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Abstract  
Memory-epigenetics which is the loss of memory due to epigenetic modifications can be due to the silencing 
of genes involved in cognitive functions and this is the basis of the current study. We hypothesize that a diet 
containing high methionine and low vitamins can lead to memory impairment by increasing global DNA 
methylation and therefore, silencing the netrin-1 gene, which encodes the glycoprotein involved in neurogen-
esis, axonal guidance and maintenance of the synaptic plasticity. Wild type (C57BL/6J) mice were fed with a 
diet containing excess methionine (1.2%), low-folate (0.08 mg/kg), vitamin B6 (0.01 mg/kg), and B12 (10.4 mg/
kg) for 6 weeks. Mice were examined weekly for the long-term memory function, using a passive avoidance test, 
which determined loss of fear-motivated long-term memory starting from the fourth week of diet. Similarly, 
an increase in brain %5-methyl cytosine was observed starting from the 4th week of diet in mice. Mice fed with 
a high methionine, low folate and vitamins containing diet showed a decrease in netrin-1 protein expression 
and an increase in netrin-1 gene promotor methylation, as determined by methylation-sensitive restriction 
enzyme-polymerase chain reaction analysis. The increase in methylation of netrin-1 gene was validated by 
high-resolution melting and sequencing analysis. Furthermore, the association of netrin-1 with memory was es-
tablished by administering netrin that considerably restored long-term fear motivated memory. Taken together, 
these results suggest that a diet rich in methionine and lacking in folate and vitamin B6/B12 can induce defects in 
learning and memory. Furthermore, the data indicates that decrease in netrin-1 expression due to hyper-methyl-
ation of its gene can be associated with memory loss. The animal procedures were approved by the Institutional 
Animal Care and Use Committee, University of Louisville, USA (No. A3586-01) on February 2, 2018. 
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Introduction 
Eggs, dairy products and red meat are the main sources of 
protein consumed in regular diet and their excessive intake can 
increase daily protein requirement in US individuals. Methi-
onine, an essential amino acid, is the main constituent of red 
meat and has been studied as a risk factor for cerebrovascular 
pathologies including cognitive impairments and dementia 
(Dayal et al., 2005; Zhuo et al., 2010). Excessive dietary me-
thionine consumption is reported to cause its accumulation 
which eventually metabolizes to an amino acid homocysteine 
by transferring a methyl (-CH3) group to S-adenosylhomo-
cysteine from S-adenosylmethionine (Kalani et al., 2013). Our 
previous report suggested that high homocysteine levels can 
induce Alzheimer’s disease-like pathology, blood brain dis-
ruption, and synaptic disorder (Kamat et al., 2016). Whereby 
methyl groups are important to execute several important 
physiological reactions of the body, higher levels can impair 
essential functional events by hyper-methylation of regulatory 
genes (Qureshi and Mehler, 2010; Kalani et al., 2013, 2014a). 
The process can be termed as “epigenetic silencing”, which can 
affect the translation of important transcripts by hyper-meth-
ylation of genes. Methylation usually occurs at the 5th carbon 
of the cytosine residue at cytosine-guanine dinucleotide (CpG) 
site to form 5-methyl cytosine (5-mC) (Bender and Weber, 

2013). The involvement of increased 5-mC with Alzheimer’s 
disease has been reported earlier (Coppieters et al., 2014). A 
study conducted by Miller and Sweatt determined high tran-
script levels of methylating enzymes in rats after their training 
on a fear- conditioning test (Miller and Sweatt, 2007). Another 
study conducted on double knockout mice for methylating 
enzymes [DNA methyltransferase (DNMT)-3a and DNMT-
1] showed compromised long-term potentiation and hippo-
campus-based spatial memory (Feng et al., 2010). In addition, 
increased DNA methylation of GABAergic interneurons, 
that downregulated reelin expression, was studied in schizo-
phrenics (Lockett et al., 2010). These studies clearly indicate 
potential influence of DNA methylation that can be involved 
in regulation of memory and other brain disorders (Waterland, 
2006). However, less information is available for the influence 
of dietary methionine on methylation and memory loss.

