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Abstract
Preterm infants are vulnerable to inflammation-induced white matter injury (WMI), 
which is associated with neurocognitive impairment and increased risk of neuropsy-
chiatric diseases in adulthood. Epigenetic mechanisms, particularly DNA methyla-
tion, play a role in normal development and modulate the response to pathological 
challenges. Our aims were to determine how WMI triggered DNA methylation al-
terations in brains of neonatal rats and if such changes persisted over time. We used 
a robust model of WMI by injecting lipopolysaccharide (LPS) or sterile saline in 
the corpus callosum of 3-day-old (P3) rat pups. Brains were collected 24 hours (P4) 
and 21  days post-injection (P24). We extracted genomic DNA from the brain to 
establish genome-wide quantitative DNA methylation profiles using reduced repre-
sentation bisulfite sequencing. Neonatal LPS exposure induced a persistent increased 
methylation of genes related to nervous system development and a reduced methyla-
tion of genes associated with inflammatory pathways. These findings suggest that 
early-life neuroinflammatory exposure impacts the cerebral methylation landscape 
with determining widespread epigenetic modifications especially in genes related to 
neurodevelopment.

K E Y W O R D S
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1 |  INTRODUCTION

Exposure to infections during the postnatal period in 
preterm newborns has been shown to have a drastic effect 

on neurodevelopmental outcomes especially in the setting 
of early meningitis but also in cases of sepsis and necrotiz-
ing enterocolitis.1-3 Preterm infants are highly vulnerable to 
infection due to their immature immune system particularly 
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the extreme-born preterm (born 22- to 28-weeks gesta-
tion) in which 25%-60% develop at least one infectious 
episode prior to hospital discharge with risk of recurring 
infections.4 These infectious episodes are associated with 
drastic production of inflammatory cytokines known to be 
highly toxic to the vulnerable developing white matter and 
they are associated to increased risk of white matter injury 
(WMI). WMI in the preterm is characterized by microglial 
activation, astrogliosis, ventricular dilatation, hypomyelin-
ation, altered connectivity, and reduction of white and grey 
matter volumes5-8 leading to a heightened risk of neuro-
developmental and neurocognitive impairments.5,6,8 To 
better understand the pathophysiological impact of inflam-
mation on the premature infant’s brain, different animal 
models have been developed which includes intracerebral 
lipopolysaccharide (LPS) injection that mimics the effect 
of Gram-negative infection. It was shown that intracere-
bral LPS injection in the corpus callosum of 3-day-old 
(P3) rats, at a brain developmental state equivalent to very 
preterm babies, induced microglia and astrocyte activation, 
ventricular dilatation, hypomyelination, and hippocampal 
atrophy.9-12 This recognized animal model also exhibited 
behavioral impairments including hyperactivity, memory 
impairments, and motor deficits13-15 similar to alterations 
seen in preterm infants with WMI.5,7,8 This early-life in-
flammatory insult has long-term repercussion character-
ized by sustained inflammation and increased sensitivity to 
secondary insults at adulthood.

The developmental origins of health and disease hypoth-
esis postulates that adaptation in response to early-life in-
jury alters the risk of disease during adulthood.16,17 Animal 
exposed to inflammation, whether by systemic or intrace-
rebral injection, during the perinatal period had sustained 
increase in pro-inflammatory markers (IL-1β, IL-6, and 
iNOS) and higher number of microglia in the striatum, the 
substantia nigra, and the hippocampus at adulthood.14,18 
This early insult sensitized the brain to secondary insults 
at adulthood as seen with exacerbated impairments follow-
ing induction of seizure and even of Parkinson disease.18-20 
Furthermore, in humans, recent evidences showed how 
perinatal inflammatory exposure predisposes to delayed 
psychiatric manifestations such as depression and schizo-
phrenia.21-25 In the Helsinki Birth Cohort Study, preterm 
birth was a significant factor for appearance of early signs of 
mild cognitive decline and poorer cognitive score at adult-
hood.26 The increased risk for neuropsychiatric pathologies 
and early signs of neurodegeneration identified later in life 
following perinatal inflammation begs to question the pos-
sible involvement of long-lasting epigenetic changes.

