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A B S T R A C T   

Sonic Hedgehog (Shh) signaling plays a critical role during central nervous system (CNS) development, and its 
dysregulation leads to neurological disorders. Nevertheless, little is known about Shh signaling regulation in the 
adult brain. Here, we investigated the contribution of DNA methylation on the transcriptional control of Shh 
signaling pathway members and its basal distribution impact on the brain, as well as its modulation by 
inflammation. The methylation status of the promoter regions of these members and the transcriptional profile of 
DNA-modifying enzymes (DNA Methyltransferases – DNMTs and Tet Methylcytosine Dioxygenase – TETs) were 
investigated in a murine model of neuroinflammation by qPCR. We showed that, in the adult brain, methylation 
in the CpG promoter regions of the Shh signaling pathway members was critical to determine the endogenous 
differential transcriptional pattern observed between distinct brain regions. We also found that neuro-
inflammation differentially modulates gene expression of DNA-modifying enzymes. This study reveals the basal 
transcriptional profile of DNMTs and TETs enzymes in the CNS and demonstrates the effect of neuroinflammation 
on the transcriptional control of members of the Shh Signaling pathway in the adult brain.   

1. Introduction 

The hedgehog signaling has been defined as a morphogenic pathway 
that regulates embryo development and adult tissue maintenance. Sonic 
hedgehog (SHH) is one of the most widespread ligands of the hedgehog 
pathway and a long-range morphogen that controls neural tube forma-
tion, limbs axial skeleton during early embryogenesis (Antonelli at al., 
2019) and tissue homeostasis, especially in the central nervous system 
(CNS) (Varjosalo and Taipale, 2008). Ligands of the hedgehog pathway 
act as mitogens regulating, in an autocrine and paracrine manner, cell 

proliferation and differentiation during organogenesis (Ingham and 
McMahon, 2001), acquisition of polarity and the control of left-right 
asymmetry during member development (Hammerschmidt et al., 
1997). Once released, SHH binds the inhibitory receptor patched 1 
(PTCH1), leading to the activation of the cell-surface receptor Smooth-
ened (Smo) and subsequently drives the transcription of 
glioma-associated oncogene homolog (GLI1) target genes in mammals 
(Tukachinsky et al., 2010). 

SHH signaling is fundamental for the maintenance of neuronal ac-
tivity, and impairment of SHH-driven cascade is associated with 
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senescence and greater susceptibility to develop disorders frequently 
linked to the aging process (Dashti et al., 2012; Han et al., 2008). There 
is a body of evidence showing that the mitogenic activity of the SHH 
pathway not only signals during development but also can be reac-
tivated during adulthood, mainly to repair tissues (Bambakidis et al., 
2012). Indeed, it has been shown that the hedgehog signaling is not 
activated in the healthy brain; however, it is increased after brain injury, 
promoting tissue repairing. In this scenario, it has been shown that SHH 
regulates the ability of mature astrocytes to behave as neural progenitors 
after ischemia and acute cerebral CTX lesions (Sirko et al., 2013; Sims 
et al., 2009; Pitter et al., 2014; Amankulor et al., 2009). It has also been 
shown that SHH positively upregulates the expression of anti-apoptotic 
genes and inhibits the expression of the BCL2 Associated X, Apoptosis 
Regulator (Bax), a pro-apoptotic gene, in cortical neurons exposed to 
H2O2 (Dai et al., 2011), and attenuates the immune response by 
decreasing the expression of pro-inflammatory mediators and leukocyte 
adhesion/migration in blood–brain barrier’s endothelial cells (Alvarez- 
Buylla and Ihrie, 2014). These examples remark the crucial role of SHH 
as an antioxidant and anti-inflammatory mediator, contributing to the 
maintenance of neurogenesis and repairing of the CNS, being therefore, 
a potential target for therapeutic interventions in CNS disorders (Chen 
et al., 2018). 

In recent years, an increasing amount of evidence has shown the role 
of DNA methylation in the development and progression of many 
complex diseases, mainly linked to aging, such as cancer, cardiovascular 
diseases and neurodegenerative disorders that at the molecular level, 
cause changes in the gene expression, underlying the decline in physi-
ological function (Pagiatakis et al., 2021). It has been demonstrated that 

the regulatory promoter region of the activating protein of SHH and the 
other members of the hedgehog pathway, including GLI1, fusion sup-
pressor (SUFU) and the transmembrane receptor PTCHD1 have 
numerous CpG islands, which are subject to methylation, and therefore 
to epigenetic transcriptional regulation (Wils and Bijlsma, 2018). 
Compromised expression of SHH, PTCHD1 and human hedgehog 
interacting protein (HHIP) genes due to hypermethylation of their pro-
moter regions have been shown to be involved in the development of 
medulloblastoma, a type of neuroectodermal tumor (Shahi et al., 2015; 
Shahi et al., 2010). Furthermore, the development of rheumatoid 
arthritis, a chronic autoimmune inflammatory disease, has been shown 
to be linked to hypermethylation of the PTCHD1 promoter and reduc-
tion of its gene expression and protein content, resulting in increased 
secretion of pro-inflammatory cytokines, Interleukin 6 (IL 6) and Tumor 
Necrosis Factor- α (TNF-α) (Sun et al., 2017). 

Based on the information about the involvement of SHH in inflam-
matory pathological conditions and CNS defense mechanisms and the 
differential transcriptional profile of limbs in different brain regions, we 
posit that DNA methylation may be the driving force responsible by the 
differential basal transcriptional profile of the hedgehog members 
signaling pathway and hypothesizing a direct effect of neuro-
inflammation on the epigenetic control of the signaling pathway of 
hedgehog members. In order to prove this, we treated male adult mice 
with a single lipopolysaccharide (LPS) dose (0.33 mg/kg) and DNA 
methylation, as well as the transcription profile of the hedgehog 
pathway members were assessed (See Fig. 1). 

Fig. 1. Schematic representation of the amplified region of the Hedgehog pathway members. The amplified sequence shows the location of the gene on the 
chromosome and the location of the fragment of the studied promoter region of the gene. The primer is represented in red and the cutting site of the MspI and HpaII 
endonucleases in yellow. 
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2. Results 

2.1. Neuroinflammatory effect characterization of intraperitoneal LPS 
administration 

To confirm the sick-like behavior, we first investigated the effect of 

LPS (0.33 mg/kg; single injection) on animal behavior, as demonstrated 
by the experimental scheme shown in Fig. 2a. The results presented in 
Fig. 2b-g demonstrated the rearing (t = 1.71, df = 19, p < 0.05) (Fig. 2c) 
and grooming frequencies (t = 2.61, df = 19, p = 0.009) (Fig. 2e) were 
decreased in LPS group relative to controls. Additionally, the time (t =
5.40, df = 11, p = 0.0002) and frequency (t = 4.94, df = 11, p = 0.0004) 

Fig. 2. Gene expression analysis of Inflammatory Cytokines in the Central Nervous System: (a) Graphical representation of the experimental model. (b-g) Behavioral 
analysis. (h-m) Serum concentration of cytokines and (u-z) Concentration of cytokines in the Hippocampus (HIP). After RNA extraction using the TRIzol® method, 
the transcriptional profile of the proinflammatory cytokines Il 1β (n), Tnf-α (o), Il 6 (p), Il 18 (q), Il 33 (r) and antiinflammatory cytokines Il 10 (s) and Il 13 (t) were 
evaluated by reactions of qPCR in the different brain structures after 24 h of LPS administration (0.33 mg/Kg). The Gapdh, β-actin and 18 s genes were used as 
normalizers. The results were calculated using the method (2− ΔCt) and represent the mean ± standard deviation of 5 independent animals performed in technical 
duplicate. Different letters indicate a statistically significant difference. Capital letters compare groups with and without LPS within each analyzed region and 
lowercase letters compare the expression of each cytokine within each brain region. 