Memory is described as the capacity to contain the learned 
information and hence, can be divided into two parts: short-
term memory, the retention of information for short time; and 
long-term memory, the retention of memory for long-period 
of time that depends on the neural pathways (Eriksson et al., 
2015). Though there have been several models presented that 
described the role of different brain parts in memory, the role 
and interaction of hippocampus and frontal cortical regions 
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sustaining the memory over the periods of time have been 
confirmed by various studies (Maren et al., 2013; Preston and 
Eichenbaum, 2013; Gilmartin et al., 2014). Identifying the mo-
lecular mechanisms responsible for long-term memory forma-
tion can help in strategizing future potential therapeutics. Ne-
trins, named after Sanskrit word ‘netr’ meaning the ‘one who 
‘guide’, are highly evolutionarily conserved families (Cirulli 
and Yebra, 2007). As the name suggests, the family is involved 
in guiding axons and cells during development and differenti-
ation (Cook et al., 1998). Out of different family members, ne-
trin-1, netrin-2, netrin-3 and β netrin, netrin-1 exhibit various 
important functions for neurogenesis (O’Leary et al., 2015), 
axonal guidance (Cook et al., 1998; Mehlen and Rama, 2007), 
and synaptic plasticity (Bayat et al., 2012; Horn et al., 2013). 
The anti-inflammatory and angiogenetic roles of netrin-1 have 
also been confirmed (Ly et al., 2005; Li et al., 2011; Tian et al., 
2011). Of most importance is the regulatory role of netrin-1 in 
maintaining spatial memory and synaptic plasticity (Bayat et 
al., 2012). However, the involvement of netrin-1 in diet-asso-
ciated memory loss has not been studied. We hypothesize that 
a diet rich in methionine and low in vitamins B6/B12 leads to 
memory impairment by increasing global DNA methylation 
and therefore, silencing the netrin-1 gene. To test this hypoth-
esis, the effect of high methionine, low vitamin supplementa-
tion on memory dysfunction was analyzed in wild type mice. 
Alteration in brain methylation was assessed by determining 
total brain 5-mC level in mice fed with diet. The change in ne-
trin-1 protein and gene, affected with epigenetic modifications, 
was determined. The therapeutic effect of netrin-1 was also 
evaluated for memory restoration in diet-fed mice. 
  
Materials and Methods   
Animals and experimental design
The animal procedures were carefully approved by the Insti-
tutional Animal Care and Use Committee, University of Lou-
isville (No. A3586-01) on February 2, 2018. Male wild type 
(C57Bl6/J) mice were fed orally with a methionine-rich (1.2%) 
diet (TD.97345, Harlan Laboratories, Madison, WI, USA). 
The diet also contained low amounts of folate (0.08 mg/kg), 
vitamin B6 (0.01 mg/kg), and B12 (10.4 mg/kg). Six individual 
groups of mice (6–8/group) received a high methionine and 
low vitamin diet (HMLVD) for 1, 2, 3, 4, 5, and 6 weeks, re-
spectively. HMLVD was provided in a manner that all groups 
complete their diet plan by 8–10 weeks of age. Control mouse 
group was fed normal chow diet for 8–10 weeks of age. Fig-
ure 1 shows the diet and experimental plans of the study. 

Passive avoidance test
The test was performed as per our earlier report (Kamat et al., 
2016). Briefly, different HMLVD-fed mice groups were stud-
ied for the loss of fear-motivated long-term memory using 
a passive avoidance test. Passive avoidance instrument (Co-
lumbus Instruments, Columbus, OH, USA) consisted of two 
compartments, one dark (poorly illuminated) and one white 
(white illuminated). The mice were subjected to the passive 
avoidance test by placing the animals in a compartment with 
light at an intensity of 8 [scale from 0 to 10 (brightest)] in a 
computerized shuttle box with a software program PACS 30 
monitoring (Columbus Instruments). The light compartment 
was isolated from the dark compartment by an automated 

guillotine door. The guillotine door was opened and closed 
automatically after entry of the mouse into the dark com-
partment. The mice received a low-intensity foot shock (0.5 
mA; 10 seconds) in the dark compartment. Infrared sensors 
monitored the transfer of the animals from one compartment 
to another, which was recorded as transfer latency time (TLT) 
in seconds. The 1st trial was termed as acquisition trial and the 
2nd and 3rd trials (retention trials) were given after 24 and 48 
hours of the 1st trial. The criteria for learning were taken as an 
increase in the TLT on retention (2nd or subsequent) trials as 
compared to acquisition (1st) trial. 

Brain tissue collection
Mice were anesthetized with the overdose of pentobarbital. 
The frontal cortex and hippocampus regions of the brain tis-
sues were dissected and cleaned in PBS and stored at –80°C 
until further used. 

