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Abstract

Background: Methionine is an essential amino acid found in rich quantities in average American 

diet such as meats, fish and eggs. Excessive consumption of such food often exceeds the normal 

requirement of the methionine in our body; which found to be related to the development of 

neurodegenerative disorders. However, the mechanistic pathways of methionine’s influence on the 

brain are unclear. The present study is focus on the effects of high methionine, low folate and low 

vitamin B6/B12 (HM-LF-LV) diet on the dysfunction of neuronal and vascular specific markers in 

the brain.

Methods: C57BL6/J male mice (8–10 week old) were fed with HM-LF-LV diet for a 6 week 

period. Cognitive function of mice was determine by measuring short-term memory using a Novel 

Object Recognition test (NORT). Neuronal dysfunction were evaluate by measuring the levels of 

Neuronal nuclear antigen (NeuN), Neuron-specific-enolase (NSE) and Fluoro-jade C(FJC) 

fluorescence; while cerebrovascular disruption were evaluate by assessing levels of endothelial 

junction proteins Vascular Endothelial-Cadherin (VE-Cadherin) and Claudin-5 in harvested brain 

tissue. Cerebrovascular permeability was assess by evaluating microvascular leakage of 

fluorescently labeled albumin in vivo. Endothelial and Neuronal Nitric Oxide Synthase (eNOS, 

nNOS) regulation and vascular inflammation (ICAM: intercellular adhesion molecules) were also 

evaluate in brain tissue. All assessments were conduct at weekly intervals throughout the study 

duration.

Results: NORT showed a significant temporal decrease in short-term memory of mice fed on 

HM-LF-LV diet for 6 weeks compared to the wild-type control group. Our experimental data 

showed that neuronal dysfunction (decreased NeuN levels and increased FJC positive neurons in 

brain) was more prominent in HM-LF-LV diet fed mice compared to normal diet fed control mice. 

In experimental mice, cerebrovascular disruption was found to be elevated as evident from 

increased pial venular permeability (microvascular leakage) and decreased in VE-Cadherin 

expression compared to control. Slight decrease in nNOS and increase in eNOS in experimental 

mice suggest a trend towards the decrease in potential for neuronal development due to the long-

term HM-LF-LV diet fed.
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Conclusions: Collectively, our results suggest that a diet containing high methionine, low folate 

and low vitamin B6/B12 results in increased neuronal degeneration and vascular dysfunction, 

leading to short-term memory loss. Interestingly, significant neuronal damage precedes vascular 

dysfunction.
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Introduction

Methionine is an essential amino acid found in high quantities in average American diet 

such as nuts, beef, lamb, cheese, turkey, pork, fish, shellfish, soy, eggs, dairy, and beans. It is 

recommended that the average sedentary adult male and female should consume 56g and 

46g of proteins respectively to meet daily metabolic requirements. As reported by the World 

health organization, the estimated daily allowance of methionine for an adult is 13mg/kg of 

body weight (FAO/WHO, 1973). Homocysteine (Hcy) is a non-essential sulfur-containing 

amino acid that is derived from methionine metabolism (Obeid and Herrmann, 2006). Folate 

and vitamins B6 and B12 are essential components in the metabolism of (Hcy), which 

occurs through remethylation to methionine or transsulfuration to cysteine (Siri et al. 1998). 

However, excessive consumption of such food often exceeds the normal requirement of the 

methionine in our body. Experimental data in the field of epidemiology and genetics suggest 

that people with elevated homocysteine levels are at increased risk of developing dementia, 

Alzheimer’s disease (AD), Parkinson’s disease, cerebrovascular leakage and stroke (Clarke 

et al. 1998; Miller et al. 1999; Hankey and Eikelboom, 2001; Mattson and Shea, 2003; 