M.R. Costa et al.                                                                                                                                                                                                                                



Brain Research 1799 (2023) 148180

4

of immobility were increased in the LPS group relative to control group 
(Fig. 2f,g). No significant differences were observed for locomotion 
(Fig. 2b) and grooming time (Fig. 2d). Then, the concentration of serum 

cytokines was determined, and a significant increase in the circulating 
concentration of Il 6 (Fig. 2j) and Interferon Gamma (Ifn-γ) (Fig. 2l), 
with a decrease in the concentration of Interleukin 17 (Il 17) (Fig. 2m) 

Fig. 3. Graphic representation of the relative 
expression of different cytokines in different brain 
regions. Graphic representation of the relative gene 
expression of different inflammatory cytokines in 
Cortex (CTX) (a), Prefrontal Cortex (PFC) (b), Cere-
bellum (CRB) (c), Hippocampus (HIP) (d) and Stria-
tum (STR) (e) determined by qPCR. The results 
represent the mean ± standard deviation of 5 inde-
pendent animals performed in technical duplicate. 
Different letters indicate a statistically significant 
difference. Capital letters compare groups with and 
without LPS within each analyzed region and lower-
case letters compare the expression of each cytokine 
within each brain region.   

Fig. 4. Transcriptional profile of members of the Hedgehog members in the Central Nervous System. The transcriptional profile of members of the Hedgehog 
members was determined after RNA extraction using the TRIzol® method, the transcriptional profile of the Sonic Hedgehog – Shh (a), Patched 1 – Ptchd1 (b), 
Oncogene Homolog fusion suppressor - Sufu (c), Glioma-Associated 1 – Gli1 (d) were evaluated by reactions of qPCR in the different brain structures after 24 h of LPS 
administration (0.33 mg/kg). Graphical representation of the absolute values of gene expression of Via Hedgehog members in the different brain structures (e-i). The 
Gapdh, β-actin and 18 s genes were used as normalizers. The results were calculated using the method (2− ΔCt) and represent the mean ± standard deviation of 5 
independent animals performed in technical duplicate. The results represent the mean ± standard deviation of 5 independent animals performed in technical 
duplicate. Different letters indicate a statistically significant difference. Capital letters compare groups with and without LPS within each analyzed region and 
lowercase letters compare the expression of each cytokine within each brain region. 
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were observed. After confirmation of disease-like behavior and activa-
tion of the immune response, the brain structures were dissected out for 
RNA isolation, after 24 h of the LPS injection. The differential tran-
scriptional profile was observed between the brain structures of treated 
animals with LPS, as compared to saline-treated animals (CTRL), for 
both anti and proinflammatory cytokines (Fig. 2n-t). The Hippocampus 
(HIP) was the only structure that showed high levels of proinflammatory 
cytokines gene expression, with statistically significant difference 
[Interleukin 1β (Il 1β) - Fig. 2n; Il 6 - Fig. 2p; Interleukin 33 (Il 33) - 
Fig. 2r and Tnf- α - Fig. 2o), in contrast with the Prefrontal Cortex (PFC) 
and Cerebellum (CRB) that showed an increase in the Il 6 gene expres-
sion (Fig. 2p) and Tnf-α (Fig. 2o)], respectively. We also observed a 
significant increase in the expression of the anti-inflammatory cytokines 
Interleukin 18 (Il 18) and Interleukin 13 (Il 13) in the HIP (Fig. 2q, t), Il 
18 in the PFC (Fig. 2q) and in the CRB for Il 13 (Fig. 2t). For the other 
structures, the expression of anti-inflammatory cytokines was reduced 
(Fig. 2q, t). Since the HIP was the most sensitive region to neuro-
inflammation, the concentration of cytokines was determined. Amongst 
the evaluated cytokines, Il 6 and Interleukin 10 (Il 10) showed an in-
crease in the concentration (Fig. 2v, x) while a decrease in the Inter-
leukin 4 (Il 4) was observed (Fig. 2y), in the LPS group. 

After determining the transcriptional pattern of cytokines, their 

individual profile was represented after the LPS administration, in each 
one of the brain regions. The results presented in Fig. 3 show all cyto-
kines were decreased in the Cortex (CTX) (Fig. 3a) while there was an 
increase in the HIP (Fig. 3d), with Tnf- α and Il 18 (Fig. 3d) being the 
most significant. In the PFC, we observed a predominant expression of 
the proinflammatory cytokines Il 6 and Il 18 (Fig. 3b), while in the CRB, 
there was a decrease in all cytokines, except for Tnf-α and Il 13 (Fig. 3c). 
Similarly, to the CTX, all cytokines were also decreased in the Striatum 
(STR), except for Il 33, with minimum detectable amount of the Il 10 
(Fig. 3e). All the above results can be observed with statistical details in 
the Table S1. The results of all cytokines presented so far demonstrated 
there were differences for groups (CTRL × LPS) and brain regions, with 
significant interaction (Table S1). 

2.2. DNA methylation contributes to the differential expression of 
Hedgehog pathway members in the CNS 

To investigate the involvement of DNA methylation in the tran-
scriptional control of Hedgehog pathway members, the transcriptional 
profile was initially determined in different areas of the brain. The re-
sults presented in Fig. 4 show different values in the amount of tran-
scripts between the brain structures (Fig. 4a-d), highlighting the PFC as 

Fig. 5. Transcriptional profile of DNA methylation modifying enzymes in the Central Nervous System. The transcriptional profile of DNA methyltransferases [Dnmt1 
(a); Dmnt3a (b); Dnmt3b (c)] and DNA demethylases [Tet1 (i); Tet2 (j); Tet3 (k)] was by qPCR determined after RNA extraction using the TRIzol® method of different 
brain structures. Graphical representation of the absolute values of gene expression of DNA methyltransferases (d, e, f, g, h) and DNA demethylases (l, m. n. o. p) in 
the different brain structures. The Gapdh, β-actin and 18 s genes were used as normalizers. The results were calculated using the method (2− ΔCt) and represent the 
mean ± standard deviation of 5 independent animals performed in technical duplicate. The lowercase letters compare the expression of each cytokine within each 
brain region. Significant statistical differences when compared to the Cortex (CTX) group or Dnmt1 or Tet1 expression * p < 0.05; ** p < 0.001 and *** p < 0.0001, * 
p < 0.05; ** p < 0.001 and *** p < 0.0001 when compared to the PFC (PFC) group or Dnmt3a or Tet2 expression; * p < 0.05; ** p < 0.001 and *** p < 0.0001 when 
compared to the Cerebellum (CRB); * p < 0.05; ** p < 0.001 and *** p < 0.0001 when compared to Hippocampus (HIP) group. 
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the region presenting the lowest levels of all Hedgehog pathway mem-
bers; in addition, a differential transcriptional profile was observed be-
tween the members of the pathway in the same structure (Fig. 4e-i). 
Most of the brain structures presented high levels of the ligand Shh and 
its receptor Ptchd1, compared to Sufu and Gli1 basal levels (Fig. 4e, g, h), 
except for the PFC, in which statistical differences were not demon-
strated among the members of the pathway analyzed (Fig. 4f). All the 
above results can also be observed with statistical details in the 
Table S2. 