Quantification of 5-mC 
Genomic DNA was isolated (Sigma, St. Louis, MO, USA) and 
total 5-mC levels was determined using the DNA-ELISA (en-
zyme-linked immunosorbent assay) kits (Epigentek, Farming-
dale, NY, USA), as per the manufacturer’s instructions. 

Western blotting
Brain tissues were homogenized in 1× radioimmunopre-
cipitation assay buffer. Equal amounts of protein were sep-
arated onto a 10% polyacrylamide gel and run at a constant 
voltage. Separated proteins of the gels were transferred to 
polyvinylidene difluoride membranes using an electrotrans-
fer apparatus (Bio-Rad, Hercules, California, USA). After 
blocking with 5% non-fat dry milk (1 hour), the membranes 
were probed overnight with  primary antibodies [rabbit an-
ti-Netrin-1, dilution 1:250 (Santa Cruz, Dallas, TX, USA); 
mouse anti-GAPDH, dilution 1:1000 (Millipore, Burlington, 
MA, USA)] at 4°C and then with species-specific secondary 
antibodies (dilution 1:5000) for 90 minutes at room tempera-
ture, which was conjugated to horse radish peroxidase (Santa 
Cruz). The membranes were developed with ECL Western 
blotting detection system (GE Healthcare, Piscataway, NJ, 
USA) and the images were recorded in the chemi-program 
of a gel documentation system (Bio-Rad). Each band density 
was normalized with a respective GAPDH density using Im-
age Lab densitometry software (Bio-Rad).

Immunohistochemistry
The mice were euthanized with overdose of anesthesia. 
Mouse brain was exsanguinated by transcardially infusing 50 
mM PBS (pH 7.4) and then with 4% paraformaldehyde. The 
cranium was opened and the brain was gently removed for 
fresh tissue processing. Brain was further fixed in 4% parafor-
maldehyde overnight and then processed in 30% sucrose for 3 
days. After mounting in a protective matrix (Polyscience, Inc., 
Warrington, PA, USA), the brain was cryosectioned using a 
Leica CM 1850 Cryocut (Buffalo Grove, IL, USA). Twenty 20-
μm thick slices were made and placed on charged microscope 
slides (VWR, West Chester, PA, USA) and stored at –20°C 
until used. For immunohistochemistry, slides were warmed 
at 37°C for 20 minutes and mounting matrix was carefully 
removed. After fixing sections with ice-cold 100% methanol 
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for 10 minutes, slides were washed thrice in Tris-buffered 
saline (TBS) and blocked for nonspecific epitope binding in 
0.1% TritonX-100 TBS, 0.5% bovine serum albumin, and 
10% normal donkey serum for 1 hour at room temperature. 
The sections were incubated with a primary antibody (rabbit 
anti-netrin-1, dilution 1:100, Santa Cruz) overnight at 4°C. 
After washing thrice in TBS, the sections were incubated with 
goat anti-rabbit conjugated to alexa flour 494 (dilution 1:500) 
for 60 minutes at room temperature. The slides were further 
stained with 4′,6-diamidino-2-phenylindole for 10 minutes 
(dilution 1:10,000) and mounted with anti-fade mounting 
media. The images were acquired using a laser scanning con-
focal microscope (60× objectives, FluoView 1000, Olympus, 
Center Valley, PA, USA). Fluorescence intensity was mea-
sured with image analysis software (Image-Pro Plus, Media 
Cybernetics, Rockville, MD, USA) and expressed as fluores-
cence intensity unit (FIU).

Promoter methylation analysis 
The sequence of the netrin-1 region was taken from NCBI da-
tabase: Mus musculus netrin 1 (Ntn1) NM_008744 and prim-
er sequences were designed through Methprimer website (Li 
and Dahiya, 2002) (http://www.urogene.org/methprimer/). 
The genomic DNA was isolated from the diet-fed mice brains 
using a DNA isolation kit (Sigma) and subjected to sodium 
bisulfite treatment using the EZ-DNA methylation kit (Zymo 
Research Corporation, Irvine, CA, USA) as per supplier’s 
protocol. Bisulfite-converted DNA was amplified using PCR. 
The amplified product was run on 1.2% agarose gel and band 
was excised from the agarose gel. After isolating DNA with 
the gel extraction kit (Qiagen, Germantown, MD, USA), it 
was further processed for Sanger DNA sequencing at the core 
facility, University of Louisville.   

