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Abstract

The recurrent events of mild trauma exacerbate the vulnerability for post-traumatic stress disorder; however, the underlying
molecular mechanisms are scarcely known. The repeated mild traumatic brain injury (rMTBI) perturbs redox homeostasis which
is primarily managed by superoxide dismutase 2 (SOD2). The current study investigates the role of DNA methylation in SOD2
gene regulation and its involvement in rMTBI-induced persistent neuropathology inflicted by weight drop injury paradigm. The
oxidative damage, neurodegenerative indicators, and SOD2 function and its regulation in the hippocampus were analyzed after
48 h and 30 days of IMTBI. The temporal and episodic increase in ROS levels (oxidative stress) heightened 8-hydroxyguanosine
levels indicating oxidative damage after rMTBI that was concomitant with decline in SOD2 function. In parallel, occupancy of
DNMT3b at SOD2 promoter was higher post 30 days of the first episode of rMTBI causing hypermethylation at SOD2 promoter.
This epigenetic silencing of SOD2 promoter was sustained after the second episode of rMTBI causing permanent blockade in
SOD2 response. The resultant oxidative stress further culminated into the increasing number of degenerating neurons. The
treatment with 5-azacytidine, a pan DNMT inhibitor, normalized DNA methylation levels and revived SOD2 function after
the second episode of rMTBI. The release of blockade in SOD2 expression by DNMT inhibition also normalized the post-
traumatic oxidative consequences and relieved the neurodegeneration and deficits in learning and memory as measured by novel
object recognition test. In conclusion, DNMT3b-mediated DNA methylation plays a critical role in SOD2 gene regulation in the
hippocampus, and the perturbations therein post rMTBI are detrimental to redox homeostasis manifesting into neurological
consequences.
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Introduction MTBI (fMTBI) in recent years among sports [2, 3] and mili-
tary personnel [4, 5] is concerning. The rMTBI exposure ad-
Mild traumatic brain injury (MTBI) accounts to more than  vances vulnerability to post-traumatic stress disorders [6—8]
80% of all the TBI [1]. The surge in incidences of repeated  and chronic traumatic encephalopathy [9, 10] from subse-
quent injuries. Substantial evidences from the preclinical stud-
Electronic supplementary material The online version of this article ies suggest the accumulative effect of repeated events of
(https://doi.org/10.1007/s12035-020-02166-z) contains supplementary rMTBI in causing long-term behavioral impairments includ-
material, which is available to authorized users. ing depression [11], anxiety [12], and deficits in leaming and
memory [13—16]. Therefore, it is pertinent to investigate the
neural substrates and molecular underpinnings of tMTBI-
induced neuropathology.
The pathophysiology of TBI has been characterized by
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and weeks following injury [18-20]. Endogenous antioxidant
enzymes balance and control the oxidative stress. However,
the extensive and rapid production of free radicals and reactive
oxygen species (ROS) that occurs after the brain injury may
prove devastative for the system [21]. Moreover, the TBI-
induced glutamate excitotoxicity elevates the intracellular
ROS levels [22] which are prevalently detoxified by mito-
chondrial manganese superoxide dismutase (MnSOD) or
SOD2 [23, 24]. The hypofunction of this antioxidant enzyme
manifests into neurodegeneration-associated disorders
[25-29]. SOD2 heterozygous mice display alterations in the
glutamatergic synaptic transmission in the hippocampus and
cortex as well as impair spatial memory [25]. Interestingly,
administration of SOD mimetic is known to improve age-
associated memory deficits in mice [28].

Several rodent brain injury models such as fluid percus-
sion, controlled cortical impact, blast, and weight drop (WD)
are developed to investigate the consequences of rMTBI [30].
In particular, WD injury model induces non-penetrating dif-
fused injury which simulates the rotational acceleration or
deceleration of the brain during mishaps [31]. Using WD in-
jury model, we have previously demonstrated the behavioral
anomalies including memory deficits caused due to rMTBI
[12, 13]. TBI induced by controlled cortical impact (CCI)
injury in the SOD2 heterozygous mice reduces mitochondrial
bioenergetics, while the mitochondrial function remained un-
altered in the CCl-exposed SOD2-overexpressing mice [32].
Furthermore, the attenuated cellular SOD2 activity due to TBI
results into oxidative stress which subsequently precipitates
into secondary cellular damages in the brain [33]. On the
contrary, Huber and colleagues have reported higher levels
of SOD2 in the hippocampus of mice subjected to mild
blast-induced trauma [34]. In the light of the above, the essen-
tiality of understanding the upstream regulatory mechanisms
of SOD2 gene regulation may not be undermined. The expli-
cation of such mechanisms will offer new clues about the TBI-
induced neuropathological outcomes.

The modifications in the regulatory elements of the genes,
collectively known as epigenetic changes, are known to main-
tain persistent alterations in the gene expression [35]. DNA
methylation is the most stable, but reversible epigenetic mark
which is regulated by the dynamic equilibrium in the activities
of DNA methyltransferases (DNMT’s) and demethylases
[36]. We have previously shown that the rMTBI was able to
alter the expression of DNMTs in the amygdala [12]. A pleth-
ora of studies have also reported trauma-induced persistent
alterations in the active DNA methylation/demethylation on
promoters of genes such as aralkylamine N-acetyltransferase,
nitric oxide synthase 1 [37], and brain-derived neurotrophic
factor (BDNF) [12]. It is therefore intriguing if such epigenetic
mechanisms are operative in managing SOD2 dysfunction.

In the current study, we have investigated the potential role
of DNA methylation in the SOD2 gene regulation and

implications of these mechanisms in long-term neuropatholo-
gy due to rMTBI. Furthermore, the causality of DNA hyper-
methylation in the long-term disruption of SOD2 gene expres-
sion in the hippocampus was tested by treatment with 5-
azacytidine (5-AzaC), a pan DNMT inhibitor, and by subject-
ing the rats to repeated episodes of rMTBL

Materials and Methods
Animals

Adult male Wistar rats (200225 g) were housed under con-
trolled light (lights on 07:00-19:00 h) and temperature (25 +
2 °C) conditions. Food and water were provided ad libitum. All
the animal protocols in the present study were approved by
Institutional Animal Ethics Committee (IAEC), Savitribai
Phule Pune University, Pune and Department of
Pharmaceutical Sciences, Rashtrasant Tukadoji Maharaj
Nagpur University, Nagpur, India, and were performed as
per the guidelines of National Institutes of Health (NIH), USA.

Mild Traumatic Brain Injury

The rats were exposed to mild traumatic brain injury using the
WD injury model as described previously [12, 13, 31].
Briefly, the instrument includes a hollow guide tube, clamp
stand, and box. The rats were mildly anesthetized using
diethyl ether and placed on the aluminum foil, which was
attached firmly to the walls of the box. The uniform head
impact was ensured by dropping a 200 g of metal weight with
blunt end of 2 mm (length-6 cm, diameter-2 cm) from 30 cm
height of hollow guide tube at the point of intersection of the
diagonal lines that connects the eyes to the ears from contra-
lateral sides.

Experiment 1 The rats were exposed to either single MTBI
or rtMTBI with 3 or 5 hits on alternate days (Fig. la;
Supplementary Fig. S1; Table 1). The experimental rats
were divided into three groups based on the number of hits
received, i.e., 1 hit (1M), 3 hits (3M), and 5 hits (5M).
Further, each group was divided into two subgroups based
on the sacrifice time, i.e., at 48 h and 30 days post trauma
(IM-48h, n=5; 1M-30d, n=5; 3M-48h, n=5; 3M-30d,
n=>5; SM-48 h, n=5; 5SM—30d, n=06). All the animals
were subjected to the MTBI procedure in parallel during
9 days of rMTBI episode. While the single MTBI (1M)
was performed on the 1% day, the rMTBI with 3 hits
(3M) was carried out by subjecting the rats to MTBI pro-
cedure on the 1% and 3™ day (Fig. 1a; Supplementary Fig.
S1; Table 1). The respective sham controls (IM-SC, n=15;
3M-SC, n=15; SM-SC, n=15) were subjected to the similar
handling procedures, but did not receive weight drop
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Table 1

The details of sequential treatments received by rats in each group of different experiments. The number of mild traumatic brain injury/injuries

(MTBI) is indicated by the number of hits during the first or both the episodes of repeated trauma paradigm

Group name First episode Drug/vehicle Second episode
Experiment 1
SC Sham -- -
M 1 hit* - -
3M 3 hits* - -
SM 5 hits* - -
Experiment 2%
SC-30d+V Sham Vehicle -
SC-30d+ A Sham 5-AzaC --
SM-30d+V 5 hits Vehicle -
SM-30d+ A 5 hits 5-AzaC -
Experiment 3%
SC-30d + SC-48h Sham - Sham
SM-30d + SC-48h S hits - Sham
SC-30d + 5 M-48h Sham - 5 hits
SM-30d + 5 M-48h S hits - S hits
Experiment 4%
SC-30d + V + SC-48h Sham Vehicle Sham
SC-30d + A + SC-48h Sham 5-AzaC Sham
5M-30d + V + SC-48h 5 hits Vehicle Sham
5M-30d + A + SC-48h 5 hits 5-AzaC Sham
5M-30d+V + 5 M-48h 5 hits Vehicle 5 hits
SM-30d + A +5 M-48h 5 hits 5-AzaC 5 hits

*Animals were sacrificed at either 48 h or 30 days after the last event of trauma

**Animals were sacrificed at 30 days after the last event of trauma

*#% Animals were sacrificed 48 h after the second episode

injury and were sacrificed in parallel with respective
groups. All the rats were decapitated under deep anesthesia
using ketamine (60 mg/kg) and xylazine (10 mg/kg) solu-
tion injected intraperitoneally, and the brains were isolated
for estimation of ROS and SOD2 mRNA levels. Two ad-
ditional cohorts of 5 hits paradigm (SC, 5SM-48h, SM-30d)
were generated and the brains were isolated for molecular
(DNMT’s mRNA levels; SOD2 protein levels, MeDIP-
SEQ; MeDIP-qPCR; HMeDIP-qPCR; ChIP-qPCR) and
biochemical (SOD2, catalase, and DNMT activities) anal-
yses. One additional cohort of animals (SC, n=5; 5M-48h,
n=>5; 5M-30d, n=5) was perfused transcardially for the
isolation of the brains to perform histochemical analyses
(SOD2 and 8-OHG immunofluorescence staining and FJC
histochemical staining). Based on the observations of mo-
lecular, biochemical, and histochemical studies, we have
employed rMTBI procedure with 5 hits for further
experiments.