Based on the results of the characterization of the differential tran-
scriptional profile of the Hedgehog pathway components in the CNS, the 
next stage was to determine the transcriptional profile of the DNA 
methylation-modifying enzymes, DNMTs and TETs, and the methylation 
status of the promoter region of the Hedgehog members. The results 
presented in Fig. 5, indicate DNA methyltransferase 1 (Dnmt1) was the 
most expressed Dnmt in the CTX, while DNA methyltransferase 3a 
(Dnmt3a) and DNA methyltransferase 3b (Dnmt3b) were the most 
expressed in the STR (Fig. 5a-c). The CTX was the brain structure that 
showed the highest levels of all Tets. In detail, the PFC was the brain 
structure that presented the lowest levels of all Dnmts (Fig. 5a-c) and Tets 
(Fig. 5i-k). Conversely, when the basal levels of the DNA methylation- 

modifying enzymes were compared in each one of the brain struc-
tures, the Dnmt3b presented the most increased levels among all Dnmts, 
while Tet methylcytosine dioxygenase 1 (Tet1) presented the most 
decreased levels. Curiously, although the CRB presented low levels of 
Tet methylcytosine dioxygenase 2 (Tet2) compared to the other brain 
regions, the expression of this enzyme was the highest among all Tets in 
this brain region. 

The results shown in Fig. S1a-e demonstrated there is a tendency of 
DNA hydroxymethylation in all brain regions analyzed, with statistical 
differences for CTX and STR (Fig. S1a, e). All the above results can also 
be observed with statistical details in the Table S3. Next, we decided to 
assess whether the absolute expression of Shh, Ptchd1, Sufu and Gli1 
genes could be epigenetically controlled. For this, we determined the 
methylation status of their promoter region and compared to the abso-
lute expression values, using the Pearson’s correlation test. In general, 
the results (Fig. 6) point to the HIP being the less methylated brain 
structure, for all Hedgehog pathway members. In addition, most of the 
brain regions presented an inverse correlation, with the r values almost 
reaching 1 for all Hedgehog pathway members, being observed a direct 
proportional correlation for Shh (PFC), Sufu (STR, CTX), Ptchd1 (STR, 
HIP) and Gli1 (CRB, CTX) (Fig. 6b, f, d, h). 

Fig. 6. Epigenetic landscape of Hedgehog members 
on Central Nervous System. The gene promoter 
hydroxymethylation/methylation patterns were 
investigated by DNA glucosylation by T4-BGT and 
MspI and HpaII digestion followed by qPCR analysis 
with specific primers. The DNA methylation status of 
the Hedgehog members [Sonic Hedgehog – Shh gene 
(a), Patched 1 – Ptchd1 gene (c), Oncogene Homolog 
fusion suppressor - Sufu gene (e) and Glioma- 
Associated 1 – Gli1 gene (g). Relation between gene 
promotor methylation status and expression of Shh 
(b), Ptch1 (d), Sufu (f) and Gli1 (h). Graphic repre-
sentation of the basal epigenetic panoram of the 
members of the Hedgehog pathway in different brain 
structures (i-m). The relative methylation levels were 
presented as a 5-meC/5-hmeC ratio and determined 
using the cycle threshold (Ct) method and the 
methylation results are presented as Ct [HpaII] – Ct 
[MspI] /Ct [SE] and the hydroxymethylation results 
are presented as Ct [MspI] Ct [SE]. Results were rep-
resented as mean ± standard deviation of 5 indepen-
dent animals performed in technical duplicate. The 
lowercase letters compare the expression of each 
cytokine within each brain region and symbols (+, *, 
#) compare Shh member types within the same brain 
region.   
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A more in-depth analysis was performed between the expression of 
the Hedgehog members and their promoter methylation status, to test 
their correlation (Fig. 6b, d, f, h). The DNA hypomethylation observed in 
the Ptchd1 in all analyzed brain regions (Fig. 6i-m) reflected in a tran-
scriptional activation only in CRB, PFC and CTX (Fig. 6d). Correlations 
with a Pearson product moment above r ≥ 0.6 were observed for the Shh 
gene in the STX, HIP, CRB and CTX (Fig. 6b); for the Ptchd1 in CRB, PFC 
and CTX (Fig. 6d); for Sufu in the HIP, CRB and PFC (Fig. 6f) and for Gli1 
in the STR, HIP and PFC (Fig. 6h). These results of mRNA levels being 
inversely proportional to the DNA methylation status suggest methyl-
ation mechanism may be one of the driving forces responsible for the 
transcriptional profile of Hedgehog members in the brain regions 
analyzed. 

2.3. Neuroinflammation increased the gene expression of Hedgehog 
pathway members in HIP 

To identify whether neuroinflammation modulated the transcripts of 
the Hedgehog pathway members in different brain regions, we evalu-
ated their gene expression 24 h after intraperitoneal administration of 
LPS. As shown in Fig. 7, brain regions responded differently to neuro-
inflammation. The expression of Shh, Ptchd1, Sufu and Gli1 genes was 
down-regulated in CTX (Fig. 7a), CRB (Fig. 7c) and STR (Fig. 7e) and up- 
regulated in HIP (Fig. 7d). In detail, the highest levels of the ligand Shh 
and the receptor Ptchd1, were triggered in HIP, after neuroinflammation 
was induced. It is interesting to note the HIP is the structure that pre-
sented the highest absolute gene expression values of all members, while 
and the PFC showed the lowest values (Fig. S1a-d). 

Afterwards, we compared each Hedgehog pathway members in each 
brain structure and showed Shh and Ptchd1 presented similar patterns 

comparing the brain regions analyzed, with high gene expression of Sufu 
and Gli1 in HIP. The PFC presented the lowest levels of transcripts of all 
Hedgehog pathway members (Fig. S1a-d). Additionally, when the 
Hedgehog pathway members were evaluated in the same brain region, a 
similar pattern among CRB, HIP and STR was observed, with highest 
levels of Shh and Ptchd1 and lowest levels of Sufu and Gli1 (Fig. S1g-i). 
There was no modulation in the PFC while Ptchd1 presented high gene 
expression levels in the CTX (Fig. S2e, f). All the above described results 
can also be observed with statistical details in the Table S2. 

2.4. Region-specific modulation of epigenetic machinery by the 
inflammatory response in the CNS 

The gene expression profile of the DNA methylation-modifying en-
zymes was performed to better clarify the gene regulation in different 
brain regions, in response to neuroinflammation. The DNA methylation- 
modifying enzymes expression was distinct, regardless of family (Dnmts 
or Tets) and brain region, after the treatment with LPS (Fig. 8a-f). The 
analyses did not show any statistical differences for Dnmts in all brain 
regions (Fig. 8a, c, e, g, i) while all Tets decreased in the CTX and STR 
(Fig. 8b, j). There was no modulation in PFC and CRB (Fig. 8d, f), with 
increase in the Tet2 transcripts in the HIP (Fig. 8h). When all brain re-
gions were compared, the PFC showed the lowest levels while HIP 
demonstrated the highest levels of all Dnmts and Tets (Fig. S3a-f). 
However, when the gene expression patterns of Dnmts and Tets are 
compared in each brain region, the results shown in Fig. S4a-e demon-
strated there is a tendency of DNA hydroxymethylation only for STR and 
HIP regions, characterized by high levels of Tet2 and Tet methylcytosine 
dioxygenase 3 (Tet3) transcripts. 