Methylation sensitive restriction enzyme analysis
Genomic DNA was isolated from mice brain and subjected 
to methylation sensitive restriction enzyme (MSRE) analysis. 
The process was followed as described elsewhere (Melnikov et 
al., 2005). Genomic DNA (1 µg) was digested with HaeII and 
then PCR amplified with MSRE primers designed from the 
promoter region of the netrin-1 gene. The amplified product 
was run on horizontal agarose gel (prepared in 1× tris-ace-
tate-EDTA buffer). The presence of strong band at ~485 bp 
on agarose gel confirmed methylation while absence indicat-
ed un-methylation of netrin-1 gene. 

Methylation sensitive-high resolution melting analysis 
Genomic DNA was isolated from diet-fed mice. Sodium bi-
sulfite conversion of genomic DNA was performed with EZ-
DNA methylation kit (Zymo Research Corporation). The 
methylated primers were designed from methprimer online 
website (Li and Dahiya, 2002) (http://www.urogene.org/
methprimer/). HRM analysis of the sodium bisulfite treated 
DNA was performed using a Light cycler 480 system (Roche 
Diagnostics Corporation, Indianapolis, IN, USA) as per man-
ufacturer’s instructions. Reaction mixtures were amplified 
using high resolution melting dye as described elsewhere 
(Krypuy, 2008) with some modification. The shift of melting 
curves with methylated primer represents higher methylation 
of the netrin-1 gene. 

Intracerebral administration of netrin-1
Mice (aged 8 weeks, body weight 25–30 g) fed on HMLVD for 
6 weeks were randomly divided into three groups (4–5 mice 
per group) and treated with netrin-1 (Minneapolis, MN, USA). 
We used 100 ng of netrin-1 dissolved in artificial cerebro-spinal 
fluid (119 mM NaCl, 26.2 mM NaHCO3, 2.5 mM KCl, 1 mM 
NaH2PO4, 1.3 mM MgCl2, 10 mM glucose). The above dose 
of netrin-1 was chosen according to an earlier report (Bayat 
et al., 2012), and pilot experiments performed in mice (data 
not shown). The administration procedure of netrin-1 was 
followed as per our earlier reports (Kamat et al., 2013; Kalani 
et al., 2014b). Briefly, mice were anesthetized intraperitoneal-
ly with tribromoethanol (2.5 g, 2,2,2 tribromoethanol; 5 mL 
2-methyl-2-butanol (tertiary amyl alcohol), 200 mL distilled 
water - neutral pH) at 200 μg/g. A 27-gauge hypodermic needle, 
attached to a Hamilton syringe, was inserted (2.5 mm depth) 
perpendicularly through the skull into the brain. Netrin-1 (100 
ng/2 μL) was administered very slowly through intracerebral 
route. The site of injection was 2 mm from either side of the 
midline on a line drawn through the anterior base of the ears. 
The syringe was left in the place for further 80–90 seconds for 
proper diffusion of netrin-1. 

Passive avoidance test on netrin-1 administered mice
Mice (aged 8 weeks, Body weight 25–30g) fed on HMLVD for 6 
weeks were randomly divided into four groups (4–5 mice/group). 
One group of HMLVD-fed mice was treated with artificial 
cerebrospinal fluid. All other three groups of HMLVD-fed 
mice were treated with netrin-1 as described earlier. The first 
group of HMLVD-fed mice was performed with acquisition 
trial on the 1st day and retention trial on the 2nd day post ne-
trin administration. Similarly, the second and third groups of 
HMLVD-fed mice were subjected to acquisition trials on the 
3rd and 7th days post-netrin administration. The correspond-
ing log-term retention memory or retention trials for the sec-
ond and third groups of mice were performed on the 4th and 
8th days, respectively.  

Statistical analysis
All data are expressed as the mean ± SEM and analyzed with 
GraphPad version 5.0 (GraphPad Software, San Diego, CA, 
USA. A value of P less than 0.05 was considered statistically 
significant.  

Results
HMLVD induces memory impairment
The control and individual mice groups fed on HMLVD for 
1, 2, 3, 4, 5, and 6 weeks were first tested for the loss in fear 
motivated long-term memory through passive avoidance test. 
We did not find significant difference in transfer latency time 
in retention trial compared with the acquisition trial in mice 
groups fed on HMLVD for 4, 5, and 6 weeks. However, The 
mice fed with HMLVD for 1, 2 and 3 weeks and control mice 
fed with normal chow showed a significant increase in the 
transfer latency time (Figure 2). 