Smith, 2008; Lominadze et al. 2006; Hainsworth et al. 2016). Thus, the intake of high 

methionine, low folate and low vitamin B6/B12 (HM-LF-LV) diet may lead to the 

development of neurodegenerative disorders. Dietary and nutri-epigenetic studies have 

begun to illuminate the effect diet has on physiology through their impact on the 

transcriptional, translational and post-translational mechanisms that governs it. The essential 

amino acid methionine has become a compound of interest as a growing number of studies 

are revealing its molecular role in physiological remodeling. Previous studies have 

established a causal relationship between high methionine levels and complications such as 

arteriosclerosis, osteoporosis, growth retardation, uremia, vascular remodeling and 

hepatoxicity (Yang et al. 2015; Sabour et al. 2016; Harper et al. 1970; Mori et al. 2000; 

Chaturvedi et al. 2016; Gomez et al. 2009). Moreover, studies have also identified high 

methionine as a risk factor for developing cognitive disorders (Miller, 2003; Zhuo et al. 

2010). Some studies indicate that methionine alone also poses toxic effects (Harper et al. 

1970; Troen et al. 2007). It has been shown that oral consumption of methionine raises 

methionine levels in the brain via L-neutral amino acid transporters in blood brain barrier 

(Oldendorf and Szabo, 1976; Young et al. 2005). Therefore, methionine consumption must 

be regulated to maintain normal brain health.

Potential mechanisms explaining methionine’s relationship with cognitive disorders include 

DNA methylation and oxidative stress from high homocysteine levels examined in CBS 
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mutant (CBStm1unc) and Alzheimer’s-disease (Tg2576) mouse model studies (Zhuo et al. 

2010; Jacobsen, 2000) However, the mechanisms explaining methionine’s influence on 

cognitive function are not fully understood. In particular, a direct effect of HM-LF-LV diet 

on normal animal or human brain physiology is not clear. A longitudinal understanding of 

the progression of methionine’s influence on neuronal and neurovascular function is 

essential to develop more targeted therapies against HM-LF-LV-induced cognitive 

dysfunction. In this study we followed the progression of methionine’s influence on 

neuronal and cerebrovascular function in relation to cognition in wild type mice. 

WTC57BL/6 mice were fed with HM-LF-LV (2-fold increase) over a six-week period, 

during which we assessed: neuronal density and function, cerebrovascular integrity and 

permeability, and short-term memory. This is an important area of research focusing on the 

overall neuronal, vascular and cognitive aspects linking change in dietary habit. The role of 

high methionine, low folate and low vitamin B6/B12 diet will be evaluated in the context of 

neuronal, vascular and cognitive aspects.

Methods

Animals and experimental design

Wild-type male mice (strain: C57BL/6J; age: 8–10 week) were obtained from Jackson 

Laboratory (Bar Harbor, ME) and kept in a suitable environmental conditions (12:12-h light-

dark cycle, 22–24°C) at the animal care facility of our University. A total of 30 male mice 

were enrolled for the current study and were divided into either control (n =15) or 

experimental groups (n =15). Experimental mice were fed with a HM-LF-LV [methionine 

enriched (1.2%), low folate (0.08mg/Kg), low vitamin B6 (0.01mg/Kg) and B12 (10.4 

μg/Kg] diet (Harlan Laboratories, Cat No.TD.97345) for one week to six weeks. The control 

mice were fed with standard food and water ad libitum. All animal procedures were 

reviewed and approved by the Institutional Animal Care and Use Committee (IACUC) at the 

University of Louisville School of Medicine. Moreover, methods and general guidelines for 

animals use were followed according with Animal Care and Use Program Guidelines of the 

National Institutes of Health.