The statistical analysis demonstrated significant statistical 

Fig. 7. Effect of Neuroinflammation on relative gene expression of Hedgehog pathway components. The gene expression of Hedgehog pathway components [Sonic 
Hedgehog (Shh), Patched 1 (Ptchd1), Oncogene Homolog fusion suppressor (Sufu) and Glioma-Associated 1 (Gli1)] were evaluated by reactions of qPCR in the Cortex 
(CTX) (a), Prefrontal Cortex (PFC) (b), Cerebellum (CRB) (c), Hippocampus (HIP) (d) and Striatum (STR) (e) after 24 h of LPS administration (0.33 mg/kg). The 
Gapdh, β-actin and 18 s genes were used as normalizers. The results were calculated using the method (2− ΔCt) and represent the mean ± standard deviation of 5 
independent animals performed in technical duplicate and shown in a graphical format with normalized values as a function of the control assigned value of 1. 
Different letters indicate a statistically significant difference. Capital letters compare groups with and without LPS within each analyzed region. 
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differences for group (F = 174.45; p = 0.000), region (F = 107.07; p =
0.000) and DNA methylation-modifying enzymes (F = 159.19; p =
0.000) factors. There was double interaction between group/region (F 
= 115.41; p = 0.000), group/DNA methylation-modifying enzymes (F =
35.54; p = 0.000) and triple interaction between group/region/DNA 
methylation-modifying enzymes (F = 33.74; p = 0.000). The unfolding 
of the triple interaction was performed by the Bonferroni adjusted test 
(Table S3). 

2.5. Neuroinflammation modifies the epigenetic landscape of the 
Hedgehog pathway components 

Considering the specific transcript profiles of the DNA methylation- 
modifying enzymes and the high expression of Tets, we evaluated 
whether the Hedgehog pathway members were epigenetically modified 
in response to neuroinflammation. To this end, the genomic DNA was 
previously digested by methylation-sensitive endonucleases and subse-
quently amplified with specific primers flanking DNA regulatory re-
gions, with at least one recognition site for restriction enzymes (CpG 
site). The epigenetic analysis of the Hedgehog pathway members 
showed modulation in the DNA (hydroxy)methylation patterns in their 
promoters, except in the CTX region. The PFC showed no differences for 

Shh and Ptchd1, with DNA hypomethylation in Sufu and DNA hyper-
methylation in Gli1 promoters. DNA hypomethylation was observed in 
Shh and Ptchd1, with DNA hypermethylation in Sufu in the CRB. On the 
other hand, we observed a DNA hypermethylation in Shh, Ptchd1 and 
Sufu promoters in HIP, while DNA hypomethylation of Shh, Sufu and 
Gli1 promoters was observed in the STR (Fig. 8k-n). The DNA methyl-
ation levels were compared between the Hedgehog pathway members, 
in each one of the brain regions analyzed here. The results showed the 
Shh was the most methylated member while Ptchd1 was the less meth-
ylated one (Fig. S5). These results can also be observed with statistical 
details in the Table S4. 

In order to test whether the epigenetic changes promoted by neu-
roinflammation were directly related to the changes observed in the 
gene expression of the Hedgehog pathway members, we used the 
Pearson correlation test between DNA methylation and gene expression. 
Correlations with a Pearson product moment above r ≥ 0.6 were 
observed for the Shh in the CRB (Fig. S6c), Ptchd1 in the HIP (Fig. S6i), 
Sufu in the PFC (Fig. S6l) and HIP (Fig. S6n) and Gli1 in the CTX 
(Fig. S6p) and STR (Fig. S6t). However, only for the Sufu gene in the PFC 
the mRNA levels were inversely proportional to the DNA methylation of 
the promoter region, suggesting DNA methylation as one of the mech-
anisms involved in the transcriptional regulation (Fig. S6l). 

Fig. 8. Neuroinflammation impact on the epigenetic landscape of Hedgehog pathway components. The gene expression of DNA methylation-modifying enzymes and 
the methylation status of the promoter region of the Hedgehog members were evaluated in brain structures after 24 h of intraperitoneal administration of LPS (0.33 
mg / kg). The DNA methyltransferases (Dnmt1, Dmnt3a and Dnmt3b) and DNA demethylases (Tet1, Tet2 and Tet3) gene expression in the Cortex – CTX (a,b), 
Prefrontal Cortex - PFC (c,d), Cerebellum – CRB (e,f), Hippocampus – HIP (g,h) and Striatum – STR (i,j) was determined by qPCR after RNA extraction using the 
TRIzol® method after 24 h of LPS administration (0.33 mg/kg). Gene promoter hydroxymethylation/methylation patterns were investigated by DNA glycosylation by 
T4-BGT and MspI and HpaII digestion followed by qPCR analysis with specific primers. The DNA methylation status of the Hedgehog members [Sonic Hedgehog – Shh 
gene (l), Patched 1 – Ptchd1 gene (m), Oncogene Homolog fusion suppressor – Sufu gene (n), Glioma-Associated 1 – Gli1 gene (n). The relative methylation levels 
were presented as a 5-mec/5hmec ratio and determined using the cycle threshold (Ct) method and the methylation results are presented as Ct [HpaII] – Ct [MspI] /Ct 
[SE] and the hydroxymethylation results are presented as Ct [MspI] Ct [SE]. Results were represented as mean ± standard deviation of 5 independent animals 
performed in technical duplicate. Different letters indicate a statistically significant difference. Capital letters compare groups with and without LPS within each 
analyzed region. 
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The statistical analysis showed significant statistical differences for 
group (F = 174.45; p = 0.000), region (F = 107.07; p = 0.000) and DNA 
methylation-modifying enzymes (F = 159.19; p = 0.000) factors. There 
was double interaction between group/region (F = 115.41; p = 0.000), 
group/DNA methylation-modifying enzymes (F = 58.68; p = 0.000), 
region/DNA methylation-modifying enzymes (F = 35.54; p = 0.000) 
and triple interaction between group/region/DNA methylation- 
modifying enzymes (F = 33.74; p = 0.000) factors. The unfolding of 
the triple interaction was performed by the Bonferroni adjusted test 
(Table S4). 

3. Discussion 

The involvement of the Hedgehog (Hh) signaling pathway, by which 
SHH is the main activating ligand in the brain, is central to the devel-
opment and standardization of the CNS during embryogenesis (Char-
ytoniuk et al., 2002; Petrova and Joyner, 2014), acting actively in the 
coordination of diversification, standardization, growth and differenti-
ation of the vertebrate nervous system (Placzek and Briscoe, 2018). Even 
though the additional functions of SHH in post-embryonic brains are in 
focus, some questions about the abundance of endogenous SHH and its 
changes over time in post-embryonic and mature brains (Rivell et al., 
2019) are still poorly understood, including its function during neuro-
inflammation. To better elucidate its involvement during neuro-
inflammation, the neuroinflammatory profile after intraperitoneal 
administration of LPS at one dose (0.33 mg/kg) was initially charac-
terized by evaluating the gene expression of inflammatory cytokines in 
different regions of the brain. It should be noted that this dose has been 
widely used by different research groups, and its behavioral, biochem-
ical and molecular effects are widely known (Hoogland et al., 2015; 
Scheffer et al., 2019; Vichaya et al., 2019). We know that peripheral 
injections of LPS did not penetrate in the CNS; instead, this adminis-
tration induces the expression of proinflammatory cytokines in the brain 
and have profound depressing effects on spontaneous and learned be-
haviors (Dunn, 2006). Some studies have reported after 24 h of LPS 
administration, rodents developed behaviors related to depressive states 
accompanied by an important neuroinflammatory state (Biesmans et al., 
2013; Millett et al., 2019). 