Experiment 2 The rats subjected to the sham or rMTBI proce-
dures were treated with 5-AzaC to study the effects of DNMT
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inhibition on the rMTBI-induced molecular and behavioral
changes (Fig. 1b; Table 1). As described previously [12], 5-
AzaC (2 mg/kg) or equivalent volumes of vehicle were
injected intraperitoneally for 3 consecutive days (each injec-
tion 24 h apart on the 28", 29", and 30™ day post trauma). The
SC- and rMTBI-induced animals were divided into two sub-
groups each. While one subgroup was treated with 5-AzaC
(SC-30d + A, n=5 and 5SM-30d + A, n = 6), another subgroup
was treated with vehicle (SC-30d+V, n=5 and 5M-
30d+V, n=6). After 2 h of the vehicle or 5-AzaC
treatment, the animals were subjected to measurements
of learning and memory behaviors using novel object
recognition (NOR) test. Immediately, after the behavior
testing, the rats were decapitated under anesthesia to
isolate the brains for molecular (SOD2 mRNA, protein
levels; MeDIP-gPCR; HMeDIP-qPCR) and biochemical
(SOD2 activity and ROS levels) analyses. An additional
cohort of animals (SC-30d + V,n=5; 5M-30d+ V,n=5; SC-
30d+ A, n=5 and 5M-30d + A, n=5) was subjected to the
similar treatments as described above, and the animals were
transcardially perfused for the isolation of the brain to perform



Mol Neurobiol (2021) 58:1162-1184

1165

histochemical analyses (8-OHG immunofluorescence and
FIC staining).

Experiment 3 The sham- or tMTBI-exposed rats were subject-
ed for an additional episode of either sham or rMTBI proce-
dures to study the effects of two episodes of rMTBI on SOD2
regulation and function. The second episode of IMTBI with 5
hits was performed after 30 days of the first episode (Fig. Ic;
Table 1). The rtMTBI-induced rats with single episode were
divided into two groups; one group was exposed to the 2"
episode of rtMTBI (SM-30d + 5M-48h, n=6), and the other
group was subjected to sham procedure (5M-30d + SC-48h,
n=>5). In parallel, the first episode sham-exposed rats were
also divided into two groups; one group was subjected to the
ond episode of IMTBI (SC-30d + 5M-48h, n = 5), and the oth-
er group was exposed to the 2™ episode of sham procedure
(SC-30d + SC-48h, n = 5) after 30 days of the first episode and
served as controls. All the rats in these groups were sacrificed
post 48 h of the 2™ episode and the brains were collected for

(a) Experiment 1

1%t episode of

further molecular (SOD2 and DNMTs mRNA levels; SOD2
protein) and biochemical (ROS levels, SOD2 activity) analy-
ses. An additional cohort of three groups of animals (SC-
30d + SC-48h, n=5; SM-30d + SC-48h, n=6; SM-30d +
SM-48h, n=6) was generated for the analysis of epigenetic
changes (MeDIP-qPCR and ChIP-qPCR) during the 2" epi-
sode. In addition, yet another cohort of three groups of ani-
mals (SC-30d + SC-48h, n=5; 5M-30d + SC-48h, n=5; 5M-
30d + 5SM-48h, n=5) was perfused transcardially and the
brains were isolated to perform histochemical analyses (8-
OHG immunofluorescence staining and FJC histochemical
staining).

Experiment 4 The 5-AzaC was administered to the animals
subjected to one or two episodes of rMTBI procedures before
the second episode to examine the effect of DNMT inhibition
on SOD2 response after second episode (Fig. 1d, Table 1).
The animals exposed to the 1% episode of IMTBI (5M) were
divided into two subgroups. One of them was exposed to the

(c) Experiment 3

1%t episode of 2 episode of

sham/rMTBI sham/rMTBI sham/rMTBI
Hits 15t 2nd 31 4th  5th Hits 15t 2nd 3rd 4th 5th st nd 3rd 4th  5th
48h 30 days 30 days 48h
Days1 3 5 7 9 1 39 Days 3940 42 44 46 48 50
! } !
SC30dsSC-4Bh;
5M-30d+SC-48h;
SC-30d+5M-48h;
5M-30d+5M-48h
(b) Experiment 2 (d) Experiment 4
Days 37-39 . Days 37-39 K
1*t episode of VahiZIQIS-AzaC 1% episode of Vehi?:’laIS-Azac 2" episode of
sham/rMTBI Treatment sham/rMTBI e atent sham/rMTBI
Hits 15t 2nd 3@ 4th 50 ’—L\ Hits 15t 2nd 3rd 4th 5t '—1—\ st 2nd 3d 4t 5th
30 days 30 days “h‘
Days 1 3 § 39 Days 3 5 7 9 3940 42 44 46 48 50

[}

SC-30d+V; SC-30d+A;
5M-30d+V; 5M-30d+A

Fig. 1 Experimental paradigm. a The rats were subjected to tMTBI (5
hits on alternate days) and sacrificed either at 48 h (SM-48h, n=5) or
30 days (5M-30d, n=06). The sham controls (SC, n=35) were also
generated at both the time points. Two additional cohorts of groups of
animals subjected to similar experiment were generated for molecular and
biochemical analyses. Additional cohort of animals (SC, n=15; SM-48h,
n=>5; 5SM-30d, n=5) was perfused transcardially and the brains were
used for histochemical studies. b To investigate the role of DNA
methylation on rMTBI-induced persistent alterations, the tMTBI- or
sham-exposed rats were either treated with vehicle (V) or 5-AzaC (A)
on the 37“‘, 38" and 39™ day and sacrificed after 2 h of the last treatment
(SC-30d+V, n=5;SC-30d+ A, n=35; 5M-30d + V, n=6; 5M-30d + A,
n = 06). Additional cohort of animals (SC-30d + V,n=5;SC-30d + A, n =
5; 5M-30d +V, n=5; 5M-30d + A, n=15) was generated for histochem-
ical studies. ¢ To study the acute response of SOD2 to the repeated

SC-30d+V+SC-48h;
SC-30d+A+SC-48h;
5M-30d+V+5M-48h;
5M-30d+A+5M-48h;
5M-30d+V+SC-48h;
5M-30d+A+SC-48h

episodes of rMTBI, two episodes of 5 hits each were given to the rats.
The second episode of IMTBI or sham procedures was given after 30 days
of the first episode (SM-30d + SC-48h, n=15; SC-30d + 5M-48h, n=5;
SM-30d + 5M-48h, n = 6). Double sham control rats were also generated
(SC-30d + SC-48h, n=5) in parallel. All the rats were sacrificed after
48 h of the second episode. Additional cohort of animals (SC-30d +
SC-48h, n=5; 5M-30d + SC-48h, n=5; 5M-30d + 5M-48h, n=15) was
generated for histochemical studies. d The rats subjected to double epi-
sodic rMTBI paradigm were either treated with vehicle (V) or 5-AzaC
(A) before the ond episode (5M-30d + V + SC-48h, n=5; 5SM-30d + A +
SC-48h, n =5; 5M-30d + V + 5M-48h, n=35; SM-30d + A + 5M-48h,
n=15). Sham control rats were also generated on concurrent days as that
of rMTBI (SC-30d + V + SC-48h, n=5; SC-30d + A + SC-48h, n=5).
rMTBI, repeated mild traumatic brain injury; 5-AzaC, 5-azacytidine
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2" episode of rMTBI (5M) and the other was subjected to
sham procedures. These groups were further subdivided into
two groups based on the administration of 5-AzaC (SM-30d +
A + SC-48h, n=5; 5M-30d + A + 5M-48h, n =5) and vehicle
(5M-30d + V + SC-48h, n=5; SM-30d + V + SM-48h, n = 5).
In addition, the animals which received sham procedures dur-
ing both the episodes were also treated with either 5-AzaC
(SC-30d + A + SC-48h, n=15) or vehicle (SC-30d + V + SC-
48h, n = 5) after 30 days of the 1™ episode of sham procedures.
All the animals were euthanized after 48 h of the 2™ episode
and the brains were collected for further molecular (SOD2
mRNA and protein levels; MeDIP-qPCR) and biochemical
(SOD?2 activity) analyses.

Cell Culture

The PC12 cell line was obtained as a generous gift from Dr.
Chaitanya Athale (Indian Institute of Science Education and
Research, IISER-Pune, India). The cells were cultured at
37 °C in an atmosphere of 5% CO, and 95% air in Opti-
MEM media (ThermoFisher Scientific, USA). The Opti-
MEM was supplemented with 5% (v/v) fetal bovine serum
(FBS; 10270106, Gibco® Life Technologies, CA, USA),
10% (v/v) of heat-inactivated horse serum (Sigma, MO,
USA), 100 U/mL penicillin, and 100 pg/mL streptomycin.
The PC12 cells were differentiated into neuron-like cells by
treating in a differentiation medium (Opti-MEM containing
0.5%, v/v, FBS; 100 U/mL penicillin; 100 pg/mL streptomy-
cin; 50 ng/ml of nerve growth factor; 13257019,
ThermoFisher Scientific, USA) for 9 days. Sub-lethal dose
of glutamate was used to mimic the oxidative damage ob-
served in tMTBI. As previously examined [38], the cells were
exposed to 15 mM glutamate for 24 h. For silencing
DNMTS3Db, the glutamate-treated PC12 cells were transfected
with DNMT3b siRNA (Eurogentec, Belgium) using
Lipofectamine® MessengerMAX Transfection Reagent
(ThermoFisher Scientific, USA) according to manufacturer’s
instructions. Furthermore, the cells were collected by scrap-
ping and used for molecular analyses (SOD2 and DNMT3b
mRNA levels; MeDIP-qPCR).

Novel Object Recognition Test

The effect of 5-AzaC on the recognition memory of rMTBI-
induced rats was studied using NOR test as described previ-
ously [13]. Briefly, the NOR test includes three phases: habit-
uation, acquisition, and test session. Habituation for NOR
procedure was carried out on the 37™ day (28" day post
rMTBI). The rat was allowed to habituate the open field for
10 min without any object. After 24 h of habituation phase, on
the 38™ day (29™ day post rMTBI), the rat was subjected to
acquisition trial for 5 min, where it was allowed to explore the
two identical objects. Furthermore, the rats were subjected to
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the testing phase after 24 h, i.c., on the 39™ day (30" day post
rMTBI), when one of the objects was replaced with novel
object. The 5-AzaC was administered 2 h before the habitua-
tion, acquisition, and testing phases on the 37"-39™ day
(28"-30™ day post rMTBI) respectively. The exploration time
was measured by the observer blind to the treatments. The
exploration behavior of the rats was defined by the typical
behavior such as sniffing or poking the object with the nose.
The exploration time for each object was recorded to measure
discrimination index (DI). The DI represents the proportion of
time spent for exploring both the familiar (F) and novel (N)
objects in the testing phase [13, 39, 40]. The formula for
calculating DI is N-F/N + F (N = time spent with novel object
and F = time spent with familiar object). The positive score of
DI indicates preference to the novel object while negative
score correlates to the preference for the familiar object
[41-43]. The discrimination of novel object over familiar ob-
ject during the test session indicates the impairment in the
recognition memory.

ROS Detection by H2DCFDA Dye

The intracellular change in ROS levels was detected by using
2', 7'-dichlorodihydrofluorescein diacetate dye (H2DCFDA,;
ThermoFisher Scientific, USA). As previously described [44],
the tissue was homogenized in ROS buffer and incubated with
H2DCFDA dye. The reaction was stopped with 70% ethanol,
0.1 N HCI, and neutralized by 1 M NaHCOs. The ROS levels
were then evaluated by measuring fluorescence intensity with
excitation at optical density (OD) of 485 nm and emission at
OD 535 nm in a multimode microplate reader (Hidex,
Germany). Intensity of fluorescence was expressed as relative
fluorescence units (RFU).