Antibodies and Reagents

The antibodies used in the following experiments were: anti-Neu, anti-NSE, anti-nNOS, 

anti-eNOS anti-ICAM and anti-VE-Cadherin brought from Abcam (Cambridge, MA). Anti-

Claudin-5 conjugated with Alexa Fluor 488 brought from Invitrogen (Carlsbad, CA). Anti-

GAPDH from Millipore (Temecula, CA). Alexa Fluor 488-conjugated bovine serum 

albumin (BSA-Alexa Fluor-488) and secondary antibodies conjugated with Alexa fluor 

488,Texas Red and 4’,6-Diamidino-2-Phenylindole, Dihydrochloride (DAPI) were 

purchased from Invitrogen (Carlsbad, CA). Radio-Immunoprecipitation Assay buffer was 

from Boston BioProducts (Worcester, MA); while Protease-Inhibitor Cocktail and BSA-

Fluorescein Isothiocyanate (FITC) were from Sigma-Aldrich Chemicals (St Louis, MO). For 

western blot experiments. All buffers were prepared from synthesized 10X stock solutions.

10X Running Buffer (60.4g Tris base, 288g glycine and 20g Sodium dodecyl-sulfate in 2L 

of sterile ddH2 O), 10X Transfer Buffer (288g glycine, 60.4g Tris base, 1% SDS in 2L of 

sterile ddH2 O) and 10x Tris Buffered Saline (TBS) (24.2g Tris base, 80g NaCl in 1L of 
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sterile ddH2 O; pH 7.4). Western blots were developed in Luminata Forte Western HRP 

Substrate (Millipore, Billerica, MA).

Novel Object Recognition Test (NORT)

The Novel Object Recognition Test (NORT) is a commonly used behavioral assay for the 

investigation of various aspects of learning and memory in mice (Lueptow, 2017). The detail 

of experimental procedure was described in our previously published literatures (Kamat et 

al. 2013). In brief, mice were placed individually in a testing chamber with beige walls for a 

5 min habituation interval and returned to home cage. Thirty minutes later mice were placed 

in the testing chamber for 10 min with two identical objects (acquisition session). Mice were 

returned to home cages and one day later placed back into the testing chamber in the 

presence of one of the original objects and one novel object (recognition session) for 5 min. 

The chambers and objects were cleaned with ethanol between trials. Exploratory behavior 

was defined as sniffing, touching and directing attention to the object. Expected normal 

behavior would be, with a short delay between Acquisition and Retention trials, that the 

animal explores the novel object for a longer period of time than the familiar object. A 

“memory score is calculated for each animal, defined as the time spent in exploring the 

novel object as a percentage of total time exploring both objects during the retention trial. 

For the acquisition session, the recognition index (RI) was calculated as (time exploring one 

of the objects/the time exploring both objects). For the recognition session, the RI was 

calculated as (time exploring the novel object/the time exploring both the familiar and novel 

object). Discrimination index (DI) was also calculated (DI = (Novel Object Exploration 

Time/Total Exploration Time) − (Familiar Object Exploration Time/Total Exploration Time) 

×100) in mice. In our laboratory, NORT was performed using a Top Scan behavioral 

analyzing system (Version 3.00 by Clever Sys Inc; Reston, VA, USA). The data for the 

behavioral assessment was expressed by calculating DI. Lower the DI indicates less time 

spent with the novel object; thus indicates short-term memory impairment (Leger et al. 

2013). Overall, the NORT is a relatively low-stress, efficient test for memory in mice, and is 

appropriate for the detection of neuropsychological changes following pharmacological, 

biological, or genetic manipulations (Lueptow, 2017).

Cranial Window Preparation and Microvascular Leakage Observation

Prior to create a cranial window for the observation of microvascular leakage, mouse was 

anesthetized with pentobarbital sodium (50 mg/kg i.p.). A tracheotomy to maintain a patent 

airway and a carotid artery cannulation were performed. Mouse was briefly placed with 

heads fastened in place in a stereotaxic mount (World Precision Instruments, Sarasota, FL, 