Epigenetic mechanisms play an important developmen-
tal role in central nervous system. These mechanisms pri-
marily involve DNA methylation, post-translational histone 
modifications, and noncoding RNAs that together remodel 

chromatin to facilitate or suppress gene expression without 
changing the DNA sequence and are heritable during cell di-
vision.27 DNA methylation is the most stable and well-studied 
epigenetic change and consists of the addition or removal of 
a methyl group on the CpG region (cytosine followed by 
guanine) which alters DNA interactions with transcriptions 
factors.28 Addition of methyl group, hypermethylation, de-
creases or stops transcription particularly when it occurs in 
CpG dense promoter regions, and removal of a methyl group, 
hypomethylation, inversely tends to increase transcription 
rates.29 Currently, there are two major paradigms on the ef-
fect of methylation alteration in pathologies: (i) methylation 
changes leading to clear gene activation or silencing which 
is highly found in oncogenes and (ii) subtle and complex 
accumulation of methylation changes that are associated to 
disease phenotype particularly in programming non-malig-
nant pathologies such as depression or schizophrenia.30,31 
Particularly, subtle methylation changes during the early-life 
period have been associated to increased risk of developing 
neurodegenerative and neuropsychiatric disorders.30

In humans, preterm birth has been associated to short- 
and long-term alterations of the epigenome landscape. 
Analysis of buccal swab at term equivalent age showed 
that very preterm with poorer neurobehavioral outcomes 
had altered methylation in genes relevant to neurodevelop-
ment and neurodegenerative disease.32 Furthermore, DNA 
methylation in preterm saliva at term equivalent age, which 
has a higher correlation to the brain methylome compared 
to blood or buccal swab,33,34 identified differential meth-
ylation of 10 protein coding genes playing a role in neu-
ral cell functions and behavioral traits development.35 As 
assessed through analysis of blood spot methylation, very 
preterm born infants displayed until 18 years old persistent 
methylation changes in pathways related to nervous system 
and hematological system development, antigen presenta-
tion, and embryonic development when compared to term 
born infants.36 This was corroborated by analysis of whole 
blood DNA methylation in preterm born pair of twins that 
showed methylation alterations in genes related to immune 
response at adulthood (30-35 years) that persisted at older 
ages (56-80 years).37 The persistent signs of altered methyl-
ation profile in genes related to immune response and neu-
ronal development in preterm infants further corroborate 
the idea of the early establishment of altered inflammatory 
and developmental states that could facilitate neurological 
disorders at adulthood. Yet, a clear description of the short- 
and long-term impact of neonatal inflammation on brain 
methylome is not available to date.

Using this robust animal model of inflammatory 
WMI,10,11,38-40 we hypothesized that postnatal inflammatory 
exposure induced significant cerebral epigenetics modifica-
tions similarly to recent epidemiological findings in former 
preterm infants.
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2 |  MATERIALS AND METHODS

2.1 | Animal preparation

Animal-handling procedures were approved by the Animal 
Research Ethics Committee of the Montreal Heart Institute 
in accordance with the Canadian Council of Animal Care. 
The animals were given ad libitum access to food and water 
and were kept under 12 hours light/dark cycles. A total of 
32 male and female Sprague-Dawley rats at 3-day old (P3) 
were randomly assigned to one of four groups (n = 8 in each 
group): (i) Sham at postnatal day 4 (P4), (ii) Sham at post-
natal day 24 (P24), (iii) LPS at P4, and (iv) LPS at P24. P4 
corresponds to the acute phase of inflammation and represent 
an age where the rat brain is equivalent to the brain of a pre-
term infant,9 and P24 rat brain is equivalent to the brain of 
2-3 years old human child.9,41 Animals were injected in the 
corpus callosum, at a level equivalent to P-7, c9,42 under ul-
trasound guidance using Vevo LAZR micro-ultrasound sys-
tem (FUJIFILM VisualSonics Inc., Toronto, ON, Canada). 
The LPS animals were injected with a suspension of 1 mg/
kg LPS (Escherichia coli, serotype 055:B5, Sigma) in sterile 
saline solution. The LPS dosage was established in previous 
studies using this model of WMI.10,40 An equivalent volume 
of sterile saline alone was injected to the Sham group pups. A 
micropipette mounted on a microprocessor-controlled injec-
tor (Micro4 from World Precision Instruments, Sarasota, FL, 
USA) with a speed rate of 100 nL/min was used for the in-
jections. All the injections were performed under isoflurane 
anesthesia. The animals were euthanized at P4 and P24 and 
the brains were collected for DNA methylation assessment 
(n = 4 per group) and for histology (n = 4 per group).