Reverse Transcriptase-Quantitative PCR (RT-qPCR)
for mRNA Measurements

Total RNA was isolated using TRIZOL reagent (Ambion,
USA) as described previously [12, 13, 45]. The DNA contam-
ination was eliminated using DNA-free™ DNA Removal Kit
(Life Technologies, USA). The RNA was checked for its pu-
rity and quantified using Biospec Nano spectrophotometer
(Shimadzu, Japan). The reverse transcription was performed
using iScript cDNA synthesis kit (Bio-Rad Laboratories, CA,
USA). The thermal profile used for the reverse transcription
was 25 °C for 5 min, 45 °C for 20 min, and 95 °C for 1 min.
Quantitative reverse transcription PCR (RT-qPCR) for the
target gene (GAPDH, SOD2, DNMTI1, DNMT3a,
DNMT3b) was performed using SYBR green qPCR master
mix (Bio-Rad Laboratories, USA) on CFX96™ Real-time-
PCR System (Bio-Rad Laboratories, Singapore). Specific
primer sets used for amplification of target cDNA are men-
tioned in Table 2. The data were analyzed using GAPDH as an
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Table 2 List of primers used for

mRNA expression analysis using Gene name Forward/reverse (5'-3") Sequence
RT-gPCR
GAPDH Forward ATGACTCTACCCACGGCAAG
Reverse CTGGAAGATGGTGATGGGTT
DNMT1 Forward AAGCCAGCTATGCGACTTGGAAAC
Reverse ACAACCGTTGGCTTTCTGAGTGAG
DNMT3a Forward CACCTACAACAAGCAGCCCATGTA
Reverse AGCCTTGCCAGTGTCACTTTCATC
DNMT3b Forward TGTGCAGAGTCCATTGCTGTAGGA
Reverse GCTTCCGCCAATCACCAAGTCAAA
SOD2 Forward GTGTCTGTGGGAGTCCAAGG
Reverse TGCTCCCACACATCAATCCC

internal control. We have previously reported the GAPDH as
the best housekeeping gene for the gene expression analysis
employing tMTBI model [46]. The cycling parameters used
for real-time PCR were as follows: 95 °C for 10 min followed
by 40 cycles of 95 °C for 15 s, 60 °C for 15 s. After the PCR
amplification, melt curves for the products were generated by
heating at the temperature range from 60 to 95 °C in 0.5 °C
increments at a rate of 5 s/step. Fold changes in the mRNA
levels were determined for each gene after normalization to
GAPDH using 2 AACT method [47]. Results are represented
as fold changes in the mRNA levels (£ SEM).

Western Blot

Total protein from hippocampal tissue was isolated using
RIPA lysis buffer. To check the subcellular localization of
SOD2, the mitochondrial fraction was separated using mito-
chondrial isolation kit (ThermoFisher Scientific, USA), ac-
cording to the manufacturer’s instructions and lysed using
Tris buffer containing 2% CHAPS. The proteins were quan-
tified using BCA method (ThermoFisher Scientific, USA) and
resolved by SDS-PAGE in a 12% polyacrylamide gel. The
resolved proteins were further transferred to PVDF membrane
(0.45 um; Millipore, USA) for immunoblotting according to
standard procedures. The blots were blocked using Starting
Block T20 (TBS) Blocking Buffer (ThermoFisher Scientific,
USA) and incubated 16 h with antibodies. We used the fol-
lowing antibody dilutions: 1:500 for rabbit polyclonal anti-
body against MnSOD (06-984, Millipore, USA); 1:2000 for
rabbit polyclonal antibody against HSP60 (E-AB-70103,
Elabscience, USA); and 1:5000 for rabbit polyclonal antibody
against (3-actin (ab8227, Abcam, UK). A dilution of 1:5000 of
HRP conjugate secondary antibody (Thermo scientific, USA)
was used to detect the primary antibodies. Enhanced chemi-
luminescent reagent (ECL; Advansta, USA) was applied on
the blot and images were acquired using My ECL Imager
(Chemi-Doc, Thermo Scientific, USA). Protein bands were
quantified using Image J 1.45 software (National Institutes
of Health, Bethesda, MD). Average relative density of the

proteins was determined after normalization to (3-actin (total
protein) or HSP60 (mitochondrial protein). Results are repre-
sented as average relative density of the protein levels (+
SEM).

SOD2 Activity

The SOD?2 activity in the hippocampus was measured using
SOD activity assay kit as per manufacturer’s instructions
(K335, BioVision, CA, USA). Briefly, the hippocampal tissue
was homogenized in ice cold 0.1 M Tris-HCI (pH 7.4) con-
taining 0.5% Triton X-100, 5 mM (3-ME, and 0.1 mg/ml
PMSF. The homogenate was spun at 14000g for 5 min at
4 °C and the supernatant was treated with 2 mM potassium
cyanide (KCN) to inhibit SOD1 activity. WST-1 produces a
water-soluble formazan dye upon reduction with superoxide
anion which was measured colorimetrically at OD 450 nm by
a multimode microplate reader (Hidex, Germany). Results are
represented as percentage activity of control (= SEM).

Catalase Activity

The catalase activity in the hippocampus was measured using
a catalase activity assay kit as per the manufacturer’s instruc-
tions (ab83464, Abcam, USA). Briefly, hippocampal tissue
(25 mg) was homogenized in ice-cold assay buffer. The ho-
mogenate was centrifuged at 10000g for 15 min at 4 °C and
supernatant was treated with freshly prepared | mM H,0,. In
the absence of catalase, the H,O, gets accumulated in the cell
which reacts with OxiRed probe to produce a product that can
be detected fluorometrically at Ex/Em = 535/587 nm in a mul-
timode microplate reader (Hidex, Germany). Results are rep-
resented as nmol/min/ml activity as compared to controls (+
SEM).

DNMT Activity

The nuclear protein fraction of the hippocampus was isolated
using CelLytic™ NuCLEAR™ Extraction Kit (NXTRACT;
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Sigma, USA). The DNMT activity in the nuclear protein frac-
tion (20 pg) was estimated using EpiQuik™ DNA methyl-
transferases activity/inhibition assay kit (Epigentek,
Brooklyn, NY, USA) as reported previously [12].
Multimode microplate reader (Hidex, Germany) was used to
record the OD at 450 nm and the results are represented as
percentage of control (= SEM).

Methylated and Hydroxymethylated DNA
Immunoprecipitation Assay

The methylated (MeDIP) and hydroxymethylated DNA im-
munoprecipitation (HMeDIP) assay was performed to exam-
ine the levels of 5-methylcytosine (5mc) and 5-
hydroxymethylcytosine (Shme) at the SOD2 promoter, as pre-
viously reported [12]. In brief, the DNA was isolated from the
hippocampal tissue by phenol-chloroform method
(Invitrogen, USA). The purified DNA was sonicated in a
water-bath sonicator to produce 200-500 bp fragments. The
DNA was further heat denatured and used for immunoprecip-
itation using the antibodies against Smc (A-3001, Zymo,
USA) or Shmc (C15310210, Diagenode, Belgium) for over-
night at 4 °C. A fraction of sonicated DNA was separately
stored for further use as input DNA. The antibody-DNA com-
plex was incubated with protein A/G PLUS-agarose™ beads
(Santa Cruz Biotechnology, USA) for 2 h. The bead-antibody-
DNA complex was serially washed through low salt, high salt,
and Tris-EDTA buffers. The DNA was eluted from the beads
in the elution buffer at 67 °C. The eluted DNA was
cleaned by using phenol-chloroform method. The
qPCR was performed to amplify the immunoprecipitated
and input DNA using the SYBR Green qPCR Master
Mix (Bio-Rad Laboratories, USA) and primers specific
to SOD2 promoter (Forward: 5’-GTCTGAGGGTGGAG
CATAGC-3', Reverse: 5’-CTGCTCTCCTCAGA
ACACGG-3"). The input DNA was used in parallel as
the internal control to normalize the Ct values of the
immunoprecipitated DNA. The normalized Ct values
were used to calculate the fold changes in the methylation
and hydroxymethylation levels using 2 T method [47].
The results are represented as mean fold changes (+ SEM)
with respect to controls.

Methylated DNA Immunoprecipitation Sequencing
and Analysis

The MeDIP sequencing was performed on the Illumina plat-
form (Eurofins India Pvt. Ltd., Bangalore, India). DNA was
isolated from the hippocampus using CTAB phenol-
chloroform method followed by RNAse A treatment.
Quality and quantity of DNA were checked by nanodrop
spectrophotometer (ThermoFisher Scientific, USA). The
DNA was fragmented using ultrasonicator (Covaris M220,
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ThermoFisher Scientifc, USA) to generate a mean fragment
distribution of 150 bp and these fragments were further sub-
jected to end-repair. MagMeDIP kit was used for the immu-
noprecipitation of the methylated DNA. Paired-end Illumina
libraries were prepared using TruSeq Nano DNA library prep
kit (Illumina, USA), as per the manufacturer’s instructions and
evaluated for size distribution and concentration using an au-
tomated electrophoresis system (4200 Tape station system,
Agilent technologies). The libraries were then loaded on
NextSeq 500 for cluster generation and sequencing which
generated paired-end reads of 90—100 nucleotides. The results
were analyzed for data quality and adaptor trimming
using Trimmomatic (v0.35). The high-quality reads were
mapped to the rat genome (Rattus norvegicus) v6.0
using the BWA-Mem with default parameter. Furthermore,
alignment files were processed by Samtools to convert the
alignment output into BAM files and the BED files
were generated by MACS2 peak caller. Differential
methylation profiles of SOD2 and GAPDH genes were
visualized using Integrative Genomics Viewer (IGV)
version 2.5.0 [48].