Acute systemic LPS administration induces several behavioral, im-
mune, and hormonal effects called sickly behavior. Sickness behavior is 
a coordinated set of adaptive behavioral changes that occur in physically 
ill animals and humans during infection. These behaviors include leth-
argy, depressed mood, reduced social exploration, loss of appetite, 
sleepiness, hyperalgesia, and, at times, confusion. This set of behaviors 
often accompanies fever and is considered a motivational state respon-
sible for reorganizing an ill individual’s perceptions and actions to 
enable better coping with infection (Dantzer et al., 2008). In our study, a 
reduced rearing and grooming frequencies without interferences with 
locomotion distance were observed. In addition, the immobility time 
and its frequency were increased. In this respect, we investigated, pre-
viously, the temporal effects of LPS (100 µg/kg) on sickness behavior of 
virgin and lactating female rats (Nascimento et al., 2013). At two hours 
after LPS, the most effect observed in the virgin females treated with the 
LPS was a decreased tympanic temperature. At 48 h after the endotoxin 
administration the tympanic temperature increased, the food con-
sumption and body weigh decreased. At 72 two h after the LPS admin-
istration all parameters of the females treated with LPS were like those 
of the control group. Thus, LPS induced several signs of sickness 
behavior until 48 h after administration. In the present study, despite the 
mice were observed 24 h after the LPS administration, we could observe 
clear signs of sickness behavior, as the reduced rearing and grooming 
behavior associated with increased immobility. We attributed these re-
sults to the high dose used in our experiment revealing that, even after 
24 h after endotoxin administration, the animals showed signs of sick-
ness behavior. 

The changes observed in the gene expression of pro and anti- 

inflammatory cytokines in the different brain regions confirmed the 
relevant effects of LPS, even after 24 h of its administration, validating 
our experimental model. After 24 h, the CTX, PFC and HIP were the 
brain areas most affected by the treatment with LPS, based on the 
comparing the gene expression of all inflammatory cytokines evaluated 
in this study within the same brain region. We know that the behavioral 
dysfunction normally seen in animal models stimulated by LPS corre-
lates with elevated levels of proinflammatory cytokines and oxidative 
stress parameters in the HIP (Zhao et al., 2019), PFC (Noh et al., 2014), 
CRB and other brain regions (Abg Abd Wahab et al., 2019). This infor-
mation is in accordance with our results that demonstrated an imbalance 
between the cytokines gene expression and both increased serum and 
hippocampal concentrations of pro-inflammatory cytokines. 

The Hedgehog pathway is fundamental for the maintenance of 
neuronal activity proliferation of neural stem cells and anti- 
inflammatory action, especially in adult brains (Pérez-Domínguez 
et al., 2018). Therefore, to better characterize the transcriptional 
panorama of the main members of the Hedgehog pathway, we first 
characterized their transcriptional profile and methylation status in the 
promoter region, at basal levels. Based on the results obtained in this 
step, we found the differential gene expression profile of the Hedgehog 
pathway members observed between different brain regions is strongly 
influenced by DNA methylation. It has previously been shown that the 
components of this pathway are widely expressed throughout the adult 
anterior brain parenchyma (Traiffort et al., 1999). The results presented 
here demonstrated that the PFC is the region with the lowest absolute 
values of the Hedgehog pathway members (Shh, Ptchd1, Sufu), which 
suggest less activity of the PFC. On the other hand, the overexpression of 
striatal Gli1 highlights the importance of this pathway for this region in 
particular, since it has already been demonstrated that Gli1 is expressed 
in cells responsive to Shh (Marigo et al., 1996; Sasaki et al., 1997). It is 
noteworthy that Gli1 actively participates in the renewal of cancer stem 
cells and the combined use of SHH signaling inhibitors with immuno-
therapy, radiation therapy and chemotherapy is the key point for 
treating these cells (Lee et al., 2012; Jeng et al., 2020). 

In adulthood, we know SHH actively participates in the control of 
vascular proliferation, neurogenesis and tissue repair in the CNS (Pet-
rova and Joyner, 2014) and its absence is associated with a midline 
defect, holoprosencephaly, spina bifida and exencephaly (Murdoch and 
Copp, 2010). It is noteworthy that we characterized here, for the first 
time, the epigenetic involvement in determining the endogenous 
abundance of the Shh ligand and other components of the Hedgehog 
pathway in the adult brain. 

It is true that epigenetic changes, such as DNA methylation, are 
commonly detected as mechanisms responsible for the transcriptional 
control of Hedgehog pathway members (Wils and Bijlsma, 2018). In 
addition, we know that the DNA methylation pattern is determined 
mainly by the dynamics of the two classes of enzymes, DNMTs and TETs. 
DNMTs are divided into two classes: the maintenance methylases rep-
resented by DNMT1 and the de novo methylases, DNMT3a and DNMT3b, 
responsible for the methylations that occur without the presence of 
previous methylation (Cui and Xu, 2018). Our study showed an 
inversely proportional correlation between endogenous expression and 
the DNA methylation status of the promoter region of the Shh genes 
except for PFC; Ptchd1 (except for STR and HIP); Sufu (except for STR 
and CTX) and Gli1 (except for CRB and CTX). These results reinforce the 
hypothesis that the differential expression of DNA-modifying enzymes, 
especially the high basal expression of Tets in the different regions is 
related to the DNA hypomethylation, observed in the promoter region in 
the adult brain. It should be noted that the similar transcriptional profile 
of Dnmt1 observed between the structures and the reduced endogenous 
levels of Dnmt3a is in line with published studies. These previous pub-
lications showed that due to DNMT1 role in maintenance of DNA 
methylation patterns in dividing cells, it is crucial the expression of 
DNMT1 in the constant post-mitotic state in the brain (Edwards et al., 
2017; Jurkowska et al., 2011). DNMT3a, on the other hand, seems to be 
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more necessary during the initial postnatal phases, in which it is shown 
with high expression, being drastically reduced in cortical neurons in the 
adult phase (Wilson et al., 1987). 

The regulation of DNA methylation in the adult brain is still uncer-
tain and in constant discovery. Although the 5-methylcytosine (5-meC) 
mark has been considered a stable feature, the conversion of 5-meC to 5- 
Hydroxymethylcytosine (5-hmeC) by the action of TETs enzymes has 
gained increasing prominence in neural processes (Bhutani et al., 2011). 
Thus acting in the opposite direction, we have the action of TET pro-
teins, responsible for the conversion of 5-meC into 5-hmeC and subse-
quent formation of 5-formylC and 5-carboxycyl, important 
intermediates of DNA demethylation processes (Pfeifer et al., 2013). In 
this scenario, it is important to note that our results showed Tet2 and 
Tet3 as the most expressed enzymes in all brain regions, with baseline 
values significantly higher than the Dnmts. These results are in accor-
dance with a study by Szwagierczak and collaborators, published in 
2010, that characterized the enzyme TET3 as the member of the TET 
family most abundant in the CRB and HIP (Szwagierczak et al., 2010). 
On the other hand, the high expression of Tet2 in the CRB is still a finding 
that needs to be better investigated. What is certain is that TET2, unlike 
TET1 and TET3, mainly regulates the levels of 5-hmeC in gene bodies 
and not in promoters (Williams et al., 2011); in addition, TET2 seems to 
be related to rescuing the cognitive decline related to age, preserving 
adult hippocampal neurogenesis (Gontier et al., 2018). However, due to 
the limited number of studies regarding the function of TET2, specif-
ically in the CRB, our conclusions are limited. 