USA). A heating pad was used to maintain body temperature of the mice at 37°C. Mean 

arterial blood pressure and heart rate were continuously monitored through a left carotid 

artery cannula (polyethylene tubing PE-10) connected to a transducer and a blood pressure 

analyzer (CyQ 103/302, Cybersense, Lexington, KY, USA). Scalp and connective tissues 

were removed over the parietal cranial bone. A 14-mm hole was made in the skull on the 

area posterior-to and lateral-to the bregma suture using a high-speed microdrill (Fine 

Scientific, Foster City, CA) according to the previously published procedures (Lominadze et 

al. 2006; Muradashvili et al. 2014). While drilling, the skull was repeatedly wetted with 

sterile saline to remove bone dust and to prevent overheating. The created skull flap was 
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gently removed with a pair of forceps (Dumont & Fils #5-Fine Forceps, Switzerland) and the 

window carefully cleaned with a few drops of 1×PBS and a cotton swab. With a pair of 

Forceps (Dumont #5), the duramater was then carefully removed without puncturing the 

cortex. The surface of the exposed pial circulation was continuously superfused with 1×PBS 

maintained at 37°C by dual automatic temperature controller (Warner Instrument 

Corporation, Hamden, CT, USA).

Then, the mouse was fastened to the stereotaxic instrument and positioned on the stage of an 

Olympus BXG61WI microscope (Olympus, Tokyo, Japan) so the exposed pial circulation 

could be observed by incident light. Following the surgical preparation, there was a 30 min 

equilibration period prior to imaging. Before each experiment, auto-fluorescence of the 

observed area was recorded over a standard range of camera gains. Fluorescein 

isothiocyanate (FITC)-conjugated BSA (BSA-FITC-albumin, 300 mg/mL) was infused 

through carotid artery cannula with a syringe pump (Harvard Apparatus, Holliston, MA) at 

40 μl/min and allowed to circulate for 5 min. In vivo imaging was used to examine the 

exposed area of the skull. After ensuring that spontaneous leakage of BSA did not occur, 

venules were identified by the topology of the pial circulation and blood flow direction. 

Selected third order venular segments were recorded and used as the baseline. After the 

baseline reading was obtained, images of the venular segments were recorded. The area of 

interest was exposed to blue (488 nm) light for 10–15 sec. The microscope images were 

acquired by an electron-multiplying charge-coupled device camera (Quantem 512SC, 

Photometrics, Tucson, AZ) and image acquisition system (Slidebook 5.0, Intelligent 

Imaging Innovations, Inc., Philadelphia, PA). The lamp power and camera gain settings were 

held constant during the experiments. Data were interpreted with the software provided with 

the instrument and Image-Pro Plus 6.3 software (Media Cybernetics, Bethesda, MD). 

Leakage of FITC-BSA was assessed by changes in the ratio of fluorescence intensity in the 

interstitium to that inside the vessel. Three vessels in each animal were observed and 

analyzed. The results were presented as a percentage of the baseline. The diameter of each 

venule under observation was also measured.

Collection of Plasma and Assessment of Total Homocysteine Levels

At the time of sacrifice, blood samples were collected into tubes, placed on ice immediately 

and plasma was isolated by centrifugation at 2300 g for 15 min at 4°C and stored at −80°C 

until use. Total plasma homocysteine was assayed using a kit (Catalog #80440; Crystal 

Chem, Inc, Downers Grove, IL, USA) according to the manufacturer’s instruction.

Mouse Brain Tissue Collection and Preparation

At the completion of diet treatment and functional tests, animals were euthanized with an 

overdose dose of Tribromoethanol (TBE), and intact brain samples were harvested. The 

brain tissue samples were washed in Phosphate-buffered saline (PBS, pH 7.4) and stored in 

eppendorf tubes at −80°C, until use. In the case of brain; tissue collected from mice used in 

vascular permeability tests, these mice were infused with PBS through the left ventricle of 

the heart until complete exsanguination, before brain extraction. To assess the content of 

NSE, Neun, ICAM, VE-Cadherin, eNOS and nNOS expression in brain. Brain samples were 

digested in Radio-Immunoprecipitation Assay (RIPA) buffer (1 g of tissue/1 mL of RIPA 
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buffer) in the presence of protease-inhibitor cocktail (Sigma Cat No. P8340). The samples 

were homogenized using a Kontes Glass Tissue Homogenizer. After homogenization, 

samples were centrifuged at 16,000xg for 20 minutes. The supernatant was repeatedly 

centrifuged at 16,000 × g for 10 minutes until all solid debris, and fatty tissue was remove. 