Chromatin Immunoprecipitation Assay

Chromatin immunoprecipitation (ChIP) was performed to
measure DNMT3b occupancy at the SOD2 promoter as de-
scribed previously [13]. In brief, the tissue was homogenized
with cold PBS and fixed in 4% formaldehyde at 37 °C for
10 min. The fixation reaction was quenched by adding gly-
cine. The homogenate was centrifuged at 1200g for 10 min;
the pellet was resuspended in SDS-lysis buffer and sonicated
to shear the chromatin. Sheared chromatin (200 pl) was
immunoprecipitated using antibody against DNMT3b (2 ug;
sc-376043, Santacruz, USA) at 4 °C overnight. A part of
sheared chromatin was separated to use as input. The
chromatin-antibody complex was incubated with protein A/
G PLUS-agarose™ beads (Santa Cruz Biotechnology, USA)
for 4 h at 4 °C. The beads-antibody-chromatin complex was
serially washed through low salt, high salt, and Tris-EDTA
buffers. The chromatin was eluted in elution buffer by incu-
bating the complex at 67 °C for 2 h. Both the input and
immunoprecipitated chromatin were subjected to proteinase
K digestion for 2 h at 55 °C and DNA was isolated by the
phenol-chloroform method. Quantitative PCR was performed
to amplify the immunoprecipitated and input DNA using the
SYBR Green qPCR Master Mix (Bio-Rad Laboratories,
USA) and the primers specific to SOD2 promoter as given
in the “Methylated and Hydroxymethylated DNA
Immunoprecipitation Assay” section. Fold changes were cal-
culated after normalizing the Ct values of immunoprecipitated
DNA to input DNA using 2 “““T method [46]. The results
are represented as mean fold changes (+ SEM) with respect to
sham controls.
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Immunohistochemistry

The immunohistochemistry was performed for the localiza-
tion of the SOD2 and 8-hydroxyguanosine (8-OHG) in the
hippocampus, as reported previously [13, 45]. Briefly, the
animals were perfused transcardially using normal saline
followed with 4% paraformaldehyde (PFA). The animals
were decapitated after the perfusion and the brains were kept
in 4% PFA overnight for post fixation. The fixed brains were
transferred serially to 15% and 30% sucrose solutions and
were cut on cryomicrotome (Leica Microsystems, Germany)
at 20 pwm thickness. The sections were washed in 0.01 M PBS
and blocked in 1% BSA in PBST for 30 min. The sections

dk

Bl 5M-48h

S—

SOD2 activity
(% of control)
o 0
o o

w
=]

CA3 DG

B 5M-30d

were incubated with mouse monoclonal antibodies against 8-
OHG (ab62623, Abcam, UK) at 1:2000 dilution. After incu-
bation, the sections were washed with PBS and incubated with
secondary antibodies anti-mouse IgG-Alexa fluor 488
(A11001, ThermoFisher Scientific, USA) at 1:500 dilution
for the detection of immunoreactivity. The sections were
washed with PBS, mounted on slides with mounting medium
(Vectashield, Vector Laboratories, CA, USA), and observed
under the epifluorescence microscope (DM-4500, Leica
Microsystems, Germany).

Bright field immunostaining was performed for the locali-
zation of SOD2 protein in the hippocampus using Vectastain®
ABC Kit (PK-6101, Vector Laboratories, CA, USA). Briefly,
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<« Fig. 2 rMTBI induces oxidative stress and downregulation of SOD2 in
the hippocampus over 30 days. a ROS levels were estimated using
H2DCFDA oxidation assay in the sham control (SC, n =5) and rMTBI-
exposed rats at 48 h (SM-48h, n=5) and 30 days (5M-30d, n=6). b The
oxidative DNA damage in the hippocampus was detected by 8-OHG
immunofluorescence staining. Pictomicrographs showing the 8-OHG-
positive cells in the subfields of hippocampus (CA1, CA2, CA3, and
DG) of SC (n=5), 5M-48h (n=15), and 5SM-30d (n=5) rats. Scale bar:
100 um. ¢ The intensity was quantified and represented as percentage
immunoreactive area in all the groups. d Degenerating neurons were
detected by FJC staining. Pictomicrographs demonstrate the FJC-
positive cells in CA3 and DG subfields of hippocampus in SC (n=15),
5M-48h (n=5), and 5M-30d (n =5) rats. Scale bar: 100 um. e The in-
tensity of FJC-positive cells was quantified and represented as percentage
immunoreactive area. f The mRNA levels and g protein (total and mito-
chondria) levels of SOD2 in the hippocampus of the sham (n=5) and
rMTBI- exposed rats (SM-48h, n=15; SM-30d, n=5). The blot images
represent intensity of SOD2 protein expressed in SC, 5M-48h and 5M-
30d rats. Quantitative analysis of protein levels was performed by inten-
sity measurement of SOD2 with respect to (3-actin (total) and HSP60
(mitochondrial). h The SOD2-positive cells were detected in the hippo-
campus of SC (n=5), 5M-48h (n=5), and 5M-30d (n=5) rats using
immunolabeling. Pictomicrographs illustrate the SOD2 expression in
the CA3 and DG regions at 48 h and 30 days post rtMTBL Scale bar:
100 um. i The SOD2-positive cells were quantified and represented as
percentage immunoreactive area. j The overall SOD2 activity in the hip-
pocampus was estimated in SC (n =5), SM-48h (n =5), and SM-30d (n =
5) rats and represented as percentage of control. Values in the graphical
representations are means (:SEM) and are indicated as significantly dif-
ferent as compared to controls (*p < 0.05, **p <0.01, ***p < 0.001; one-
way ANOVA followed by post hoc Tukey’s test). The SOD2 function
increased after 48 h of ’IMTBI and then alleviated at persistent time point.
The details of statistical analyses are presented in Supplementary
Table S2. ROS, reactive oxygen species; H2ZDCFDA, 2, 7'-
dichlorodihydrofluorescein diacetate; SOD2, superoxide dismutase 2;
rMTBI, repeated mild traumatic brain injury; 8-OHG, 8-
hydroxyguanine; FJC, Fluoro Jade C; CA, cornu ammonis; DG, dentate
gyrus

the sections were washed in PBS and treated with 0.3% hy-
drogen peroxide for 2 min. Sections were incubated with nor-
mal goat serum for 30 min followed by incubation in SOD2
rabbit polyclonal antibody (1:500 dilution; 06-984, Millipore,
USA) overnight at 4 °C. Furthermore, the sections were
washed and incubated with biotinylated goat anti-rabbit IgG
antibodies at room temperature for 1 h (1:200). After washing,
the sections were treated with ABC reagent (1:100) for 1 h
followed by development of color using 3,3-diaminobenzi-
dine tetrahydrochloride (DAB) as chromogen containing
0.02% H,0, for 810 min. Sections were washed in distilled
water for 5 min, dehydrated and cleared in xylene for 15 min,
and mounted on glass slides using DPX mountant (Merck,
India). For all the SOD2 and 8-OHG immunostaining analy-
ses, three images from each bregma-matched section from five
sections of each animal (total 15 images from each animal)
were subjected to morphometric analysis using Image J 1.45
software. The results were analyzed and represented as the
mean percentage immunoreactive area (+ SEM).
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Fluoro Jade C Staining

Fluoro Jade C (FJC) is a polyanionic fluorescein derivative
which selectively binds to degenerating neurons [49]. The dye
was applied to examine the dying neurons in the hippocampus
of the animals exposed to tMTBI. For the detection of the
degenerating neurons, the brain sections were mounted on
gelatin-coated slides, air-dried, and subjected to FJC staining.
In brief, the slides were rehydrated in absolute ethanol for
3 min and 70% ethanol for 1 min. The slides were incubated
in 0.06% KMnO, solution for 15 min to reduce the back-
ground and prevent from photobleaching or fading. The FIC
(AG325, Merck Millipore, USA) stock solution (0.01%) was
prepared by dissolving in the distilled water. The appropriate
working solution was achieved by making 0.001% FJC solu-
tion with glacial acetic acid. The slides were washed for
1 min and incubated with 0.001% FJC staining solution
in the dark for 30 min. After 3 washes, the slide was
air-dried, xylene cleared, and mounted with DPX
mountant. The FITC filter was used for visualizing FJC
staining on the epifluorescence microscope (DM-4500,
Leica Microsystems, Germany). Three images from each
bregma-matched section from five sections of each ani-
mal were subjected to morphometric analysis using
Image J 1.45 software. The results are represented as
the mean percentage reactive area (£ SEM).

Statistical Analyses

The differences among the groups included in the study with
one episode of rMTBI/sham procedure were tested for the
significance using one-way analysis of variance (ANOVA).
The differences among the groups treated with (1) two epi-
sodes of either sham or rMTBI procedures and (2) 5-AzaC or
vehicle treatment were analyzed using two-way ANOVA.
The analysis of SOD2 and ROS levels among different groups
with 1 or 3 traumatic hits was evaluated by two-way ANOVA
(Supplementary Fig. S2). Post hoc analyses for all the
ANOVA comparisons were performed using the Tukey’s
multiple comparison test. The p values less than 0.05
(p <0.05) were considered significant for all the analyses.
All the statistical details for ANOVA analyses (F values, p-
values, and df values) are provided in Supplementary
Tables S1-S6.

Results

rMTBI-Induced Oxidative Stress
and Neurodegenerative Changes

We have investigated the effects of single MTBI or rMTBI
induced by 3 (3M) or 5 hits (SM) on total cellular ROS levels
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in the hippocampus post 48 h and 30 days. The ROS levels
were increased at 48 h (p < 0.05) after exposure to 5 hits (SM-
48h), which persisted until 30 days (5M-30d; p<0.01;
Fig. 2a). However, the single MTBI or rtMTBI by 3 hits could
not provoke the ROS levels at both the time points
(Supplementary Fig. S2a).

In order to examine the oxidative damage induced by
rMTBI, we have measured the levels of 8-OHG, a DNA ox-
idation marker [26, 50]. The number of 8-OHG-positive cells
were higher in all the sub-regions of the hippocampus [cornu
ammonis (CA) 1, 2, 3 and dentate gyrus (DG)] at 48 h
(»<0.01), while at 30 days, the maximum DNA damage
was observed in the CA3 and DG (p<0.01; Fig. 2b, c).
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Furthermore, the FJC staining was performed to quantify the
number of degenerating neurons in the hippocampus. The
number of FJC-positive degenerating neurons was higher in
the CA3 region at both the time points (p <0.01 at 48 h and
p<0.001 at 30 days), whereas number of such neurons was
increased in the DG only at 30 days post tMTBI (p <0.01;
Fig. 2d, e).

rMTBI Caused SOD2 Dysfunction
The effects of rIMTBI on functional expression of SOD?2 in the

hippocampus were tested by measuring its mRNA, protein,
and activity levels at 48 h and 30 days after 5 hits (SM-48h and
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<« Fig. 3 rMTBI induces persistent hypermethylation on SOD2 promoter
via DNMT3b. a Quantification of 5mc (MeDIP) and 5Shmc (HMeDIP)
levels at SOD2 promoter of sham control (SC, n = 5) and rMTBI-exposed
rats (5M-48h, n =5 and 5M-30d, n = 6). The line diagram illustrates the
primers designed at SOD2 promoter for the qPCR analysis. b Integrated
Genome Browser (IGB) view of Smc peaks in SOD2 gene generated by
MACS?2 peak caller. Read coverage is represented in red (SC, n=2),
green (SM-48h, n=2), and blue (5M-30d, n =2). Location of the SOD2
promoter primers used for MeDIP-qPCR is depicted below the gene
track. ¢ Quantification of 5mc levels at GAPDH promoter using
MeDIP-gPCR in SC (n=35), SM-48h (n=5), and SM-30d (n = 6) rats. d
IGB view of Smc peaks in GAPDH gene generated by MACS2 peak
caller. Read coverage is represented in red (SC, n=2), green (SM-48h,
n=2), and blue (5M-30d, n=2). e Relative quantification of mRNA
levels of DNMTT, 3a and 3b isoforms in SC (n=15), 5M-48h (n=35),
and 5M-30d (n=15) rats. f DNMT activity in SC (n=35), 5M-48h (n=
5), and 5M-30d (n =06) rats. g Quantification of DNMT3b binding at
SOD2 promoter using ChIP-qPCR in SC (n=15), SM-48h (n=15), and
SM-30d (n=6) rats. The DNMT3b occupancy at the SOD2 promoter
decreased at early time point and increased at 30 days post trauma which
in turn increased DNA methylation and SOD2 repression. h The mRNA
levels of SOD2 and DNMT3b. i 5mc levels in the SOD2 promoter in the
untreated (n =3), glutamate only (n=3), and glutamate with DNMT3b
siRNA-treated (n = 3) PC12 cells. Values in the graphical representations
are means (+SEM) and are indicated as significantly different as com-
pared to sham control or untreated PC12 cells (*p <0.05, **p <0.01,
*##%p <(0.001; one-way ANOVA followed by post hoc Tukey’s test);
glutamate with DNMT3b siRNA-treated PC12 cells was also compared
with glutamate only-treated cells (***p <0.001; one-way ANOVA
followed by post hoc Tukey’s test). The results of statistical analyses
are presented in Supplementary Table S3. Smec, 5-methyl cytosine;
Shme, 5-hydroxymethyl cytosine levels; SOD2, superoxide dismutase
2; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; MeDIP, meth-
ylated DNA immunoprecipitation; IGB, Integrated Genome Browser;
DNMT, DNA methyltransferase; ChIP, Chromatin immunoprecipitation;
PC12, pheochromocytoma-12 cell-line; tMTBI, repeated mild traumatic
brain injury