In this study, in addition to demonstrating that the epigenetic control 
of Hedgehog pathway members is region-specific, we also examined the 
impact of the LPS-induced acute neuroinflammation on this signaling 
pathway. In particular, the results of Dnmts gene expression analysis 
indicate the HIP was the most susceptible brain structure to changes in 

gene expression, after the neuroinflammatory induction. A significant 
increase was observed for all Dnmts, corroborating some previous results 
that demonstrated the expression of DNMTs was affected by the injec-
tion of LPS IP in adult rats (Matt et al., 2018). It is true that changes in 
the expression of DNMTs can provide mechanistic support for changes in 
DNA methylation observed in gene promoter regions associated with 
neural plasticity (Boersma et al., 2014) and the inflammatory response 
(Matt et al., 2018). On the other hand, it has been shown that inhibition 
of DNMT1 has impact on recovered memory consolidation with a 
concomitant increase in the expression of synaptic plasticity genes, such 
as the brain-derived neurotrophic factor (BDNF) (Singh et al., 2015). 
Activation of Shh receptors accelerates axonal growth and release of 
glutamate from presynaptic endings. However, if the Shh signaling is not 
working properly, might affects the HIP, leading to changes in the 
plasticity of neuronal circuits and in axonal degeneration and impair-
ment of memory and learning (Yao et al., 2016). 

For epigenetic regulators responsible for DNA hydroxymethylation 
and influence on DNA demethylation (Kohli and Zhang, 2013), our re-
sults showed that only the expression of Tet2 in the HIP and Tet3 in the 
CRB was positively regulated by neuroinflammation. These results are 
opposed to other results that showed LPS decreased Tet1 and increased 
Tet2, without any effect on Tet3, in the microglia collected after 4 h of 
Intracerebroventricular (ICV) injections of LPS in adult mice (Matt et al., 
2018). Noteworthy, it has recently been shown that Tet2 regulates the 
proinflammatory response in the microglia of mice injected intraperi-
toneally with LPS. In addition, this expression was increased in the 
microglia by different inflammatory agents, through an Factor Nuclear 
Kappa B (NF-Κb)-dependent pathway, promoting transcriptional mod-
ifications leading to early metabolic changes, as well as a later inflam-
matory response, regardless of the activity of DNA demethylases 
(Carrillo-Jimenez et al., 2019). 

Fig. 9. Graphical abstract. Representation of gene expression and DNA methylation profiles of the Sonic Hedgehog pathway members in the adult brain (Basal) and 
the impact of neuroinflammation on the transcriptional landscape of components of the Hedgehog pathway (Inflammation). Different gene expression levels at Basal 
were represented by different size of letters of the gene symbols: [Sonic Hedgehog (Shh), Patched 1 (Ptchd1), Oncogene Homolog fusion suppressor (Sufu) and 
Glioma-Associated 1 (Gli1). In the group in which LPS-induced Neuroinflammation, the impact of inflammation on the transcriptional profile was represented by 
arrows, being for up-regulation and for down-regulation. Brain regions: Cortex (CTX), Prefrontal Cortex (PFC), Cerebellum (CRB), Hippocampus (HIP) and Stria-
tum (STR). 
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In this sense, we hypothesize that the reduction in the Tet3 expres-
sion in the CTX, HIP and STR along with its increase in the CRB pro-
moted by neuroinflammation, might be related to specific functions of 
each brain region, since Tet3 is highly expressed in the brain, mainly in 
neurons and oligodendrocytes, and absent in astrocytes, being consid-
ered as a synaptic sensor, capable of regulating neuronal activity (Yu 
et al., 2015). Studies of ablation of TET3 in mature adult neurons pro-
moted dysregulation of genes involved in the glucocorticoid signaling 
pathway (HPA axis) in the ventral HIP concomitant with anxiolytic 
behavior and impaired spatial orientation (Antunes et al., 2021). In 
addition, TET3 is involved in controlling the differentiation (Montalbán- 
Loro et al., 2019) and identity (Santiago et al., 2020) of Neural Stem 
Cells and their negative regulation can reduce global levels of 5-hmeC 
and promote tumorigenesis of glioblastoma (Carella et al., 2020). Sur-
prisingly, all this changes in the transcriptional profile of DNA- 
modifying enzymes were able to promote significant changes in the 
DNA methylation status of the promoter region of Hedgehog pathway 
members. Here, the changes in the DNA methylation status did not have 
an inversely proportional correlation with the gene expression patterns 
after the induction of neuroinflammation, suggesting distant promoters 
or enhancers might be also involved in the fine-tuning of transcriptional 
regulation during neuroinfammation or that relevant CpGs were not 
targeted in the present analysis. 

The present study was designed to characterize the link between 
DNA methylation and transcription control of the Hedgehog pathway 
members, and the impact of acute neuroinflammation on this process. 
We hypothesized the administration of LPS in adult rats would promote 
changes in the DNA methylation-modifying enzymes with changes in the 
transcriptional profile of the Hedgehog pathway members. A particu-
larly interesting finding was that Hedgehog pathway members respon-
ded homogeneously to neuroinflammation, independent of the brain 
region. Among the numerous functions associated with this pathway in 
the adult brain, recent findings suggest an important role in maintaining 
blood–brain barrier (BBB) integrity; in addition, its deregulation could 
contribute to neuropathogenesis of neurodegenerative diseases such as 
Alzheimer’s and Parkinson’s disease, and amyotrophic lateral sclerosis 
(Yang et al., 2021; Bohannon et al., 2019). 

Altogether, our results (Fig. 9) support the hypothesis that epigenetic 
mechanisms, such as DNA methylation, might be involved in deter-
mining the endogenous expression pattern of Hedgehog pathway 
members, in the adult brain. In addition, the acute neuroinflammation 
modulates both gene expression of DNA-modifying enzymes and the 
Hedgehog pathway members, but only the reduction in Sufu gene 
expression was accompanied by increased DNA methylation levels of the 
promoter region. Despite the mechanistic limitations, this study points 
to DNA methylation as the mechanism responsible for determining the 
endogenous transcriptional profile of the Hedgehog pathway members, 
expanding the current knowledge on the mechanisms associated to the 
differential transcriptional profile of its members, among brain regions. 
Given the evolutionarily conserved role of the Hedgehog pathway dur-
ing neurodevelopment, along with recent reports of the beneficial effect 
of Shh on the adult brain, it is logical to think that increased expression 
of members of this pathway might be an adaptive host response to acute 
inflammation. On the other hand, reports in the literature have related 
the prolonged increase in Shh with the development of brain tumors 
(Northcott et al., 2019). These data demonstrated the dichotomous na-
ture of this pathway, having acute protective effects, although detri-
mental effects can be observed with prolonged activation. Consistent 
with the notion of the Hedgehog pathway acting temporarily, our study 
demonstrates that neuroinflammation promotes the transcriptional 
repression of the Sufu gene, responsible for the cytoplasmic sequestra-
tion of the transcription factor Gli1 (Doheny et al., 2020). Despite the 
evidence presented in our study suggesting that activation of the 
Hedgehog pathway by neuroinflammation has beneficial effects, further 
investigation is needed, especially in contexts of chronic neuro-
inflammation. Therefore, the data presented here opens a new avenue of 

possibilities and future research should be carried out to better under-
stand this signaling pathway, which has great potential not only for the 
treatment of brain tumors, but for the development of numerous 
neurodegenerative diseases that have neuroinflammation as common 
component in their pathophysiology. 