2.2 | Histology

Rats at P4 and P24 were perfused through the heart with 
PBS followed by 4% paraformaldehyde (PFA) and brains 
were extracted and submerged in 4% PFA for 24  hours at 
4°C and then cryoprotected by immersion in 30% sucrose 
for at least 48 hours. Brains were kept at 4°C until cutting. 
Coronal sections (50 µm thick) were cut on a cryostat and 
conserved at −20°C in cryoprotectant solution (30% ethyl-
ene glycol in 0.03 mol/L PBS and 15% sucrose) until stain-
ing. Brain sections at the level of the bregma were stained 
with cresyl violet and scanned at 20× in the slide scanner 
Axioscan Z1 (Carl Zeiss Inc, ON, Canada) to measure lat-
eral ventricle size. Area of left and right ventricles and total 
brain section area were measured for each section using 
Fiji.39 The ventricle size index was calculated as the ratio 
between area of each ventricle and area of the whole brain 
section and ratio between left and right ventricles was also 
calculated. Comparisons between groups at each time point 

were performed using a Mann-Whitney test with statistical 
significance set at P < .05. Analysis were performed using 
GraphPad Prism (GraphPad Software, La Jolla, CA).

2.3 | DNA extraction

Rat pups used for DNA methylation were perfused through 
the heart with phosphate-buffered saline solution (PBS), then, 
the ipsilateral hemispheres were snap-frozen on dry ice and 
kept at −80°C. The ipsilateral brain hemisphere was coronally 
trimmed into a block of tissue, containing areas near the site of 
injection, from 2.80 to −0.40 mm from Bregma at P4 and 2.80 
to −1.80 mm from Bregma at P24 and processed for DNA 
extraction. In brief, the block of tissue was reduced to powder 
by grinding it in liquid nitrogen and the powder was kept at 
−80°C until DNA extraction. Total DNA was extracted with 
the QIAGEN DNA mini kit (#51304) according to the manu-
facturer’s instructions. DNA quality and concentration were 
assessed by spectrophotometry using the Nanodrop apparatus 
(Thermoscientific, Wilmington, DE, USA).

2.4 | Reduced representation 
bisulfite sequencing

Quantitative DNA methylation profiles were obtained by 
reduced representation bisulfite sequencing using a modi-
fied version of previously published protocols.43-47 Briefly, 
600 ng of genomic DNA was digested over night with 
non-methylation specific Msp1 enzyme (NEB # R0106M). 
Ligation of methylated adaptors (NEB # E7535L) was 
done on the digested DNA with T4 ligase enzyme (NEB 
#M0202L) before sodium bisulfite conversion (QIAGEN # 
59826). Libraries were amplified by qPCR with Illumina in-
dexing primers (NEB # E7535L) followed by clean up and 
size selection of the libraries using Agencourt AMPure XP 
magnetic beads (Beckman Coulter # A63881). Quality of 
the libraries was assessed by Bioanalyzer (Agilent # 5067-
4626) and eight individual libraries were multiplexed into 
one lane of 100bp paired-end sequencing on Illumina HiSeq 
2000 sequencer. Raw sequencing data were preprocessed 
for quality control and adapters removal with TrimGalore 
(version 0.3.3), and alignment to the rat reference genome 
(rn6) and methylation calls with BSMAP (version 2.9).48 
X and Y chromosomes were removed from the rest of the 
analysis to avoid sex bias. R package Methylkit (version 
0.5.3)49 was used to obtain differentially methylated regions 
(DMRs) applying specific parameters (P value threshold 
of q = 0.01 by the Benjamini-Hochberg FDR procedure, 
100 bp stepwise tiling windows, a minimum of 2 CpGs per 
tile, and a minimum of 10× CpG coverage of each tile per 
sample). The methylation score of each tile was the average 
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of the methylation of each single CpGs within the tile. For 
each time points, DMRs corresponded to tiles with at least 
10% of difference of methylation between the two condi-
tions (Sham vs LPS) as previously published.50-52 DMRs 
were finally annotated using Homer (version 4.1).

2.5 | Gene ontology and pathway analysis

The hypermethylated (gain of methylation) and hypometh-
ylated (loss of methylation) genic DMRs at P4 and P24 
were analyzed with the online software Metascape ver-
sion 3.0 (http://metas cape.org)53,54 for functional enrich-
ment using ontology terms collected from gene ontology 
(GO) for biological processes, cellular components, and 
molecular functions (http://geneo ntolo gy.org), Reactome 
Gene Set pathways (http://portal.genego.com), and Kyoto 
Encyclopedia of Genes and Genomes (KEGG) pathways 
(http://www.genome.jp/kegg). Functional analyses for the 
datasets were run to display the 40 most significant biolog-
ical functions across the dataset that meet a P value cutoff 
of .01. For ease of visualization, only the 10 functions with 
the lowest p value are displayed.