5M-30d). SOD2 mRNA and protein levels in whole hippo-
campal lysate, as measured by RT-qPCR and western blot
respectively, were elevated at 48 h (p <0.05) after rIMTBI
but declined at 30 days (p < 0.01; Fig. 2f, g). The changes in
SOD2 protein levels in whole cell lysate were similar to that of
the mitochondrial protein fractions, whereas SOD2 protein
levels were increased at 48 h (p <0.01) and reciprocally de-
creased at 30 days (p <0.01; Fig. 2g). In addition, the immu-
nohistochemical analyses of the hippocampus showed the
similar changes as observed by western blot. The percentage
of SOD2 immunoreactive area in the CA3 and DG subfields
of hippocampus was heightened at 48 h (» < 0.01), which was
reciprocally waned at 30 days (p < 0.05; Fig. 2h, i). Similar to
the protein levels, the SOD2 activity was also augmented at
48 h after IMTBI (p < 0.05) but declined at 30 days (p < 0.05;
Fig. 2j). In addition, we have also examined the mRNA levels
of SOD2 in the hippocampus of rats exposed to single MTBI
or tMTBI by 3 hits. On one hand, single MTBI did not alter
SOD2 mRNA levels at both the time points; on the other hand,
3 hits increased the SOD2 levels at 48 h (p < 0.05) which were
subsequently normalized by 30 days (Supplementary Fig.
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S2b). These results suggest that rMTBI induced by 5 hits,
and not by 3 hits, is able to cause long-lasting changes in
SOD?2 functions via neuroadaptation.

In addition, we have also examined the catalase activity in
the hippocampus post 48 h and 30 days of rtMTBI. The
catalase activity was increased at 48 h (p <0.05) which
was further normalized by 30 days of rMTBI
(Supplementary Fig. S3).

rMTBI Silenced SOD2 Function via
DNMT3b-Dependent DNA Methylation

The levels of cytosine methylation (5mc) and
hydroxymethylation (Shmce) at the SOD2 promoter were ex-
amined using MeDIP-qPCR, HMeDIP-qPCR, and MeDIP-
SEQ peak analysis. The MeDIP-qPCR analysis showed de-
creasing trend of Smc levels (p < 0.184) at SOD2 promoter (+
63 to —251) after 48 h (Fig. 3a). On the contrary, significant
hypermethylation was observed at 30 days of rMTBI
(p <0.01; Fig. 3a). The MeDIP-SEQ peak analysis confirmed
the observations from MeDIP-qPCR analysis. The methyla-
tion peak profile at the SOD2 locus verified the hypermethy-
lation at the promoter region at the 30™day time point (Fig.
3b). The primer designed for MeDIP-qPCR spans the same
promoter region of SOD2 gene that showed the hypermethy-
lation in MeDIP-SEQ peak analysis (Fig. 3b). As opposed to
the Smc levels, the Shmce levels were significantly elevated at
48 h (p<0.05) and declined at 30 days (p<0.01; Fig. 3a),
which suggest the sequential effects of rMTBI on demethyla-
tion and methylation process at SOD2 promoter. As a control,
the DNA methylation was also examined at the GAPDH pro-
moter. The tMTBI did not alter the Smc levels at GAPDH
promoter as examined by both the MeDIP-qPCR (Fig. 3c)
and MeDIP-SEQ peak analysis (Fig. 3d). These results indi-
cate (i) the gene-specific effects of rMTBI and (ii) that the
DNA methylation in SOD2 promoter was the result of IMTBI.

The effects of rMTBI on DNMTs were analyzed by mea-
suring mRNA and protein activity levels in the hippocampus.
The DNMT3a mRNA levels were reduced at 30 days
(p <0.05). However, DNMT3b mRNA levels were reduced
at48 h (p < 0.05) and increased at 30 days (p < 0.01). DNMT1
mRNA levels were not affected by the tMTBI (Fig. 3e). As
similar to the changes in DNMT3b mRNA levels, the DNMT
activity was attenuated at 48 h (p < 0.05) and was reciprocally
enhanced at 30 days (p < 0.001; Fig. 3f). As DNMT activity as
well as DNMT3b mRNA levels was accentuated at 30 days,
we have further investigated whether DNMT3b may be causal
to SOD2 promoter methylation and thereby regulates its ex-
pression. The ChIP-qPCR analysis confirmed the occupancy
of SOD2 promoter by DNMT3b. In parallel with the MeDIP
analysis, the DNMT3b occupancy at SOD2 promoter was
lowered at 48 h (p <0.087) with subsequent increase by
30 days (p < 0.05; Fig. 3g).
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The role of DNMT3b in the SOD2 promoter methylation
and expression was further tested in vitro using DNMT3b-
siRNA treatments to neurons derived from PC12 cells. To
mimic the IMTBI-induced chronic oxidative stress conditions,
cells were treated with sub-lethal dose of glutamate [38]. As
expected, glutamate toxicity increased DNMT3b mRNA
levels (p <0.05; Fig. 3h) which was coincident with Smc
levels at SOD2 promoter (p <0.05; Fig. 3i) and SOD2
mRNA levels (p <0.05; Fig. 3h). Moreover, the DNMT3b-
siRNA transfection in the glutamate-treated cells reduced
DNMT3b mRNA levels (p < 0.001; Fig. 3h) with concomitant
reduction in Smc levels at SOD2 promoter (p < 0.001; Fig. 31)
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thereby activating SOD2 expression (p < 0.001; Fig. 3h). The
in vitro as well as in vivo studies, therefore, suggest that the
DNMT3b-dependent DNA methylation plays an important
role in SOD2 expression, and the mechanism is dysregulated

by rMTBI.

5-Azacytidine Revoked rMTBI-Induced Chronic
Silencing of SOD2

From the above experiments, it seems reasonable to believe
that the rMTBI induced long-lasting changes in DNA meth-
ylation at SOD2 promoter, likely via DNMT3Db upregulation.
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«Fig. 4 5-Azacytidine restores rMTBI-induced DNMT3b-mediated
SOD2 function and oxidative stress in the hippocampus. Effect of 5-
AzaC or vehicle treatment on a DNMT activity. b Smc and Shmc levels
at SOD2 promoter. ¢ SOD2 mRNA levels in the hippocampus of sham
control [SC-30d+V, (n=5); SC-30d + A, (n=5)] and rMTBI-exposed
rats [SM-30d+V (n=15); 5M-30d + A (n=5-6)]. d The blot represents
mitochondrial SOD2 levels in the hippocampus of SC-30d +V (n=5),
SM-30d+V (n =5), SC-30d+ A (n=5), and SM-30d+ A (n=15) rats.
The SOD2 protein quantification is represented as average relative den-
sity with respect to HSP60. e SOD2 activity in the hippocampus of SC-
30d+V (n=5),5M-30d+V (n=5), SC-30d + A (n=5), and SM-30d +
A (n=5) rats is represented as percentage of control. The treatment of 5-
AzaC reversed the DNMT3b-induced DNA methylation at SOD2 pro-
moter, thereby restoring its function. Effect of 5-AzaC or vehicle treat-
ment on f ROS levels as measured by DCF fluorescence intensity and g
DNA damage as measured by 8-OHG immunostaining in the hippocam-
pus of sham control [SC-30d+V, (n=5); SC-30d + A, (n=15)] and
rMTBI-exposed rats [SM-30d+V (n=5); SM-30d+ A (n=5)]. The
pictomicrographs represent immunostaining of 8-OHG in the subfields
of the hippocampus (CA1, CA2, CA3, and DG) of vehicle and 5-AzaC-
treated sham control and rtMTBI-exposed rats. Scale bar: 100 pum. h 8-
OHG-positive cells were quantified and represented as percentage immu-
noreactive area. i Degenerative neurons were measured by FJC staining.
The pictomicrographs represent FIC-positive cells in subfields of hippo-
campus of sham control [SC-30d + V, (n=5); SC-30d + A, (n=5)] and
rMTBI-exposed rats [SM-30d+V (n=5); 5SM-30d+ A (n=5)]. Scale
bar: 100 um. j The FJC-positive cells were quantified and represented
as percentage reactive area. 5-AzaC restored the rMTBI-induced SOD2
activity and thereby DNA damage and degenerating neurons in the hip-
pocampus. k The effect of 5-AzaC or vehicle on discrimination index
(DI) in the novel object recognition (NOR) test performed by SC-30d + V
(n=5),5M-30d +V (n=5), SC-30d + A (n=5), 5M-30d + A (n = 5) rats.
5 AzaC treatment improved rMTBI-induced persistent deficits in learning
and memory. Values in the graphical representations are means (SEM)
and are indicated as significantly different as compared to SC-30d + V
(*p<0.05, **p<0.01, ***p <0.001) and as compared to SM-30d +V
("p<0.01, ¥ p <0.001; two-way ANOVA followed by post hoc
Tukey’s test). The details of statistical analyses are presented in
Supplementary Table S4. DNMT, DNA methyltransferase; ROS, reactive
oxygen species; H2DCFDA, 2, 7'-dichlorodihydrofluorescein diacetate;
SOD2, superoxide dismutase 2; tMTBI, repeated mild traumatic brain
injury; 8-OHG, 8-hydroxyguanine; FJC, Fluoro Jade C; CA, cornu
ammonis; DG, dentate gyrus

To reveal this causality, 5-AzaC was intraperitoneally injected
to the rMTBI-exposed rats. As mentioned above (“rMTBI
Caused SOD2 Dysfunction™ section; Fig. 2f—j and “rMTBI
Silenced SOD2 Function via DNMT3b-Dependent DNA
Methylation” section; Fig. 3a), we have again observed the
increase in the DNMT activity (p <0.01; Fig. 4a) hyperme-
thylation in SOD2 promoter (p < 0.01; Fig. 4b), decrease in its
mRNA (p <0.001; Fig. 4c) and protein levels (p < 0.001; Fig.
4d), and dampening of SOD2 activity (p < 0.01; Fig. 4e) in the
rMTBI-exposed rats treated with vehicle (5M-30d + V), as
compared to the vehicle-treated sham controls (SC-30d + V).
The 5-AzaC treatment (SM-30d + A) normalized the rMTBI-
induced DNMT activity (p < 0.01; Fig. 4a) and SOD2 promot-
er hypermethylation (»p <0.001; Fig. 4b). Interestingly, the
restoration of SOD2 promoter methylation by 5-AzaC
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treatment concomitantly manifested in normalization of
SOD2 mRNA (p <0.001; Fig. 4c), protein (p <0.001; Fig.
4d) and activity levels (p < 0.01; Fig. 4e).