HMLVD increases methylated cytosine levels in the brain
Total methylated cytosine levels were evaluated in control 
and six individual HMLVD-fed mice to address epigenetic re-
modeling. Total 5-mC levels were evaluated in DNA samples 
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derived from the brains in different mice groups using ELISA 
with specific subset of methylation controls. DNA-based ELI-
SA assay confirmed a significant increase of total 5-mC levels 
in HMLVD-fed mouse groups for 4, 5, and 6 weeks compared 
with control (P < 0.05). Mice fed with HMLVD for 1, 2, and 
3 weeks did not show significant alterations in 5-mC levels 
compared with control (Figure 3).

HMLVD-fed mice show decrease in netrin-1 expression 
level 
A decrease of netrin-1 protein expression was determined 
in individual mice groups fed for 4, 5, and 6 weeks of HMLV 
diet by western blot analysis (Figure 4A and B). However, no 
change in netrin-1 protein expression was observed in indi-
vidual mice groups fed on HMLV diet for 1, 2, and 3 weeks. 
The changes in netrin-1 protein expression in different mice 
groups were also confirmed by immunohistochemistry studies. 
Immunohistochemistry analysis revealed decrease of netrin-1 
expression started after 3 weeks of HMLV diet and that was 
consistent till 6 weeks of diet (Figure 4C and D). 

Figure 1 Schematic representation of experimental work plan in mice fed 
with a high Methionine, low folate and vitamin B6/B12 diet. 
5-mC: 5-Methylcytsine.

Figure 2 Memory performance of mice fed with a high methionine, low 
folate and vitamin B6/B12 diet.
Box and whisker plot showing passive avoidance test results in high methi-
onine, low vitamin B6/B12 diet-fed mice. Diet was administered for 1 to 6 
weeks in six different groups of mice. Control mice were fed with a normal 
chow diet. Retention memory test, entry of mouse to dark compartment from 
white compartment, was performed after 24 and 48 hours of acquisition test. 
During acquisition test, mice experienced a mild current when entered to 
dark compartment from the light compartment. Retention test was performed
after 24 and 48 hours of acquisition trial and the time duration for every tri-
al was set for 300 seconds (5 minutes). Mice with higher freezing behavior 
showed more learned experience through acquisition trials. Data is expressed 
as transfer latency time. Data are expressed as the mean ± SEM. *P < 0.05 
(two-way analysis of variance followed by Tukey’s post hoc test).

Figure 3 5-methylcytsine (5-mC) levels in high methionine, low folate 
and vitamin B6/B12 diet-fed mice.
Scatter plot represents total brain %5-mC levels in high methionine, low 
vitamin B6/B12 diet-fed mice. Diet was administered for 1 to 6 weeks in six 
different mice groups. By a DNA based enzyme-linked immunosorbent 
assay, %5-mC levels were estimated in the presence of specific controls for 
methylation. Data are expressed as the mean ± SEM (n = 5/group). *P < 0.05 
(one-way analysis of variance followed by Tukey’s post hoc test)

Figure 4 Netrin expression in mice fed with a high methionine, low 
folate and vitamin B6/B12 diet.
(A) Western blots represent netrin-1 protein expression in different groups 
of mice fed with a high methionine, low vitamin B6/B12 diet for 1 to 6 weeks. 
Normal chow diet fed mice were used as control. (B) Scatter plot represents 
densitometry analysis for netrin-1 protein expression in different groups of 
mice (n = 5/group). (C) Immunohistochemistry images for netrin-1 expres-
sion in different groups of mice brains (red represents netrin-positive cells), 
scale bars: 100 µm. (D) Bar graph represents quantitation of netrin-1, as de-
termined through immunohistochemistry analysis, in diet-fed mice brains 
(n = 3/group). Data are expressed as the mean ± SEM. *P < 0.05 (one-way 
analysis of variance followed by Tukey’s post hoc test).
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HMLVD-fed mice show silencing of netrin-1 gene through 
high-methylation
To determine whether decrease of netrin-1 expression in 
HMLVD-fed mice is due to increased methylation of netin-1 
gene promotor, we preformed MSRE, methylation sensi-
tive-high resolution melting (MS-HRM) and Sanger sequenc-
ing analysis. Several CpG islands were confirmed at the pro-
motor region of netrin-1 gene through methprimer site (http://
www.urogene.org/methprimer/). Few sites for restriction 
enzyme HaeII were confirmed in netrin-1 gene (Figure 5A). 
MSRE analysis showed a PCR product of 485 bp starting in 
different mice groups fed on HMLVD for 3, 4, 5, and 6 weeks. 
However, no PCR product was observed in control and mice 
groups fed on HMLVD for 1 or 2 weeks (Figure 5B). The am-
plification product after HaeII restriction digestion suggested 
netrin-1 gene methylation in mice fed with HMLVD. Next, 
MS-HRM analysis performed on 4 and 6 weeks of HMLVD 
administered mice groups showed considerable shift in melt-
ing temperature (Tm) with methylated primer as compared to 
unmethylated primer (Figure 5C and D). Additionally, Sanger 
sequencing data also confirmed CpG island methylation in the 