3 |  RESULTS

3.1 | Neonatal LPS-induced WMI resulted 
in ventricles dilatation

We first sought to determine the impact of WMI on animal 
weight and ventricles morphology. Animal’s body weight 
did not vary significantly between Sham and LPS groups 
at each time points (10.50 ± 0.45 vs 10.06 ± 0.41 g at P4; 
70.24 ± 3.29 vs 68.69 ± 3.46 g at P24, Sham vs LPS, respec-
tively). Knowing that lateral ventricle enlargement is the 
most common histopathological hallmark in LPS-injected 
rats, we measured ventricle size index on brain sections 
stained with cresyl violet.10,12 At P4, ventricle size did not 
have a significant difference between Sham and LPS animal 
for both left and right ventricles (Figure 1). On the opposite, 
at P24, LPS rats presented increased bilateral ventricle size 
index and the left ventricle, the side of injection, reached sta-
tistical significance (0.49 ± 0.11 vs 9.65 ± 4.75 P < .0286, 
Sham vs LPS, respectively) (Figure 1). Thus, neonatal LPS 
exposure resulted in bi-hemispheric cerebral injury.

3.2 | Changes in methylation following 
inflammation-induced WMI

We then aimed at investigating the impact of LPS-induced 
WMI on epigenetic marks by establishing methylation 

profiles of rat brains, at P4 and P24, by reduced representa-
tion bisulfite sequencing (RRBS). Following RRBS, DMRs 
were identified between Sham and LPS animals at each time 
point by comparing CGs methylation levels. Due to sex het-
erogeneity in the groups, DMRs on chromosomes X and Y 
were excluded (Figure S1). DMRs were distributed across all 
chromosomes studied at both time points (Figure S1).

First, DMRs at P4 (Figure 2) and P24 (Figure 3) were 
aligned to the reference genome (rn6) and 100 bp regions 
were compared between Sham and LPS animals. At P4, 
183210 100bp regions were analyzed with a high proportion 
of them located within intergenic (46%), intronic (26%), and 
promoter (14%) regions (Figure 2B). Of the total 100 bp re-
gions studied at P4, 1453 DMRs were identified following 
LPS exposure (696 hypermethylated and 757 hypomethyl-
ated DMRs) with the majority located in intergenic regions 
(59%) or in introns (30%) (Figure 2A,B). At P24, 168 667 
100 bp regions were analyzed and they were mainly located 
in intergenic regions (45%), in introns (25%), and in promot-
ers (15%) similarly to P4 (Figure 3B). From the 1502 DMRs 
identified at P24 (902 hypermethylated and 600 hypometh-
ylated), the majority were either intergenic (58%) or located 
in introns (29%) (Figure 3A,B). In sum, neonatal inflamma-
tory WMI increased the occurrence of methylation changes 
within the intergenic region and introns at both time points 
(Figures 2B and 3B).

3.3 | CpG content and neighborhood

Analogous to the characterization by genic region, DMRs 
distribution was also assessed based on their proximity to 
CpG content and neighborhood context (island, shore, shelf, 
and open sea). CpG shores are located up to 2 kb from CpG 
islands, shelves are 2-4 kb away, and open sea regions are 
isolated CpG in the genome.55 We compared the relative pro-
portion of DMRs CpG location to the proportion within the 
total 100bp regions at both time points.

At both P4 and P24, the majority of CpG of the total 
100 bp tiles were located within the open sea and on CpG 
islands (Figures 2C and 3C). Within identified DMRs, the 
majority were in the open sea at both P4 and P24 with the 
lowest percentage of DMRs found on CpG islands at P4 and 
CpG shelves at P24 (Figures 2C and 3C). Compared to the 
distribution pattern seen in all 100 bp regions analyzed, there 
was a strong increase in DMRs in the open sea and a de-
crease in CpG islands at both time points (Figures 2C and 
3C). Therefore, inflammation-induced WMI resulted in a 
persistent increase in methylation alterations across CpG in 
the open sea. When taken together, the preferential methyl-
ation changes in the intergenic region and in the open sea 
could point toward alteration of genomic stability following 
neonatal WMI.

http://metascape.org
http://geneontology.org
http://portal.genego.com
http://www.genome.jp/kegg
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3.4 | Gene enrichment analysis