4. Experimental procedure 

4.1. LPS-induced neuroinflammation 

Neuroinflammatory response was induced in adult male Swiss mice 
aged 3 to 5 months and body mass ranging between 45 and 50 g by the 
administration of a single intraperitoneal (i.p.) injection of Escherichia 
coli lipopolysaccharide (LPS; E. coli LPS, 0.33 mg/kg, serotype 0127: 
B8). Control animals received vehicle injections (saline; i.p.). The 
dosage of 0.33 mg/kg of LPS was selected based on previous results from 
our research group in which different studies showed that a single dose 
of LPS at this concentration was able to induce neuroinflammation in the 
brain of adult mice with behavioral changes, proven biochemical and 
molecular (Henry et al., 2009; Ghisoni et al., 2015; de Paula Martins 
et al., 2018). The experiments were conducted in accordance with the 
National Research Council’s Guidelines for the Care and Use of Labo-
ratory Animals and approved by the Local Ethical Committee. 

4.2. Cytokine production 

The simultaneous detection of Il 2, Il 4, Il 6, Il 10, Il 17, Ifn-γ, and Tnf- 
α cytokines in serum and hippocampal lysates were done using mouse 
Th1/Th2/Th17 cytometric bead array (CBA) kit (BD Bioscience, CA, 
USA), according to the manufacturer’s instructions. Briefly, 25 µL of 
each sample were incubated with 25 µL of capture beads conjugated to 
allophycocyanin (APC) and 25 µL of phycoerythrin (PE)-conjugated 
detection antibodies, for 2 h at room temperature in the dark. After this, 
samples were washed and resuspended in the same buffer for data 
acquisition using Accuri™ C6 flow cytometer (BD Bioscience, USA). 
Data analysis was performed using the analysis software FCAP Array 
v3.0.1 (BD Biosciences) and graphs were done using GraphPad Prism 
7.0. Values were expressed in pg/mL, considering the limit of detection 
for each cytokine provided by the manufacturer. 

4.3. Behavioral tests 

The open-field test is used to evaluate motor/exploratory and 
anxiety-like The device is round with 40 com diameter and 30 cm 
height, painted white. The test room was small and with dim lighting, 
isolated from the experimenter. The locomotion and rearing fre-
quencies, the grooming time (s), the grooming frequency, the time of 
immobility (s) and its frequency were assessed during 3 min. A video 
camera mounted 100 cm above the arena collected the data to posterior 
analysis. The apparatus was cleaned with a 5 % alcohol/water solution 
before placement of the mouse to obviate possible biasing effects from 
odor cues left by previous mouse (Kirsten et al., 2022). 

4.4. qPCR gene expression analysis 

Total RNA was isolated from different brain structures 24 h after LPS 
administration using the TRIzol1/chloroform/isopropanol method 
(Invitrogen, Carlsbad, CA, USA). The quantity and purity of extracted 
RNA was estimated by using the spectrophotometer apparatus Nano-
Drop, at 260 and 280 nm. Previously, 2000 ng of total RNA was used for 
cDNA synthesis with Superscript II (Invitrogen, Carlsband, CA, USA) 
according to manufacturer’s instructions. qPCR analysis was performed 
using SYBR Green Master Mix (PowerUp™ SYBR™ Green Master Mix - 
Applied Biosystems, Foster City, CA, USA). All the reactions were carried 
out in a total of 10 μL, containing 5 μL, specifics primers (0.5 µM), 50 ng 
of cDNA and nuclease free H2O in a QuantStudio® 3 Real-Time PCR 
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(Thermo Fisher Scientific, Waltham, Massachusetts, USA). Gene 
expression was expressed as compared to control cells by ΔΔCT method, 
using the average of the Gapdh, β-actin and 18 s genes as normalizers. 
The primers (Exxtend, Campinas, SP, Brazil) sequence and PCR condi-
tions were expressed in Table 1. 

4.5. Genomic DNA extraction 

The DNA genomic was extracted of different brain structures 24 h 
after LPS administration using the using the classic phenol–chloroform 
method (Toni et al., 2018). Simply, each specimen was gently poured 
into a 1.5 mL Eppendorf tube and centrifuged at 12.000 rpm for 10 min. 
The supernatants were completely removed and obtained pellets were 
mixed with 150 μL of lysing buffer followed by incubation at 80 ◦C for 
20 min. Proteinase K was added and finally the mixture was heated at 
56◦ C for 30 min. Next, only 50 μL of neutralizing buffer was added to 
the mixture. Also, 200 μL of equilibrium phenol was transferred to the 
tube and thus the mixture was spun down at 5000 rpm for 10 min. The 
upper aqueous layer containing the target DNA was preserved and 
mixed with 200 μL of chloroform and 20 μL of sodium acetate. The 
mixture was centrifuged at 12.000 rpm for 10 min. Then, 120 μL of 
isopropanol was added to the mixture and incubated overnight. Next, 
the mixture was centrifuged at 12000 rpm for 10 min at 4 ◦C. The su-
pernatant was removed and an aliquot of 200 μL of 70 % alcohol was 
poured into the tube and centrifuged at 12.000 rpm for 4 min at 4 ◦C. 
The supernatant was completely discarded and 50 μL of distilled water 
(DW) was added to the tube. 

4.6. Promoter DNA methylation 

For 5-methylcytosine (5-meC) and 5-hydroxymethylcytosine (5- 
hmeC) analysis content, initially the same concentration of genomic 
DNA was treated with T4-β-glucosyltransferase (T4-BGT - New England 
BioLabs, Beverly, MA), that adds glucose moiety to 5-hmeC (gDNA) to 
distinguish between DNA methylation and hydroxymethylation. Sub-
sequently, the samples were digested with MspI or HpaII restriction 
enzymes (New England BioLabs, Beverly, MA). After DNA treated the 
qPCR reactions was carried in 40 cycles of amplification out in a total of 
10 μL, containing PowerUp™ SYBR™ Green Master Mix 2 × (5 μL; 
Applied Biosystems, Foster City, CA), 0.5 μM of each primer, 1 μL of 
treated gDNA and nuclease free H2O. The primers were designed on 
regulatory regions (DNaseI hypersensitivity clusters sites, layered by 
histone modifications marks, CpG regions and transcription factors 
binding sites) using Primer3 Input (version 0.4.0) software. The primers 
were blasted using in-silico PCR (https://genome.ucsc.edu/) and the 
characteristics of primers and regions of genes analyzed and PCR con-
ditions are illustrated in Table 2 and Fig. 1 The 5-meC or 5-hmeC levels 
were determined using the cycle threshold (Ct) method and the 
methylation results are presented as HpaII levels - MspI levels/Control 

Table 1 
Expression primers sequences and PCR cycle conditions.  