netrin-1 gene in 6 weeks HMLVD-fed mouse brain (Figure 5E 
and F). Cumulatively, these results are suggestive of netrin-1 
gene methylation in mice fed with HMLVD. 

Netrin administration alleviated memory impairment in 
HMLVD-fed mice
To determine the association of netrin-1 with memory, we ad-
ministered netrin-1 intracerebrally in 6 weeks of HMLVD-fed 
mice. Passive avoidance test determined that TLT was not 
significantly changed in retention trials as compared to acquisi-
tion trial in vehicle (artificial cerebrospinal fluid) administered 
HMLVD-fed mice group. Similarly, no change in TLT during 
retention trials was observed on the 2nd day of netrin-admin-
istration in 6 weeks of HMLVD-fed mice (1st group). Second, 
HMLVD-fed mice group was tested for TLT change on the 4th 
day of netrin administration that showed significant changes in 
retention trials. Similarly netrin administered third HMLVD 
group was tested on the 8th day of netrin administration which 
also showed high TLT in retention trial as compared to acquisi-
tion trial (Figure 6A and B). 

Figure 6 Netrin administration restores memory 
in high methionine, low folate and vitamin B6/B12 
diet-fed mice. 
(A) Cartoon representing netrin-1 administration 
in mice and long-term fear motivated memory 
assessment by passive avoidance test. Netrin-1 was 
administered after 6 weeks of high methionine, low 
vitamin B6/B12 diet (HMLVD) in three groups of 
mice. The 6 weeks HMLVD-fed mice group received 
vehicle (artificial cerebrospinal fluid; aCSF) and 
used as control. (B) The Box and whisker plot shows 
the transfer latency time recorded after 24 hours of 
acquisition test in vehicle- and three groups of ne-
trin-administered HMLVD-fed mice. The retention 
tests of different netrin-1 administered HMLVD-fed 
mice groups were recorded on days 2, 4 and 8 (n = 
4–5/group). Data are expressed as the mean ± SEM. 
*P < 0.05 (paired-samples t-test).

 A    B   

 C    D   

 E    F   

Figure 5 Methylation of netrin gene in a high methionine, low folate and vitamin B6/B12 diet-fed mice.
(A) The presence of HaeII sites, represented with yellow color, at various sites in netrin-1 gene.  (B) Agarose gel image represents methylation specific re-
striction enzyme analysis in control and high methionine, low vitamin B6/B12 diet fed mice for 1 to 6 weeks. The genomic DNA from different mice brains 
were isolated, digested with HaeII restriction enzyme and amplified using netrin-1 based primers. The presence of band at 485 bp showed methylation of 
the netrin-1 gene. Molecular weight ladder (100 bp) represents at leftmost side. Diet-fed mice samples (1 to 6 weeks) are shown in continuity and the right 
most lane shows control mouse sample. (C, D) MS-HRM analysis (C, difference curve; D, melt curve). Sodium bisulfite treated DNA was used for MS-
HRM analysis and the shift in Tm (melting temperature) shows methylation of the promotor region of netrin gene. Brain samples of mice fed on HMLVD 
for 4 and 6 weeks showed more methylation as compared to control. (E) Confirmation of the methylation at CpG island by sequencing: Sodium-bisulfite 
treated DNA was PCR amplified and the amplified product was sequenced to confirm the methylation at the CpG islands. Arrowheads represent cytosine (C) 
residue which is not converted to thiamine (T) after bisulfite sequencing. (F) The sequence of netrin-1 gene and bisulfite converted DNA is shown. Yellow 
color shows the methylated sites. MS-HRM: Methylation specific-high resolution melting; HMLVD: high methionine low vitamin diet.

