (see
Supplementary Table S15).

No significant effect of treatment in one-way ANOVA was observed
for other three brain regions (see Supplementary Table S15).
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Fig. 4. : Expression changes. a) Volcano plot of expression differences between TBI+MI and TBI. Each dot represents a gene site, x-axis log fold change, y-axis
statistical significance. Positive log FC indicates overexpression in TBI+MI; red dots are significant genes (FDR adjusted p-value <= 0.1), blue not significant. b) Gene
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processes enriched for significantly downregulated genes. Details as in b).

4. Discussion

Traumatic brain injury is known for its long-term consequences that
can be associated with various problems, including inflammatory
events, post-traumatic seizures, demyelination, and apoptosis (Bramlett
and Dietrich, 2015). The hippocampus is one of the most susceptible
brain structures that demonstrates a variety of alterations after TBI. This
has been shown by results obtained from experimental models of TBI as
well as from humans (Atkins, 2011; Kharlamov et al., 2011; Mtched-
lishvili et al., 2010). The damages occurring in the hippocampus after
brain injury can be unilateral or bilateral and can have diverse repre-
sentations (Ariza et al., 2006; Ngwenya and Danzer, 2019).

Our data for the first time: (i) convincingly indicate long-term
epigenetic alterations in the hippocampus of TBI in mice; (ii) provide
a detailed map of altered methylation sites; (iii) characterize tran-
scriptome changes; (iv) provide association between DNA methylation
sites and gene expression and (v) reveal MI effects on these changes. We
have quantified methylation across more than 1 million CpG sites 4
months after TBI and nearly a thousand methylation sites are signifi-
cantly altered by TBI. By methylation signature, TBI+SAL and TBI+MI
groups are clearly different from the control group. The majority of these
differences are shared by TBI+SAL and TBI+MI groups, which reflect
the effects of TBI itself. The TBI4+-SAL and TBI+MI groups differ from

296

each other to a less extent, with a total of nearly 600 sites with signifi-
cantly different methylation levels which indicates a long-term epige-
netic effects of MI treatment on TBI. These differences include both
hyper- and hypomethylated sites.

Abnormal hypermethylation at specific DNA sequences can serve as
biomarkers for.

a variety of diseases (reviewed in (Ehrlich, 2019)).
Disease-associated DNA hypermethylation can modulate gene expres-
sion in both directions - down-regulate or up-regulate it (Ehrlich, 2019).
Therefore we cannot conclude that all DNA hypermethylated sites are
ultimately associated with gene expression repression.

Altered methylation sites identified in our experiments cover genes
and nearby regions from a number of biological processes (see Supple-
mentary Tables S4-S10). TBI+SAL and TBI+MI are different from the
CON+SAL group by biological processes involving dynein protein
binding, histone deacetylase binding partners, microtubule protein ac-
tivity, and proteasome components.

DNA methylation can proceed side-by-side preceding or following
chromatin epigenetic changes, which especially include histone modi-
fications and transcription regulation (Ehrlich, 2019). The identified
differences by histone deacetylase binding partners demonstrate that
profound long-term epigenetic changes occur after TBI.

Available data indicate that protein products of genes and pathways
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Fig. 5. : BATF2 protein expression levels in the ipsilateral hippocampus of CON+SAL, TBI+SAL, and TBI+MI groups. a) Sample film: each lane contains an indi-
vidual sample. Lanes IS1-IS4 show internal standards containing 15, 30, 45 and 60 pug of protein, respectively. b) The calibration plot was fitted by a linear least-
squares regression. c) Statistical comparison of the mean levels of BATF2 (mean =+ standard error of the mean).

listed above are changed after TBIL. For example, forensic autopsies from
TBI victims have shown strong decreases of dynein, dynactin, and
kinesin proteins (Olczak et al., 2019). The authors suggest that immu-
nostaining for dynein, dynactin, and kinesin should be considered as a
supplemental diagnostic tool for TBI in postmortem neuropathological
examinations (Olczak et al., 2019).

The alteration of microtubule dynamics in neurodegenerative dis-
eases, including TBL, is well documented (Brunden et al., 2017). Our
data indicate that these alterations could be of a long-term nature and
maintained by epigenetic mechanisms.