As observed previously (“rMTBI Silenced SOD2 Function
via DNMT3b-Dependent DNA Methylation” section; Fig.
3a), the decrease in Shmc levels at SOD2 promoter was ob-
served in the vehicle-treated rMTBI-exposed rats, as com-
pared to sham controls (p <0.001; Fig. 4b). However, the 5-
AzaC treatment did not affect the hydroxymethylation, unlike
DNA methylation (Fig. 4b). This emphasizes that the 5-AzaC
was able to selectively decrease the DNA methylation without
affecting the existing hydroxymethylation process at the
SOD2 promoter.

5-Azacytidine Normalized rMTBI-Induced Oxidative
Damage and Neurodegeneration

The above results emphasize the potential of 5-AzaC in restor-
ing the SOD2 function via reversal of DNA hypermethylation
at promoter. Hence, we hypothesized that the 5-AzaC treat-
ment may restore the redox homeostasis in the hippocampus.
To address this, the long-term oxidative stress levels were
measured in the 5-AzaC-treated rats. Similar to the observa-
tions as mentioned in “rMTBI-Induced Oxidative Stress and
Neurodegenerative Changes” section (Fig. 2a—c), the ROS
levels and 8-OHG immunoreactivity were increased in the
hippocampus of rMTBI-exposed rats treated with vehicle
(5M-30d + V), as compared to that in the sham control rats
(SC-30d +V) (p<0.05, ROS, Fig. 4f and p <0.01, CAl;
p<0.05, CA2; p<0.001, CA3; p<0.001, DG; 8-OHG, Fig.
4g, h). Furthermore, the elevated levels of ROS and 8-OHG
immunoreactivity in rMTBI-exposed rats were restored by 5-
AzaC treatment (SM-30d + A) compared to vehicle-treated
rMTBI exposed rats (5SM-30d+V; p<0.01, ROS, Fig. 4f;
p<0.001, CAl, CA2, CA3, CA4, DG, 8-OHG, Fig. 4g, h).

As mentioned above (“rMTBI-Induced Oxidative Stress
and Neurodegenerative Changes” section; Fig. 2d, e), the
number of degenerating neurons, as measured by FJC stain-
ing, was higher in the CA3 (»p<0.001) and DG (p <0.001)
regions of hippocampus of rMTBI-exposed rats treated with
vehicle (5M-30d + V), as compared to that in the vehicle-
treated sham control rats (SC-30d + V; Fig. 41, j). The question
whether the DNA methylation-induced sequelae causing oxi-
dative stress can led to neurodegeneration was examined by 5-
AzaC treatment. The number of FJC-positive cells was re-
duced in the CA3 (p <0.001) and DG (p <0.001) of tMTBI-
exposed rats treated with 5-AzaC (5M-30d + A), as compared
to that in the rMTBI-exposed rats treated with vehicle (SM-
30d + V; Fig. 4i, j). However, the 5-AzaC treatment did not
affect the oxidative stress indicators and the number of
degenerating neurons in the sham controls (Fig. 4f—).

We have previously reported that the rMTBI induce defi-
cits in learning and memory as measured by NOR test [13].
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The rMTBI-exposed rats treated with vehicle or 5-AzaC were
subjected to the NOR test and DI was calculated as a measure
of learning and memory. Similar to our previous reports, the
DI was lower in the rMTBI-exposed rats (5SM-30d + V) versus
sham control rats (SC-30d+V; p<0.001; Fig. 4k).
Furthermore, the DI in the rMTBI-exposed rats was improved
by the treatment of 5-AzaC (SM-30d + A; p < 0.001; Fig. 4k).
However, 5-AzaC did not affect the DI in the sham controls
(Fig. 4k). These results implicate the rMTBI-induced
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DNMT3b-dependent SOD2 dysregulation as a crucial mech-

anism for inducing oxidative stress and neuropathology,
which can be reversed by DNMT inhibitor treatment.

Enduring Epigenetic Blockade of SOD2 Increased
Susceptibility to the Second Episode of rMTBI

The above results pinpoint that the SOD2 gene is silenced by
DNA methylation, which was able to chronically disrupt
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<« Fig. 5 Epigenetic silencing of SOD2 causes vulnerability to subsequent
episodes of rMTBI. Graphs represents the a SOD2 mRNA levels, b
mitochondrial SOD2 protein levels, and ¢ SOD2 activity in the
hippocampus of the rats exposed to single or double episode of rMTBI
or sham procedures (SC-30d + SC-48h, n =5; SM-30d + SC-48h, n=5-
6; SC-30d + 5M-48h n=5; 5SM-30d + 5M-48h n=06). The graph
represents d Smec and Shmc levels at SOD2 promoter, e DNMT]I, 3a,
3b mRNA levels, f DNMT3b occupancy at SOD2 promoter in the
hippocampus of SC-30d + SC-48h (n=5), SM-30d + SC-48h (n=5-6),
and 5M-30d + 5M-48h (n=6) rats. g ROS levels as measured by DCF
fluorescence intensity (7 =5). h The pictomicrographs represent 8-OHG-
positive cells in the subfields of the hippocampus (CA1, CA2, CA3, and
DGQG) of SC-30d + SC-48h (n=15), SM-30d + SC-48h (n = 5-6), and 5M-
30d + 5M-48h (n=6) rats. Scale bar: 100 um. i 8-OHG intensity were
quantified and represented as percentage immunoreactive area. j The
pictomicrographs represent FJC-positive cells in the CA3 and DG regions
of the hippocampus of SC-30d + SC-48h (n=5), SM-30d + SC-48h (n=
5-6), and 5M-30d + 5M-48h (n =6) rats. Scale bar: 100 pm. k
Quantification of FJC reaction was represented as percentage immunore-
active area. The mean (£SEM) values for SOD2 mRNA, protein, and
activity are significantly different as compared to SC-30d + SC-48h and
SC-30d + 5M-48h (*p < 0.05, ***p < 0.001; two-way ANOVA followed
by post hoc Tukey’s multiple comparisons test). The mean (=SEM)
values for other molecular and biochemical experiments were performed
by one-way ANOVA followed by post hoc Tukey’s multiple compari-
sons test and the significant differences as compared to control (SC-
30d + SC-48h) are indicated as *p <0.05, **p < 0.01, ***p <0.001.
SOD2 dysfunction was persistent even after exposure to double episode
of tMTBI. The details of statistical analyses are presented in
Supplementary Table S5. DNMT, DNA methyltransferase; ROS, reactive
oxygen species; H2DCFDA, 2, 7'-dichlorodihydrofluorescein diacetate;
SOD2, superoxide dismutase 2; rMTBI, repeated mild traumatic brain
injury; 8-OHG, 8-hydroxyguanine; FJC, Fluoro Jade C; CA, cornu
ammonis; DG, Dentate gyrus

redox homeostasis after IMTBI. Therefore, question arises
whether the rMTBI-induced long-term repression of SOD2
can be revoked immediately after exposure to another episode
of rtMTBI, similar to that after the first episode. To address
this, rats were exposed to single (5M-30d + SC-48h, SC-
30d + 5M-48h) and double episodes of rMTBI (5M-30d +
5M-48h) and SOD?2 function was measured in the hippocam-
pus. The SOD2 mRNA, protein, and activity levels were de-
clined in the rMTBI-exposed rats subjected to sham procedure
during the second episode (SM-30d + SC-48h), as compared
to double sham-exposed controls (SC-30d + SC-48h)
(p<0.001, SOD2 mRNA, protein, and activity; Fig. 5a—c).
It may be recalled that the exposure to single episode of
rMTBI elicited SOD2 function after 48 h (SM-48h; “rMTBI
Caused SOD2 Dysfunction” section; Fig. 2f—j). Similarly, the
SOD2 mRNA, protein, and activity levels of the sham-
exposed rats were augmented after 48 h of the second
rMTBI exposure (SC-30d + 5M-48h) compared to double
sham-exposed controls (SC-30d + SC-48h; p<0.001,
mRNA and activity; p < 0.05, protein; Fig. 5Sa—c). On the con-
trary, SOD2 levels of the rats exposed to rMTBI during first
episode were declined at 48 h after the second rMTBI expo-
sure (5M-30d + 5M-48h) compared to sham-treated animals
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exposed to rtMTBI during the second episode (SC-30d + 5M-
48h; p<0.001, mRNA, protein, and activity; Fig. Sa—c).
These findings revealed that the blockade created by DNA
methylation at the SOD2 promoter after the first traumatic
event culminated into permanent repression of SOD2 by
30 days, thus attenuating its response to additional episode
of rtMTBI. The MeDIP-qPCR was performed to investigate
the DNA methylation at the SOD2 promoter in the rats sub-
jected to the second episode of rMTBI. The SOD2 promoter
was hypermethylated in sham- (5M-30d + SC-48h; p <0.05)
and rMTBI-exposed rats (SM-30d + 5M-48h; p < 0.01) during
the second episode as compared to double sham-exposed rats
(Fig. 5d). It is noted that the Smc levels were main-
tained at higher levels even after 48 h of the second
episode of rMTBI, unlike to what was observed after first
episode of rMTBI (Fig. 3a). Concurrently, the Shmc levels
at the SOD2 promoter were significantly reduced (» <0.001)
in both the groups (Fig. 5d).

We have further examined the involvement of DNMT3b in
the persistent blockade of SOD2 expression via DNA meth-
ylation. DNMT3b mRNA levels were increased in tMTBI
exposed rats (SM-30d + SC-48h; p <0.01), which were con-
sistent after the second exposure to rtMTBI (5M-30d + 5M-
48h; p<0.01; Fig. Se). Similarly, DNMT3b occupancy at
the SOD2 promoter was increased in the rats exposed to single
(5M-30d + SC-48h; p<0.05) and double episodes (5M-
30d + 5M-48h; p <0.05) of rMTBI, as compared to double
sham-exposed rats (Fig. 5f). The results after the second epi-
sode were opposite to what was observed at 48 h of the first
episode of rMTBI (5M-48h; “rMTBI Silenced SOD2
Function via DNMT3b-Dependent DNA Methylation” sec-
tion; Fig. 3e, g). The mRNA levels of other DNMT isoforms
(DNMT1 and 3a) were not altered by the exposure to two
episodes of rIMTBI.