The supernatant was collectedand used for total protein estimation by Bradford assay. The 

remaining supernatant was storeed at −20°C for western blot analysis. For IHC analysis, 

animals euthanized with an anesthetic overdose of TBE were immediately infused with PBS 

through the left ventricle until exsanguination. Brain samples were collected, mounted in 

tissue freezing Medium (TBS Cat No.TFM-5) and stored at −80°C to create frozen blocks 

for cryo-sectioning. The samples were cryosectioned with a Leica CM 1850 Cryocut 

(Bannockburn, IL, USA) into 20-μm thick slices on glass slides and processed for confocal 

imaging.

Western Blotting of Brain Tissue

Western blot analysis for proteins related to vascular permeability, neuronal density and 

degeneration were performed as followed by the slandered procedures (Kamat et al. 2013). 

Briefly, protein was extracted using 1x RIPA buffer. Equal amount of proteins (25 µg) from 

brain were fractionated by SDS-PAGE and transferred onto the PVDF membrane (BioRad, 

Hercules, CA) by wet transfer method. Nonspecific sites were blocked with 5% non-fat dry 

milk in TBS-T (50 mM Tris–HCl, 150 mM NaCl, 0.1% Tween- 20, pH 7.4) for 1 h at room 

temperature and the membrane was washed with washing buffer (pH 7.6, TBS, 0.1% Tween 

20) for 3 times,10 min each. The blot was then incubated for overnight at 4°C with 

appropriate primary antibody in blocking solution according to the supplier’s specific 

instructions. The blots were washed with TBS-T (3 times, 10 min each) and incubated with 

appropriate HRP- conjugated secondary antibody for two hours at room temperature. 

Membranes were developed with Luminata Forte HRP substrate (Millipore, Billerica, MA) 

in a Bio-Rad Molecular imager (ChemiDoc XRS+, Hercules, CA, USA). The membranes 

were stripped and re-probed with GAPDH as a loading control. Protein signals were 

measured by observing integrated optical density (IOD) of bands and analyzed using 

ImagePro Plus software. Relative levels of protein expression between groups were assessed 

by comparing the calculated IOD ratio of bands-of-interest and their respective GAPDH 

bands. Results were presented as a ratio of the protein of interest to the respective GAPDH 

band.

Immunohistochemical Analysis

Immunohistochemistry (IHC) of VE-Cadherin and Claudin-5 were used to detect vascular 

permeability in brain tissue sections of wild-type control and HM-LF-LV diet fed mice. 

Immunohistochemical analyses of brain tissue sections were done according to our 

previously published protocols (Kalani et al. 2015; Kalani et al. 2016). In brief, glass slides 

with cryosectioned brain slices were thawed at 37 °C. Excess freezing media around the 

sections were removed. The sections were post-fixed in chilled absolute methanol in a 

coupling jar for 10 minutes. The slides were removed, excess methanol wiped from the 

edges, and coated with a hydrophobic barrier drawn around the sections using a hydrophobic 

pen. The sections were then permeabilized with Triton X-100 in a slide staining tray/

moisture chamber for 15 minutes. Triton X-100 was carefully removed from the slides with 
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a pipette, the hydrophobic barrier redrawn and the sections were blocked with 5% BSA for 

1hr at room temperature (RT) in a slide staining tray/moisture chamber. Blocking solution 

was removed and the sections were incubated with primary antibody Claudin-5 (dilution 