GO analysis was performed with Metascape to character-
ize pathways associated to the genes with DMRs.53,56 The 
intergenic regions were excluded, which leaves 597 genic 
DMRs (281 hypermethylated and 316 hypomethylated) at 
P4 and 626 genic DMRs (380 hypermethylated and 246 
hypomethylated) at P24 (Table 1). The first analysis per-
formed with the DMRs-associated genes, regardless of 
their methylation status, showed that majority of the path-
ways were related to inflammatory response at P4 and to 
neurodevelopment at P24 (Figure S2). Knowing that the 
methylation status can influence differently gene expres-
sion, genes were separated in function of whether their 
DMRs were hyper- or hypomethylated for subsequent GO 

analysis. For ease of comprehension, only the 10 pathways 
with the strongest enrichment were depicted in Figures 2  
and 3 with the complete set illustrated in Figures S3  
and S4.

At P4, 240 unique genes had hypermethylated DMRs 
and 283 genes had hypomethylated DMRs (Table 1). 
Hypermethylated DMRs within genes showed multiple 
pathways associated with nervous system development such 
as the dendritic compartment and neuron differentiation, 
and also with protein and lipid synthesis pathways (Figures 
2D and S3A). The 283 genes with hypomethylated DMRs 
at P4 were highly enriched for immune and inflammatory 
response pathways and pathways associated to synaptic and 
axonal compartments (Figures 2E and S3B). Furthermore, 
regulation of synapse assembly was associated to both 

F I G U R E  1  Lateral ventricles size index at P4 and P24. Representative image of lateral ventricle size for Sham and LPS animals at P4 (A 
and B) and at P24 (C and D). Bar graph of ventricle size at (E) P4 and (F) P24. *P < .05 compared to Sham. LV, left ventricle; RV, right ventricle 
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hypermethylated and hypomethylated DMRs within genes 
(Table S1). Thus, at P4, neonatal WMI altered methylation 
within genes associated to innate immune response and to 
nervous system.

At P24, 323 genes had hypermethylated DMRs and 219 
had hypomethylated DMRs (Table 1). Although there were 
more genes with hypermethylated than hypomethylated 
genic DMRs, the absolute values of average percentage 

F I G U R E  2  DNA methylation alteration at P4 in the brain of Sprague-Dawley rats exposed to neonatal WMI. A, Heat map of mean 
methylation levels for 1453 DMRs with methylation alteration in the LPS group (n = 4) compared to Sham (n = 4) at 24-h post-injection. B, 
Genomic distribution of total 100 bp tiles and the 1453 DMRs. C, CpG content and neighborhood in total 100 bp tiles and DMRs (D-E) Top 
10 pathways identified following GO analysis without intergenic DMRs for (D) hypermethylated DMRs and (E) hypomethylated DMRs. GO 
enrichment was performed for biological processes (plain bar), molecular functions (bar with vertical lines), and cellular components (bar with 
oblique lines). The number of genes associated to each pathway is in parenthesis. LINE, long interspersed nuclear element; LTR, long terminal 
repeat element; SINE, short interspersed nuclear element 
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difference of methylation change were similar (Table 1). 
Hypermethylated DMRs within genes at P24 were highly 

enriched in neurodevelopmental pathways such as regu-
lation of neuronal differentiation, axonal compartment, 

F I G U R E  3  DNA methylation changes at P24 in the brain of Sprague-Dawley rats subjected to neonatal WMI. A, Heat map of mean 
methylation levels for 1502 DMRs with methylation alteration in the LPS group (n = 4) compared to Sham (n = 4) 21 days post-injection. B, 
Distribution of total 100 bp tiles and 1502 DMRs across the genome. C, CpG content and neighborhood in total 100 bp tiles and DMRs (D and E) 
Top 10 pathways identified following GO analysis without intergenic DMRs for (D) hypermethylated DMRs and (E) hypomethylated DMRs. GO 
enrichment was performed for biological processes (plain bar), molecular functions (bar with vertical lines), and cellular components (bar with 
oblique lines). The number of genes associated to each pathway is in parenthesis. LINE, long interspersed nuclear element; LTR, long terminal 
repeat element; SINE, short interspersed nuclear element
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and ensheathment of neurons (Figures 3D and S4A). 
Hypermethylated DMRs within genes were also associated 
to immune system regulatory pathways which included 
myeloid cell differentiation and CTLA4 inhibitory signal 
(Figures 3D and S4A). At P24, hypomethylated DMRs 
within genes still showed an increased representation of 
inflammatory and innate immune response pathways like 
T-cell cytokine production and interleukin 12 production 
and were also associated to neurodevelopmental pathways 
particularly synaptic organization and to receptor tyrosine 
kinase signaling pathways (Figures 3E and S4B). At P24, 
lipid binding, regulation of GTPase activity and phos-
phoric ester hydrolase activity pathways were associated to 
both hypermethylated and hypomethylated DMRs within 
genes (Table S1). Even at P24, neonatal WMI changed 
DNA methylation in genes associated to nervous system 
and inflammatory pathways.