Two Episodes of rMTBI-Enhanced Oxidative Stress
and Neurodegeneration

The above results suggest that the exposure to repeated episode
of tMTBI could not revoke the SOD2 function, as observed
immediately after the first episode. As mentioned above
(“rMTBI-Induced Oxidative Stress and Neurodegenerative
Changes” and “rMTBI Caused SOD2 Dysfunction” sections;
Fig. 2), the ROS levels were high in parallel with increased
SOD2 function after 48 h of the first traumatic event. On the
contrary, the SOD2 function was persistently dampened with
reciprocal increase in ROS levels after 48 h of second sham/
rMTBI exposure (5M-30d + SC-48h; p < 0.05; SM-30d + SM-
48h; p < 0.001; Fig. 5g). Both, the 8-OHG and the FJC-reactive
area were significantly increased in the rMTBI-exposed rats
after 48 h of sham procedure (SM-30d + SC-48h) [(p <0.05,
CAl; p<0.01, CA3; 8-OHG, Fig. 5h, i) and (p <0.001,
CA3; p<0.01, DG; FIC staining, Fig. 5j, k)] or rtMTBI
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procedure during the second episode (5M-30d + 5SM-48h)
[(»p<0.01, CAl; p<0.05, CA2; p<0.01, CA3; p <0.05, DG;
8-OHG, Fig. 5h, 1) and (p < 0.001, CA3 and DG; FJC staining,
Fig. 5j, k)] compared to double sham-exposed controls (SC-
30d + SC-48h; Fig. 5h—-k). These results suggest that the
rMTBI-induced epigenetic blockade of SOD2 is causal to the
increased susceptibility towards the damage from the subse-
quent injuries.

Prophylactic Treatment of 5-azacytidine Relieved
the Blockade in SOD2 Expression During
Episodic rMTBI

The epigenetic blockade installed by DNA methylation at
SOD2 promoter during the course of time after first traumatic
event was able to maintain the suppression of SOD2 function
after the second episode. Therefore, we hypothesized that
erasing the DNA methylation induced by the first episode of
rMTBI may help improve the SOD2 function after the second
episode. To address this, we have intraperitoneally injected 5-
AzaC post 30 days of the first episode of rMTBI/sham expo-
sure and subjected these rats to the second episode. The Smc
levels were augmented in the rats which underwent single
episode of rMTBI followed by sham treatment (5M-30d +

V +SC-48h, p<0.001) and double episode of rMTBI (5M-
30d +V + 5M-48h, p < 0.001) as compared to rats exposed to
sham treatment during both the episodes (SC-30d + V + SC-
48h). Furthermore, the 5-AzaC treatment restored the rMTBI-
induced DNA methylation (SM-30d + A + SC-48h) compared
to rtMTBI-exposed vehicle-treated rats (SM-30d + V + SC-
48h, p<0.001). Therefore, the prophylactic treatment of 5-
AzaC further reduced the Smc levels at 48h after the second
episode of tMTBI (5M-30d + A + 5M-48h), as compared to
vehicle-treated rtMTBI exposed rats (SM-30d + V + 5M-48h;
p<0.001; Fig. 6a). On the contrary, the rats devoid of pro-
phylactic treatment of 5-AzaC (SM-30d + V + 5M-48h) failed
to restore the methylation status during the second episode,
similar to that observed at 48 h after sham treatment of the rats
subjected to the first episode of rtMTBI (5M-30d + V + SC-
48h; Fig. 6a).

We further examined whether the disruption of DNA meth-
ylation at SOD2 promoter by prophylactic treatment of 5-
AzaC can improve the SOD2 response during the following
event of tMTBI. The levels of SOD2 mRNA, protein, and
activity were compromised after the single episode of
rMTBI (5M-30d + V + SC-48h) compared to vehicle-treated
sham exposed rats during both the episodes (SC-30d +V +
SC-48h; p <0.001, mRNA and activity; p < 0.01, protein; Fig.
6b—d) as similar to that explained in the “rMTBI Caused
SOD2 Dysfunction” section and Fig. 2f—j. The 5-AzaC treat-
ment after 30 days of the first ’IMTBI exposure normalized the
SOD2 function after 48 h of the second episode of sham pro-
cedure (5M-30d + A + SC-48h) as compared to rMTBI-

exposed animals treated with vehicle and exposed to sham
procedure during the second episode (5M-30d + V + SC-
48h; p<0.001, mRNA and protein; p <0.01, activity).
Therefore, the prophylactic treatment of 5-AzaC increased
the SOD2 expression and activity after 48 h of the second
episode of tMTBI (5M-30d + A + 5SM-48h), as compared to
double rMTBI-exposed vehicle-treated rats (SM-30d +V +
5M-48h; p <0.001, mRNA, protein, and activity; Fig. 6b—d)
and SM-30d + A + SC-48h (p <0.001, mRNA, protein, and
activity). Similar to the methylation levels, the SOD2 expres-
sion during the second episode was not elicited in the rMTBI-
exposed rats devoid of prophylactic treatment of 5-AzaC (5M-
30d + V + 5M-48h), like observed in single rMTBI-exposed
rats (SM-30d + V + SC-48h). These results suggest the pro-
phylactic role of 5-AzaC to reinstate the DNA methylation
status at the SOD2 promoter and rescue the rMTBI-induced
chronic repression of SOD2 function.

Discussion

The novel results of the present study demonstrate that (i)
the DNA methylation by DNMT3b at SOD2 promoter
regulates its expression in the hippocampus, (ii) rMTBI-
induced DNA methylation causes persistent blockade of
SOD2 function, and (iii) that DNMT inhibition is suffi-
cient to restore the rMTBI-induced SOD2 dysfunction,
cellular damage, and deficits in learning and memory.
Although previous studies emphasized the role of
SOD2-linked oxidative homeostasis in neurological disor-
ders [32, 51], to our knowledge, the current study for the
first time demonstrates the epigenetic blockade in SOD2
expression responsible for the long-lasting secondary in-
juries inflicted by repeated episodes of trauma.

Unlike SOD?2 activation at acute phase of the first episode
of rMTBI, the methylation at SOD2 promoter induced by the
first episode obstructed SOD2 gene activation in response to
second traumatic event. The notion that the SOD2 function is
blocked by methylated promoter is supported by the fact that
the changes in DNMT3b occupancy at SOD2 promoter par-
allel to DNA methylation levels and SOD2 function at differ-
ent time points after the first and second episodes of rMTBL
Furthermore, the blockade of SOD2 expression is released by
the therapeutic action of 5-AzaC in vivo and by the treatment
of DNMT3b siRNA in vitro. Furthermore, the recovery of
SOD2 function after 5-AzaC treatment was coincident with
the reduction in rMTBI-induced neurodegenerative changes.
It can be therefore emphasized that the rMTBI-induced DNA
methylation at SOD2 promoter increases susceptibility to neu-
ral damage during the subsequent episodes. Taken together,
these findings demonstrate the significant role of epigenetic
blockade of SOD2 gene via DNMT3b-induced DNA methyl-
ation in neuroadaptive processes after rMTBI (Fig. 7).
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TBI-induced glutamate excitotoxicity results into surge in
ROS levels in different parts of the brain, such as hippocam-
pus [52], cortex [53], and striatum [54]. Glutamate
excitotoxicity increases intracellular Ca”* levels through
ionotropic receptors (NMDA and AMPA) and disrupts mito-
chondrial electron transport thereby producing excessive ROS
[55]. Our results also show the similar surge in ROS levels at
an acute time point post tMTBI. It is interesting to note that the
ROS functions as a catalyst of DNA methylation and can
induce site-specific hypermethylation via upregulation of
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Fig. 6 Prophylactic treatment of DNMT inhibitor (5-azacytidine) re-
moved the rMTBI-induced epigenetic blockade at SOD2 promoter.
Graphs showing a Smc levels at SOD2 promoter, b SOD2 mRNA levels,
¢ SOD2 protein levels, and d SOD2 activity in the hippocampus of sham
controls treated with vehicle (SC-30d +V + SC-48h, n=15) or 5-AzaC
(SC-30d + A + SC-48h, n=5), tMTBI-induced rats either treated with
vehicle (5SM-30d + V + SC-48h, n=35) or 5-AzaC (5M-30d + A + SC-
48h, n=5) and double episodic rMTBI-exposed rats prophylactically
treated with vehicle (5M-30d + V + 5M-48h, n=15) or 5-AzaC (5M-
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DNMT expression or by facilitating the formation of large
complexes containing DNMT [56, 57].

The low dose of glutamate (5 mM) is known to increase
global DNA methylation via alterations in DNMTs in the
astrocyte-neuronal-endothelial co-culture system [58].
Similarly, in current study, the glutamate treatment (15 mM)
to PCI12 cell-derived neuronal cells upregulated DNMT3b
expression coincident with the hypermethylation at SOD2
promoter. In line with this, we have also observed upregula-
tion in DNMT function, particularly DNMT3b, in the
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30d + A + SM-48h, n=5). The SOD2 function was restored after the
prophylactic administration of 5-AzaC. Values in the graphical represen-
tations are means (:SEM) and are indicated as significantly different from
SC-30d + V +SC-48h (*p<0.01, #*p <0.001) and other groups
(**p<0.01, ***p<0.001). The statistical test was performed by using
two-way ANOVA followed by post hoc Tukey’s multiple comparisons
test. The details of statistical analyses are presented in Supplementary
Table S6. SOD2, superoxide dismutase 2; rMTBI, repeated mild traumat-
ic brain injury; 5-AzaC, 5-azacytidine
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hippocampus at protracted time point (30 days) post rMTBI;
however, at early time point (48 h), DNMT activity and
DNMT3Db levels were decreased. Likewise, upregulation in
the DNMT3b mRNA was reported in the hippocampus of
the rats exposed to blast injury after 14 days [59]. In yet an-
other model of MTBI, an air blast overpressure, global DNA
hypermethylation is observed in the neurons of the frontal
cortex post 8 months [37]. However, TBI induced by contu-
sion, global DNA hypomethylation is reported after 1-2 days
post injury [60]. Therefore, it may be speculated that the local
glutamate toxicity accumulates over the course of time post
TBI or rMTBI and elevates the levels of DNMT function and
alter the DNA methylation dynamics at specific loci of the
genome.

The rtMTBI induced SOD2 promoter hypomethylation post
48 h, whereas hypermethylation post 30 days of injury.
Reciprocally, the hydroxymethylation levels on the SOD2
promoter were increased at 48 h and decreased at 30 days.
These results demonstrate the shift in dynamic equilibrium
between demethylation and methylation status on the SOD2
promoter in the hippocampus at different time points after
rMTBI. Similar observations were also reported in the

hippocampus of 8-month-old TgXFAD mice (Alzheimer’s
disease model) wherein global increase in Smc was coincident
with reciprocal decrease in Shmc levels [61]. On the contrary,
CpG methylation at Intronl and not the promoter of SOD2
was also concomitant with the low levels of SOD2 expression
and activity in the adrenal medulla of the P40 rats subjected to
neonatal intermittent hypoxia [62]. Hence, it is noteworthy
that any repeated exposure to stress paradigm such as
rMTBI or intermittent hypoxia causes DNA hypermethylation
at SOD2 promoter or Intronl.