Gene (ID) Primer 5′- 3′ Sequence Reactions 
Condicition 

Product 
size 

Rn 18 s 
(19791) 

Forward CGC GGT TCT 
ATT TTG TTG GT 

95 ◦C − 15 s; 60 ◦C 
− 30 s; 72 ◦C − 30 s 

179 

Reverse TCG TCT TCG 
AAA CTC CGA CT 

β-actin 
(11461) 

Forward TCT TGG GTA 
TGG AAT CCT 
GTG 

95 ◦C − 15 s; 58 ◦C 
− 30 s; 72 ◦C − 30 s 

82 

Reverse AGG TCT TTA 
CGG ATG TCA 
ACG 

Gapdh 
(14433) 

Forward CCG CAG CGA 
GGA GTT TCT C 

95 ◦C − 15 s; 63 ◦C 
− 30 s; 72 ◦C − 30 s 

530 

Reverse GAG CTA AGC 
TCA GGC TGT 
TCC A 

Dnmt1 
(13433) 

Forward CCT TTG TGG 
GAA CCT GGA A 

95 ◦C − 15 s; 63 ◦C 
− 30 s; 72 ◦C − 30 s 

178 

Reverse CTG TCG TCT 
GCG GTG ATT 

Dnmt3a 
(13435) 

Forward GAG GGA ACT 
GAG ACC CCA C 

95 ◦C − 15 s; 63 ◦C 
− 30 s; 72 ◦C − 30 s 

216 

Reverse CTG GAA GGT 
GAG TCT TGG CA 

Dnmt3b 
(13436) 

Forward AGC GGG TAT 
GAG GAG TGC AT 

95 ◦C − 15 s; 63 ◦C 
− 30 s; 72 ◦C − 30 s 

72 

Reverse GGG AGC ATC 
CTT CGT GTC TG 

Tet1 
(52463) 

Forward GAG CCT GTT 
CCT CGA TGT GG 

95 ◦C − 15 s; 65 ◦C 
− 30 s; 72 ◦C − 30 s 

202 

Reverse CAA ACC CAC 
CTG AGG CTG TT 

Tet2 
(214133) 

Forward AAC CTG GCT 
ACT GTC ATT 
GCT CCA 

95 ◦C − 15 s; 65 ◦C 
− 30 s; 72 ◦C − 30 s 

182 

Reverse ATG TTC TGC 
TGG TCT CTG 
TGG GAA 

Tet3 
(193348) 

Forward GTC TCC CCA 
GTC CTA CCT 
CCG 

95 ◦C − 15 s; 58 ◦C 
− 30 s; 72 ◦C − 30 s 

136 

Reverse GTC AGT GCC 
CCA CGC TTC A 

Shh 
(20423) 

Forward AGC GAC TGC 
GAA ATA AGG AA 

95 ◦C – 8 s; 59 ◦C – 8 
s; 72 ◦C – 8 s 

234 

Reverse GCC AGG AGA 
GGA GAA AAA CA 

Sufu 
(24069) 

Forward TGA AAA GAT 
GCT TGG TGC TG 

95 ◦C − 15 s; 60 ◦C 
− 30 s; 72 ◦C − 30 s 

155 

Reverse TCC CCA GAG 
CCT TGT AGA GA 

Patch 1 
(19206) 

Forward TGT GTG CAT 
GTG ACT TTC CA 

95 ◦C − 15 s; 60 ◦C 
− 30 s; 72 ◦C − 30 s 

152 

Reverse CCA GCA TCA 
CGA CAG AAA AA 

Gli 1 
(14632) 

Forward GAA GGA ATT 
CGT GTG CCA TT 

95 ◦C – 15 s; 59 ◦C – 
8 s; 72 ◦C – 8 s 

148 

Reverse GCG TCT TGA 
GGT TTT CAA GG 

Il1β 
(16176) 

Forward GAC CTT CCA 
GGA TGA GGA CA 

95 ◦C − 15 s; 60 ◦C 
− 30 s; 72 ◦C − 30 s 

183 

Reverse AGC TCA TAT 
GGG TCC GAC AG 

Il6 (16193) Forward AGT TGC CTT CTT 
GGG ACT GA 

95 ◦C − 15 s; 60 ◦C 
− 30 s; 72 ◦C − 30 s 

191 

Reverse CAG AAT TGC 
CAT TGC ACA AC 

Il 10 
(16153) 

Forward CCA AGC CCT 
TAT CGG AAA 
TGA 

95 ◦C − 15 s; 60 ◦C 
− 30 s; 72 ◦C − 30 s 

163 

Reverse TTT TCA CAG 
GGG AGA AAT CG 

Il 13 
(16163) 

Forward CAG TCC TGG 
CTC TTG CTT G 

95 ◦C − 15 s; 60 ◦C 
− 30 s; 72 ◦C − 30 s 

165  

Table 1 (continued ) 

Gene (ID) Primer 5′- 3′ Sequence Reactions 
Condicition 

Product 
size 

Reverse CCA GGT CCA 
CAC TCC ATA CC 

Il 18 
(16173) 

Forward ACT TTG GCC 
GAC TTC ACT GT 

95 ◦C − 15 s; 60 ◦C 
− 30 s; 72 ◦C − 30 s 

125 

Reverse GGG TTC ACT 
GGC ACT TTG AT 

Il 33 
(77125) 

Forward CCT TCT CGC TGA 
TTT CCA AG 

95 ◦C − 15 s; 60 ◦C 
− 30 s; 72 ◦C − 30 s 

187 

Reverse CCG TTA CGG 
ATA TGG TGG TC 

Tnf- 
α(21926) 

Forward CCA CAT CTC CCT 
CCA GAA AA 

95 ◦C − 15 s; 60 ◦C 
− 30 s; 72 ◦C − 30 s 

259 

Reverse AGG GTC TGG 
GCC ATA GAA CT  
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levels and the hydroxymethylation results are presented as MspI levels- 
Control levels. 

4.7. Statistical analysis 

Gene expression and promoter DNA methylation results are 
expressed as mean ± standard deviation of 5 animals and were per-
formed in technical duplicate. Based on the experimental design of 
variables, gene expression (inflammatory cytokines, DNA methylation- 
modifying enzymes and Sonic Hedgehog Pathway Members) and 
methylation of the promoter region of Sonic Hedgehog Pathway Mem-
bers, which were measured in different brain regions (CTX, PFC, CRB, 
HIP and STR) within the same rat and in different groups [without LPS 
(Control) and with LPS (LPS)], mixed linear models were used. The 
adjustment of the covariance matrix and data distribution to choose the 
best model was performed by the smallest AIC, using the REML esti-
mator. For all analyses, α = 0.05 was adopted. The unfolding of in-
teractions was performed using the adjusted Bonferroni test. Original 
means and standard deviations were shown in the supplementary tables 
to facilitate the interpretation of the results. The variable members did 
not fit in the model; thus, non-parametric tests such as Mann-Whitney 
were applied to compare groups with or without LPS, within each 
brain region in each type of Hedgehog Pathway Members. The Friedman 
test was used to compare the brain regions, and the Kruskal-Wallis test 
was applied to compare the Shh members, within the same treatment 
group and the same region. All multiple comparisons were adjusted 
using the Bonferroni method. The SPSS statistical program was used. 25 
(IBM) with α = 0.05. The graphs were generated using the GraphPad 
Prism 7® program. 
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