In light of global alteration of pathways associated to 
neurodevelopment and immune response at P4 and P24, 
and the fact that DNA methylation is a dynamic process, 
we compared the GO analysis results to identify identical 
pathways between both time points. No identical pathway 
was found for hypermethylated DMRs within genes at P4 
and P24. Cell projection membrane, innate immune sys-
tem, and regulation of cell adhesion pathways were identi-
fied at P4 and P24 for hypomethylated DMRs within genes 
(Table S1). Furthermore, regulation of fat cell differenti-
ation, import into cell and the axonal compartment path-
ways were associated to hypomethylated DMRs at P4 and 
to hypermethylated at P24 (Table S1). CNS neuron differ-
entiation pathway was identified at P4 to hypermethylated 
DMRs within genes and to hypomethylated DMRs within 
genes at P24 (Table S1).

Next, we investigated, with GO analysis, pathways that 
could be associated to altered methylation in promoter re-
gions at P4 and P24 (Table 1). No pathways were identified 
for hypermethylated DMRs-associated genes at P4 and hy-
pomethylated DMRs at P24. At P4, hypomethylated DMRs 
in the promoter region were associated to inflammatory pro-
cesses (Figure S3C). At P24, promoter region hypermeth-
ylated DMRs were linked to cellular nitrogen compound 
catabolic process and gland development (Figure S4C).

Taken together, neonatal inflammatory WMI induced a 
persistent methylation alteration in genes relevant to nervous 
system developments, inflammatory response, and alteration 
in the synaptic compartment pathways.

3.5 | Methylation difference in genes related 
to inflammation and myelination

As interindividual variabilities are present in the histo-
logical examination (Figure 1), we looked at occurrence 
of individual variability in methylation changes for genes 
related to inflammatory response, and to myelination 
and oligodendrocytes. These pathways were chosen as 
inflammation and hypomyelination are two established 
pathological hallmarks in this animal model. At P4 and 
P24, the genes DLX1, SDC1, and UNC13D had multiple 
methylation changes as noted with the presence of at least 
two DMRs for each gene (Figure 4A,D). For inflamma-
tory response, all DMRs were hypomethylated at P4 and 
both hyper- and hypomethylated DMRs were present at 
P24 (Figure 4A,B). At both P4 and P24, hypermethyl-
ated and hypomethylated DMRs were present for myeli-
nation/oligodendrocyte pathway (Figure 4C,D). For both 

T A B L E  1  Distribution of the DMRs, excluding intergenic regions, and average percentage difference of methylation changes compared to 
sham at P4 and P24

Condition
Number of 
DMRs

Avg % difference of 
methylation changes

Number of 
unique genes Genes with DMRs located on promoter region

P4 hypermethylated 281 14.08 ± 4.11 240 ELMOD3, HORMAD2, KRTCAP3, MIR219-2, MIR290, 
ODF3, TNS3

P4 hypomethylated 316 −13.55 ± 3.68 283 ABCC6, ACVRL1, ADAMTS18, APOBR, ARPP21, 
CAR13, F2RL3, FXN, GFER, IGBP1B, LAT, LTA, 
MCEMP1, MPDU1, NKAPL, P2RX1, PF4, SIPA1, 
SMIM3, TMEM255B, TNFRSF25, ZRSR1

P24 hypermethylated 380 14.74 ± 5.22 323 CCKBR, CDC20, CXCL1, DPYS, EXOSC7, F8A1, 
FAM217A, FSTL3, HK2, MIR219-2, MSH4, ODF3, 
PABPC4, PAQR7, RN5-8S, SALL3, SGK2, SIPA1, 
STK3, TENM3, UPB1

P24 hypomethylated 246 −14.42 ± 4.53 219 ALOX12E, CD55, COX6A2, DOK3, MIR671, ODF3, 
OTOP3, RMND1, SLAMF8, SNCG, SOAT2, ST13, 
TRIM17
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hypermethylated and hypomethylated DMRs-associated 
genes in each pathway, LPS-exposed animals had similar 
methylation changes on some genes while there was indi-
vidual variability for other genes (Figure 4). Furthermore, 
the genes ABCD2 and NRTK2, identified at P24, were as-
sociated to both pathways (Figure 4B,D). Consequently, 
LPS-exposed animals had variable methylation changes in 
some genes while other genes had more conserved altera-
tion between animals.