SOD?2 is reported to be crucial in the redox management in
TBI pathology; however, the underlying mechanisms of its
regulation are not known. In agreement with SOD2 promoter
hypermethylation, high levels of DNMT3b were observed at
chronic time point post tMTBI. The results of ChIP-qPCR
show that the occupancy of DNMT3b at SOD2 promoter
was associated with methylation levels and therefore further
reaffirms the role of DNMT3b in SOD2 gene expression in
the hippocampus. This mechanism was also validated in vitro
(PC12 cell line derived neurons) using the glutamate toxicity
to mimic tMTBI-induced oxidative stress. The DNMT3b
siRNA could diminish the glutamate toxicity-induced
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Fig. 7 Schematic overview of the possible role of DNMT3b-mediated
DNA methylation in the regulation of SOD2 during repeated episodes of
rMTBI. The present study suggest that the rMTBI decreases the methyl-
ation (5mc) with concomitant increase in hydroxymethylation (Shmc) at
SOD2 promoter by reducing the DNMT3b function at 48 h. During the
course of time by 30 days, the neuroadaptation triggers the DNMT3b
function at SOD2 promoter thereby causing the hypermethylation and
reduction in SOD2 expression. The attenuated SOD2 function fails to
contain the long-term oxidative damage precipitating into increased num-
ber of degenerating neurons. This blockade in SOD2 expression due to
DNA methylation restricts the response to the second episode further
worsening the consequences of the tMTBI such as neurodegeneration.

However, the DNMT inhibitor (5-AzaC) normalizes the methylation
(5mce) at the SOD2 promoter thereby reducing the oxidative damage
and the number of degenerative neurons. Moreover, the restoration of
the promoter methylation by 5-AzaC allows the SOD2 activation in re-
sponse to the second episode of IMTBI. Therefore, it may be inferred that
the DNMT3b-regulated SOD2 function is causal to the tMTBI-induced
oxidative damage and increased susceptibility to subsequent injuries
which can be rescued by using DNMT inhibitors. rMTBI, repeated mild
traumatic brain injury; DNMT3b, DNA methyltransferase 3b; ROS, re-
active oxygen species; SOD2, superoxide dismutase 2; 5°AzaC,
S’azacytidine
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hypermethylation at SOD2 promoter and also resume the
SOD2 levels. Therefore, the results from in vivo as well as
in vitro experiments endorse the causal role of DNMT3b in
the SOD2 gene regulation post MTBI via DNA methylation.

MTBI-induced gene-specific DNA hypermethylation re-
presses gene expression, e.g., aralkylamine N-
acetyltransferase (Aanat) gene [37]. Similarly, DNMT3b-
mediated hypermethylation at SOD2 promoter repressed its
expression at 30 days post rMTBI (5 hits); however, dramatic
increase in SOD2 mRNA protein was observed at acute time
point. Although previous studies using mild blast injury [34]
and cortical stab injury (CSI) [63] support our results at an
acute time point, observations at chronic time point differ.
Huber and colleagues reported normalization of SOD2 ex-
pression in the hippocampus after 30 days of single mild blast
injury [34]. We have observed no change in the SOD2 expres-
sion at acute and chronic time point after single mild injury,
whereas after repeated (3 hits) mild injury, an increase of
SOD?2 levels at 48 h was observed with normalization at
30 days. The SOD2 expression pattern after single mild blast
injury is coincident with 3 hits repeated mild injury of the
current study, but not with 5 hits repeated mild injury para-
digm. These discrepancies could be attributed to the exposure
to single invasive injury [34] versus non-invasive, repeated
mild traumatic events (current study). Moreover, the dynamic
restorative process that occurs after single MTBI likely re-
duces the effects of glutamate toxicity over time [64]. On the
contrary, the effects of the cumulative damage with each trau-
ma of rMTBI are persistent over time and analogues to TBI
[65, 66]. Therefore, the alleviated SOD2 levels in the hippo-
campus at 4 days post-unilateral cortical impact injury [52]
and at 10 days post-CSI [63] can be supported by our obser-
vation about further temporal reduction of SOD2 at 30 days of
rMTBI (current study). Hence, we may suggest that the mild
but repetitive traumatic events undertake the persistent
neuroadaptive changes in the SOD2 expression, and this
neuroadaptation can be explained by promoter DNA hyper-
methylation. In addition, catalase activity was found to be
increased at an acute time point, which was subsided by
30 days. The increase in the SOD2 and catalase activity post
48 h after IMTBI suggests the immediate response of antiox-
idant defense system against elevated ROS. Although catalase
activity restored to normal levels, the SOD2 activity further
declined by 30 days, precipitating into weak defense against
accumulating ROS in hippocampus. Moreover, the oxidative
stress triggered by TBI in the brain of SOD2 heterozygous
knockout mice was rescued with overexpression of SOD2
[32]. Noteworthy is that the SOD2 heterozygous mice also
display glutamate excitotoxicity due to lower expression of
glutamate transporter 1 (GLT-1) and glutamate-aspartate
transporter (GLAST) [67]. Hence, we argue in favor of
rMTBI-induced glutamate excitotoxicity as a causal reason
for the SOD2 dysfunction via DNA hypermethylation, which
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in turn lead to mismanagement of ROS and pile up the oxida-
tive stress.

Glutamate excitotoxicity exacerbates ROS levels [55]. We
have observed excess ROS at 30 days post tMTBI in the
hippocampus. ROS causes mitochondrial impairment and
subsequently releases death effectors leading to neurodegen-
eration [68—71]. The 2-fold increase in the number of
degenerating neurons of the hippocampus post 30 days of
rMTBI could be due to glutamate excitotoxicity-induced ex-
cessive ROS. Plethora of clinical evidences suggest that the
patients with rMTBI and those who survive moderate to se-
vere TBI are at increased risk of developing long-term
neurodegenerating diseases such as dementia, Alzheimer’s
disease [72—75], and Parkinson’s disease [76—79].

Trauma-induced SOD2 hypofunction causes glutamate
excitotoxicity and elevates ROS levels, thereby leading to
neurodegeneration. Hippocampal neurodegeneration is wide-
ly associated with cognitive dysfunction [80—84]. Moreover,
SOD2 heterozygous mice exhibit spatial memory impairment
[26]. We have previously reported impairment in the learning
and memory behavior assessed by NOR in the rats exposed to
rMTBI [13]. Preclinical evidences reported mild TBI-induced
hippocampal memory impairments such as deficits in learning
and memory [15, 85], relative memory [86], and episodic
memory [87]. With these evidences, we suggest that
delayed but cumulative neuronal damage caused due to
rMTBI-induced SOD2 hypofunction leads to learning
and memory deficits.

To validate the involvement of DNMT in trauma-induced
learning and memory deficits via SOD2, animals were treated
with 5-AzaC, a pan DNMT inhibitor. The rtMTBI-induced
DNA hypermethylation and reduced SOD2 expression were
restored after 5-AzaC treatment. Likewise, decitabine yet an-
other inhibitor restored the DNA methylation and SOD2
levels in the adrenal medulla of the P40 rats exposed to neo-
natal intermittent hypoxia [62]. Previously, we have also re-
ported the potential of 5-AzaC in restoring tMTBI-induced
alterations in the BDNF gene expression and its promoter
methylation in the amygdala [12]. The findings from our pre-
vious and current study suggest that 5-AzaC treatment ame-
liorates rMTBI-induced brain region-specific alterations in
gene expressions. The treatment with 5-AzaC not only nor-
malized the SOD2 activity, but also reversed the rMTBI-
induced oxidative damage. To our knowledge, the results of
the present study for the first time report the potential of
DNMT inhibitor in controlling the oxidative damage in the
brain, for which the underlying reason could be the restoration
of SOD2 function. DNMT inhibitors including RG108, 5-
AzaC, and zebularine are also reported as therapeutic drugs
against various types of cancer cells [88—90]. The observa-
tions here appreciate their potential in treating oxidative
stress-induced neurodegenerative disorders. A previous study
by Endres and colleagues has reported lesions after ischemic
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brain injury, which were reduced by 54% after 5-AzaC treat-
ment [91]. Furthermore, in a recent study, intracerebroventric-
ular injection of RG108 mitigated neurodegeneration and its
behavioral correlates in a spinal and bulbar muscular atrophy
[92]. In line with these studies, IMTBI-induced neurodegen-
eration-like phenotype was also ameliorated by 5-AzaC treat-
ment by reinstating the SOD2 function. In addition, 5-AzaC
treatment also reversed rMTBI-induced behavioral conse-
quences such as anxiety-like behaviors [12] and deficits in
learning and memory (current study). Perhaps, we may spec-
ulate that the restoration of SOD2 by DNMT inhibitor rein-
stated oxidative homeostasis thereby rescuing cellular and be-
havioral consequences of IMTBI. We may draw support from
the previous studies wherein overexpression of SOD2 in the
Alzheimer’s disease- and TBI-exposed mice decreased hippo-
campal superoxide preventing learning and memory deficits
[51] and cortical lesions [32], respectively. Moreover, the
treatment with SOD mimetic drug, carboxyfullerene, im-
proved learning and memory behaviors in aging mice [28].
Hence, the significance of DNMT3b-mediated DNA methyl-
ation at SOD2 promoter can be underscored in oxidative
stress-induced deficits in learning and memory.

The epigenetic blockade of SOD2 gene during the first
episode might lead to enhanced susceptibility to oxidative
stress after second episode. Although the ROS was augmented
by repeated episodes of rMTBI, the concurrent acute response
by SOD2 was not observed. This could be explained by the
hypermethylation at SOD2 promoter arresting its response to
repeated episodes of rMTBI. The study highlights that the
SOD2 dysfunction due to the first traumatic event exacerbates
the susceptibility to recurring trauma. Therefore, intervention
by DNMT inhibitor after initial traumatic events may shield
against the oxidative damage during subsequent trauma.

It is significant to note that the females express high levels
of endogenous antioxidant defense system as compared to
males [93, 94]. Obviously, males are therefore assumed to
be more susceptible to glutamate excitotoxicity [95] and
TBI-induced oxidative stress [96]. This is also supported by
a clinical study in more than 10,000 patients, wherein the
recovery rates among women patients were better than in
men suffering from mild to severe TBI [97]. Owing to the
sexual differences in oxidative stress and defense mecha-
nisms, the non-inclusion of female rats in the current study
remains as a limitation. Therefore, future studies are warranted
to understand the relevance of neuroadaptive SOD2 function
in neurological effects of the brain trauma in females.

In sum, the present study suggests rMTBI-induced gluta-
mate toxicity increases DNMT3b, which over time
hypermethylates SOD2 promoter culminating into SOD2
hypofunction. Furthermore, SOD2 hypofunction exacerbated
glutamate excitotoxicity accumulating excessive ROS, which
causes neurodegeneration in the hippocampus. The mecha-
nism is causal to deficits in the learning and memory behavior

post rMTBI. Hence, DNMT-induced persistent pro-oxidant
state in hippocampus culminates into neurodegeneration and
deficits in the learning and memory behavior (Fig. 7). These
findings further advocate the therapeutic potential of DNMT
inhibitors in treating oxidative stress-induced behavioral
deficits.
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