Proteasome activity and component changes were studied within 1
week after TBI (Yao et al., 2008). Proteasome activity assays revealed
that peptidyl glutamyl peptide hydrolase-like and chymotrypsin-like
activity were significantly decreased in the CNS following TBI, but
trypsin-like proteasome activity was increased in the injured cerebral
cortex. Bidirectional changes were also observed for the levels of pro-
teasome protein components. Thus TBI affects both proteasome
composition and function (Yao et al., 2008). Our data suggest that
proteasome changes are also of a long-term nature.

Notably, the significant differences between TBI+SAL and TBI+MI
groups include methylation sites not found in the other contrasts, and
hence other biological pathways as well. Differentially hypermethylated
sites in the TBI+MI group compared with the TBI+SAL group encompass
46 GO biological processes, including C-acyltransferase activity, SH3
domain binding, ADP binding, NAD binding, exopeptidase activity,
oxidoreductase activity, acting on the CH-OH group of donors, and NAD
or NADP as acceptor. Conversely, specifically hypomethylated sites in
the TBI4+MI group compared with the TBI+SAL encompass different
biologicals processes, among them are transcription repression, trans-
membrane transport, ion channel inhibitor activity, tau protein binding,
and many others. We suggest that these differences are the effects of MI
treatment specific for TBI, rather than the changes induced by MI
treatment in general, e.g., on healthy controls. This assumption is sup-
ported by our data in which CON+SAL and CON+MI groups were never
different from each-other by any studied biochemical changes evoked by
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kainic acid treatment (Tsverava et al., 2019).

RNA-SEQ data support the assumption that after TBI MI exerts long-
lasting specific effects on chromatin activity. The expression of nearly
350 genes are increased in the hippocampus of the TBI+MI group
compared with the TBI4+-SAL group, whereas only 29 are decreased.
Upregulated genes cover 29 GO biological processes, the majority
among them are processes involved in immune response and inflam-
mation (e.g., peptide antigen binding, MHC protein complex binding, T
cell receptor binding, cytokine binding, chemokine activity, immune
receptor activity, and many others). Downregulated genes processes (33
in total) include protein tyrosine kinase activity, calmodulin binding,
hexose transmembrane transporter activity, and others.

Cytokines are a class of small proteins that act as signaling molecules
at picomolar or nanomolar concentrations to regulate inflammation and
modulate cellular activities such as growth, survival, and differentiation.
Chemokines are a family of low molecular weight chemotactic cytokines
that regulate leukocyte migration through interactions with seven-
transmembrane, G protein-coupled receptors (Zlotnik and Yoshie,
2000). They are produced mainly by microglia [48]. The dysregulation
of cytokines and chemokines is a central feature in the development of
neuroinflammation, neurodegeneration, and demyelination both in the
central and peripheral nervous systems (Ramesh et al., 2013). Cytokines
and chemokines can help to mobilize the adaptive immune response and
often inflammation may induce beneficial effects such as phagocytosis of
apoptotic cells. It is well established that a critical balance between
repair and proinflammatory factors determines the outcome of a
neurodegenerative process (Ramesh et al., 2013). Based on our previous
results of the neuroprotective action of MI after KA-induced SE (Kan-
dashvili et al., 2022; Tsverava et al., 2016) we speculate that profound
changes in gene expression in the MI+TBI group could be of some
benefit by mitigating the destructive effects of TBI.

For 24 upregulated genes in the hippocampus of the TBI4+MI group,
our RRBS-seq experiments revealed demethylation conditions. For
further studies we have chosen the BATF2 transcription factor. It be-
longs to the family of transcription factors that includes also Basic
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leucine zipper transcription factor ATF-like (BATF) and BATF3. They are
involved in the regulation of numerous cellular processes, including the
control of immune-regulatory networks (Murphy et al., 2013). Recently
it has been shown that loss of BATF2 in humans is associated with a
neurological phenotype. Authors of the study consider BATF2 as a novel
disease-associated gene for severe epilepsy and mental retardation
related to dysregulation of immune responses (Zsurka et al., 2023). In
our study, the level of BATF2 is significantly upregulated in the ipsi-
lateral hippocampus of the TBI+MI group compared with the TBI+SAL
group. These data support the results of RNA-SEQ studies and indicate
the upregulation of immune-regulatory networks in the TBI+MI group.

5. Conclusion

This study shows that TBI via CCI is followed by a strong, long-lasting
epigenetic and transcriptomic changes in the hippocampus of the mice.
Selected biological pathways from these changes are counteracted by MI

action, which could pave way for further targeted treatment of TBI
pathological consequences.
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