3.6 | Common DMRs at P4 and P24

Considering the presence of similar genes and pathways 
between P4 and P24 (Table S1), we looked at the possibil-
ity of finding identical DMRs at both time points. Over 
the 1453 and 1502 DMRs identified at P4 and P24 respec-
tively, 102 DMRs were identified on the exact same 100bp 
region at both time points. Of the 102 DMRs, 50% (n = 51) 
kept similar methylation status between P4 and P24 and 
50% (n = 51) had a shift to the opposite methylation status 
(Figure 5A). Similar to results with all identified DMRs, 
common DMRs at both time points had enhanced methyla-
tion changes in the intergenic region and in the open sea 
(Figure S5). Following exclusion of intergenic DMRs, GO 
analysis performed with Metascape, regardless of DMRs 
methylation status evolution, showed an enrichment in 
genes related to negative regulation of fat cell differentia-
tion, receptor-mediated endocytosis, ion channel transport, 

and cilium compartment (Figure 5B), thus pointing toward 
persistent alterations in these pathways following early-life 
inflammation.

4 |  DISCUSSION

In the present study, we investigated methylation profile 
changes in rat brains subjected to neonatal LPS-induced 
moderate-to-severe WMI at 24 hours and 21 days follow-
ing exposure. We observed that WMI induced methylation 
perturbation in a period highly important for neurodevelop-
ment that persisted up to 21 days post-injury. We identified 
increased rate of methylation changes occurring in inter-
genic regions and CpG open-sea, which could point toward 
altered genomic stability. Moreover, GO analysis showed 
that neonatal inflammation induced persistent methyla-
tion alterations in genes associated to neurodevelopmental 
and immune response pathways particularly in axonal and 
synaptic compartments, and in inflammatory response and 
leukocyte-mediated immunity. Furthermore, we observed 
methylation alteration on genes enriched in pathways re-
lated to protein and lipid metabolism and receptor tyrosine 
kinase signaling.

DNA methylation is an important regulatory mech-
anism that partakes in neurodevelopmental processes, 
different neurological functions such as learning and mem-
ory and maintenance of homeostasis at adulthood.57-60 
Alteration of DNA methylation has been implicated in 

F I G U R E  4  Methylation levels of genes of interest associated to inflammatory response (A and B) and myelination (C and D) at P4 and P24 
in brains of Sham rats compared to LPS-exposed animals. Individual values are represented by square (Sham) and dots (LPS) for each gene and 
box plot represent minimal to maximal value with line at median 
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many neurodevelopmental and neurodegenerative diseases 
including autism spectrum disorder, Down syndrome, 
Alzheimer disease, and schizophrenia. In our study, neo-
natal inflammation-induced WMI resulted in DNA meth-
ylation alteration that persisted up to 21 days post-injury. 
In accordance to our results, animal studies showed that 
adverse events during the perinatal period can lead to sus-
tained alteration of the brain methylome up to 1 year after 
the initial insult.61,62 For example, exposure to maternal 
maltreatment during the first days of life in rats induced 
a global alteration of DNA methylation in the amygdala 
and hippocampus at adolescence (P30).61 Our datasets re-
vealed that major portion of methylation changes occurred 
in intergenic and intronic regions and on CpG within the 
open sea. The susceptibility of these regions to methylation 
changes was also seen in models of maternal separation 
and in prenatal alcohol exposure.62,63 It was suggested that 

methylation in intergenic and introns could target regula-
tory sequences that play a role in gene expression.63-66

One major group of pathways that emerged from our 
methylome analysis following neonatal inflammation-in-
duced WMI was related to the axon. We noted that genes 
associated to axonal compartment had a shift from a hy-
pomethylated to a hypermethylated state which could be 
associated to the presence of axonal injury as it has been 
confirmed in this model by diffusion tensor imaging and 
by immunohistochemistry using the apoptotic marker frac-
tin.38,40 Furthermore, using the microtubule-associated 
protein 1 expressed in axons, Fan et al have confirmed that 
axonal fragmentation, already present 3 days after LPS 
exposure, was still there 70 days later.13,67 In postmor-
tem preterm infants brains, diffuse axonal injury has been 
shown in the white matter by immunostaining for fractin 
and other axonal damage markers.68 Surviving preterm 