 A    B   
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Discussion
In the present study, we determined the effect of HMLV diet 
on long-term memory impairment in mice. The impairment 
in memory was opposite to total brain 5-mC levels, which 
was found to be increased in HMLVD-administered mice. 
We next confirmed that HMLVD reduced netrin-1 protein 
expression by increasing promotor methylation of netrin-1 
gene. Interestingly, netrin-1 administration restored long-
term fear motivated memory function to a significant extent 
in HMLVD-fed mice. 

Studies have shown that nutrient-rich diet positively sup-
ports cognitive processes (Bourre, 2006; Gomez-Pinilla, 2008; 
Smyth et al., 2015; Sorensen et al., 2015), whereas unhealthy 
food negatively affects brain health (Gibson, 2006). Hence, 
it is of importance to understand how food can impact on 
our ability to remember things and enhance our probability 
of developing dementia. A methionine rich diet, such as red 
meat, is routinely consumed and has been studied as a cardiac 
threat (Arshad et al., 2015; Chaturvedi et al., 2016). We have 
provided a diet high in methionine and low in vitamin B6/B12 
to our experimental wild-type mice and tested time course of 
memory loss by examining individual mice groups admin-
istered with 1 to 6 weeks of HMLVD. The study determined 
impairment in fear motivated long-term memory started in 
mice fed with 4 weeks of HMLVD. The study also determined 
alterations of total methylation in different HMLVD-fed mice 
groups by measuring an epigenetic mark, %5-mC. Our results 
suggested a loss of fear-motivated long-term memory and in-
crease of %5-mC level starting after 4 weeks of HMLVD sup-
plementation in mice. By applying Pearson’s rank correlation 
test, we determined highly significant association between 
long-term memory loss and %5-mC (data not shown). In 
agreement with our findings, previous studies have shown the 
loss of memory in rodents when administered with the cur-
rently studied diet (Sudduth et al., 2013, 2014). Alteration in 
methylation process with excess methionine supplementation 
was also suggested in previous studies (Niculescu and Zeisel, 
2002; Waterland, 2006). The reports indicated that dietary 
methionine is a precursor of S-adenosylmethionine which is 
a donor of methyl group in methionine metabolism. How-
ever, it is still no very clear how dietary methionine affects 
DNA methylation? Though, it is evident from the some of the 
previous studies that high dietary methionine induces DNA 
hyper-methylation (Waterland, 2006; Kalani et al., 2013, 
2014a). In support, our report also suggests increase in total 
5-mC level with high methionine diet feeding. Since methyl-
ation usually occurs at 5th carbon of cytosine residues to form 
5-mC (Khare et al., 2012; Chopra et al., 2014; Kalani et al., 
2015), induced levels of %5-mC in HMLVD-fed mice suggest 
hyper-methylation of genes. Hyper-methylation of genes may 
convert transcriptionally active chromatin to inactive. Hence, 
chromatin silencing can affect transcription and then transla-
tion of regulatory genes. 

Netrins have been reported to be crucial for neuronal and 
vascular developments (Freitas et al., 2008; Sun et al., 2011). 
Among different family members, netrin-1 has been exten-
sively studied for its role in neurogenesis, axonal guidance 
and synaptic plasticity maintenance (Cirulli and Yebra, 2007; 
Bayat et al., 2012). For our study, the selection of netrin-1 was 

based on strong reports that suggest its protective role against 
ischemia-reperfusion injury of the kidney (Reeves et al., 2008; 
Wang et al., 2008), and myocardial infarction (Zhang and Cai, 
2010). Of major interest, netrin-1 has been shown to improve 
spatial memory and synaptic plasticity following global isch-
emia in a rat model (Bayat et al., 2012). In the present study, 
we determined that in HMLVD-fed mice, high methylation 
can affect netrin-1 protein expression by hyper-methylation 
of netrin-1 gene promotor. Our results confirmed a reduction 
in netrin-1 protein expression starting after 3 to 4 weeks of 
HMLVD supplementation in mice. The reduction of netrin-1 
was similar to decline in memory impairment as these two 
processes started at the same time in mice fed with HMLVD. 
To confirm netin-1 gene methylation, several experiments 
were conducted, for example; MSRE, MS-HRM and Sanger 
sequencing. First, through MSRE experiment, target restric-
tion sites of HaeII enzyme in netrin gene were confirmed and 
primers were designed. The appearance of an amplified PCR 
product starting in 3 weeks of HMLVD fed mice suggested 
beginning of netrin-1 gene methylation. Since HaeII cleaved 
unmethylated-cytosine residues, no amplified product was 
observed in control and HMLVD-fed mice groups for 1 and 
2 weeks. The products detected (3 weeks of diet supplemen-
tation onwards) were due to the methylated DNA, which was 
not digested with HaeII in netrin-1 gene. Similar assay has 
been used earlier for confirming pathological hallmarks in the 
brain (Guo et al., 2011; Masliah et al., 2013). Second, methyl-
ation in the netrin-1 gene was confirmed through MS-HRM 
experiment. In the experiment, the bisulfite treated DNA of 
HMLVD-fed mice showed amplification pattern which was 
found quite similar to methylation-specific control. MS-HRM 
was successfully used earlier for establishing the association 
of SH2B1 CpG-SNP with reduction in body weight during a 
dietary restriction program study conducted on obese sub-
jects (Mansego et al., 2015). Similarly, the technique was used 
to determine the increased methylation of serotonin receptor 
5HTR1A gene promoter in schizophrenia and bipolar disor-
der patients (Carrard et al., 2011). Third, through sequencing 
analysis of bisulfite treated DNA, methylation of netrin-1 
gene was confirmed in HMLVD-fed mice. The primers of the 
study were specifically designed from the promotor region 
of netrin-1 gene. Hence, all these results suggest promotor 
methylation of netrin-1 gene following HMLVD supplemen-
tation in mice. 

In the next sets of experiments, we confirmed the thera-
peutic aspects of netrin-1 in restoring long-term memory in 
HMLVD-fed mice. The results suggested that netrin-1 ad-
ministration restored freezing behavior in diet-fed mice by 
around ~50%, which was significant when compared to vehi-
cle-treated HMLVD fed mice. In agreement with this finding, 
Bayat et al. (2012) have also confirmed the therapeutic role of 
netrin-1 in recovering spatial memory and synaptic plasticity 
following global ischemia in rats. Previous supportive find-
ings along with our study clearly indicate association of ne-
trin-1 with memory function and provide an innovative ther-
apeutic direction using netrin-1. Alongside, the results also 
clearly indicate the ill-effects of HMLV diet. The current diet 
was earlier used and termed as hyperhomocysteinemic diet. 
Studies using HMLVD showed that the diet can cause vascu-
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lar dementia pathology and alterations in blood-brain barrier 
integrity (Kamath et al., 2006; Sudduth et al., 2013). Hyperho-
mocysteinemia condition arises with high plasma homocyste-
ine levels and is a risk factor to develop brain pathology (Ka-
lani et al., 2013, 2014b). HMLVD was also found to induce 
mild to moderate levels of plasma homocysteine in rodents 
(Kamath et al., 2006). It is not well established how the elevat-
ed plasma homocysteine levels affect brain integrity. Howev-
er, accumulating evidence supports that the elevated levels of 
homocysteine is involved in brain pathology through altered 
methionine metabolism, simple diffusion, and crossing of 
blood-brain barrier via specific saturable receptor (Grieve et 
al., 1992; Griffiths et al., 1992). In our study, although we did 
not measure plasma homocysteine levels in HMLVD mice, 
the possibility for the involvements of increased homocyste-
ine levels in memory impairment cannot be ignored. It would 
be exciting to assess homocysteine periodically to correlate 
disease pathology with homocysteine levels. Also, since we 
found total increase of 5-mC in HMLVD-fed mouse brain 
samples which can be related to more genomic methylation 
and suppression of regulatory genes, the possibility of under 
expression of other regulatory genes cannot be overlooked 
and may be further studied in future.   

In summary, we have determined the effect of high methi-
onine, low vitamin supplementation in long-term memory 
loss in mice. The week-wise study confirmed that loss of 
memory was associated with increased DNA methylation. 
High methionine, low vitamin fed mice also showed de-
crease in netrin-1 protein expression, which can be due to 
hyper-methylation of netrin-1 gene promotor. The role of 
netrin and memory function can be further explored in the 
future studies and these studies will be important in bringing 
a potential candidate(s) for future therapeutics.   
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