F I G U R E  5  Analysis of similar DMRs found at P4 and P24 in rats subjected to inflammatory WMI. A, Venn diagram of the methylation 
status changes occurring between P4 and P24 of identical DMRs identified at both time points. B, Gene ontology (GO) enrichment analysis of 
the DMRs on all regions excluding intergenic. GO enrichment was performed for biological processes (plain bar), molecular functions (bar with 
vertical lines), and cellular components (bar with oblique lines). The number of genes associated to each pathway is in parenthesis 
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infants had impaired hippocampal and cortical growth seen 
7 years later69,70 and even signs of increasing atrophy over 
time.71 Moreover, hypermethylation of synaptic processes 
and axonal compartment was associated to aging and cog-
nitive decline in aging rat prefrontal cortices.72 Thus, the 
hypermethylation of genes related to axonal compartment, 
seen in our study, could reflect the onset of long-lasting 
changes in neurodevelopment.

The enrichment of genes in pathways relevant to inflam-
mation and immune response at P4 and P24 supports the 
presence of a sustained inflammatory state that could be 
caused in part by methylome alteration. As stated earlier, 
perinatal inflammation is associated to increased vulnerabil-
ity to secondary insults at later time points in life particularly 
in the context of microglia priming. It was shown that mi-
croglia of adult rats exposed to E. coli bacteria in the neonatal 
period had a stronger response to a secondary LPS challenge 
compared to naïve rats’ microglia.18 Furthermore, neonatal 
infection in mice led to heightened susceptibility to amyloid 
beta-induced neuroinflammation at adulthood with increased 
microglial activation and higher memory impairment in the 
novel object recognition test.73 Indeed, the methylation alter-
ations in inflammatory pathways seen in this study could be 
a key component of a chronic low-level inflammation state, 
which is being increasingly recognized as central to cogni-
tive decline, neuropsychiatric, and neurodegenerative dis-
eases.74-78 Several world leaders in neonatal neurobiology, 
actively studying the inflammation-induced sensitization 
paradigm, are expressing grave concern over the increased 
risk of neurodegeneration following subsequent insults.79-81

In all, 102 identical DMRs were identified between P4 and 
P24 for which half preserved their methylation status and the 
other half shifted to the opposite status. DNA methylation is 
a dynamic process that evolves with age and in pathological 
conditions.82-84 During normal aging, GO analysis of periph-
eral blood samples from pediatric and aged population revealed 
that methylation changes were highly related to developmental 
and inflammatory pathways.85,86 It was shown that aging was 
associated to decreased DNA methylation of pro-inflammatory 
cytokines genes in both the brain and blood and these changes 
could render them more susceptible to be expressed following 
a secondary adverse insult.87 Furthermore, alteration of DNA 
methylation by adverse events can lead to discrepancy between 
chronological age and methylome age, which is associated to 
accelerated aging processes and age-related pathologies includ-
ing neurodegenerative diseases and decreased white matter in-
tegrity.88-92 Although the DNA methylation changes seen in this 
study were mostly subtle compared to changes occurring during 
development or in cancer, their accumulation could have the 
potential to impact the normal neurodevelopmental course.30 
Therefore, it is possible that the changes in the epigenome seen 
in this study could play a major role in potentiating brain injury 
after neuroimmune challenges later in life.

A limitation of this study is that methylation data were de-
rived from brain homogenates that are composed of different 
cell types. It was previously established that epigenetic differ-
ence could be seen within same tissue due to cell heterogene-
ity.93 Although a single-cell methylome analysis would have 
allowed a better understanding of inflammation effect on dif-
ferent type of brain cells, it would have been less impactful to 
study the broad effect of early-life inflammation on the brain 
methylome. Another limitation is the presence of pathways 
not related to the central nervous system like prostate mor-
phogenesis or chondrocyte differentiation, this points toward 
the presence of gene networks not characterized in regard to 
brain development and/or brain-related functions.94

In conclusion, we showed how postnatal inflammatory 
exposure caused a vast array of cerebral epigenomic alter-
ations in genes relevant to inflammatory response and neu-
rodevelopment with significant modifications still present 3 
weeks after the injury. Given the long-lasting impact of neo-
natal inflammation on methylation profile, we believe that 
the inclusion of epigenetic analysis will become mandatory 
in neonatal neuroprotection studies in the future and whether 
future preclinical studies should (i) consider an epigenomic 
intervention as done in psychiatric and cancer research and 
(ii) seek a protective role on the epigenetic signature by spe-
cific anti-inflammatory therapies.
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