1:1000 in TBS-Tween) and VE-Cadherin (dilution 1:1000 in TBS-Tween) overnight at 4°C 

in a slide staining tray. The unbound antibody was washed in TBS with gentle rocking in a 

coupling jar and the sections were incubated with their respective fluorescent dye-

conjugated secondary antibodies for 1 hour at RT. The slides were further stained with 4’,6-

diamidino-2-phenylindole (DAPI) (dilution 1:10,000 in TBS-Tween) for 15 minutes, washed 

in TBS and mounted with anti-fade mounting media and a cover slip. The immunostained 

sections were then visualized using a laser scanning confocal microscope (60x objectives, 

FluoView 1000, Olympus, PA, USA). Fluorescence intensity was measured with Image-Pro 

Plus analysis software, (Media Cybernetics, Rockville, MD, USA).

Fluro Jade-C (FJC) Staining in Brain Section for the Assessment of Neuronal Degeneration

Fluoro-Jade C (FJC) labeling in the brain section was performed using a standard protocol 

(Kamat et al. 2013; Schmued et al. 2005; Kalani et al. 2014), with slight modification. 

Briefly, 25 μM paraffin-embedded brain sections were cut. The sections were deparaffinized 

by two 5-min washes in xylene, rehydrated through a graduated alcohol series (100, 90, 70, 

50, 30 %) each for 5 min, and finally washed for 2 min in distilled water. The sections were 

then transferred to 0.06 % potassium permanganate solution for 10 min and rinsed in 

distilled water for 2 min. After that, the sections were incubated for 20 min in a 0.0001 % 

solution of FJC (Sigma Aldrich, USA). FJC was made immediately before use by diluting a 

stock solution of 0.01 % FJC by 100-fold in 0.1 % acetic acid. The sections were eventually 

dried at 37 °C and mounted with distyrene plasticizer xylene (DPX). The fluorescent signal 

was visualized using a confocal laser scanning microscope with an excitation wavelength of 

488 nm.

Statistical Analysis

Data analyses and graphical presentation were performed with GraphPad InStat 3 and 

GraphPad Prism, version 6.07 (GraphPad Software, Inc., La Jolla, CA). The data are 

presented as mean ± SD (standard deviation). The experimental groups were compared by 

one-way analysis of variance (ANOVA) and Bonferroni’s multiple comparison tests were 

used to compare all group means. Statistical significance was assigned at p < 0.05. 

Univariate analysis were conducted to find any corelation between markers of interest and 

the duration of HM-LF-LV diet treatment via Spearman’s Rank correlation analysis using 

GraphPad InStat 3 software. The correlation analysis data are presented as Rho (ρ) value 

with p<0.05 considered statistically significant.

Results

Effect of HM-LF-LV Diet on Memory Impairment

Figure 1 shows the experimental approach and the corresponding results in the form of 

Discrimination Index (DI) for the NORT. NORT showed a significant temporal decrease in 

short-term memory of mice fed on HM-LF-LV diet. NORT data showed significantdecrease 

in DI values at weeks 2 (0.54 ± 0.11), weeks 4 (0.59 ± 0.11) and weeks 6 (0.431 ± 0.099) of 
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HM-LF-LV diet compared to that in wild-type control mice (0.730 ± 0.103). The highest 

decrease was observed in 6 weeks, compared to 2 weeks and 4 weeks of HM-LF-LV diet 

(Fig.1).

Effect of HM-LF-LV Diet on Total Plasma Homocysteine Levels

To investigate HM-LF-LV diet on homocysteine levels, we have examined the levels of total 

homocysteine (tHcy) in the blood plasma in control versus different groups of experimental 

mice. Our data clearly indicated that tHcy levels were significantly increased in 4weeks and 

6 weeks in HM-LF-LV diet fed mice compared to that in 2 weeks and in control animals 

(Fig.2A). There was no statistical difference between control and 2 week HM-LF-LV diet 

fed mice. We noticed highest levels of tHcy in 6 weeks of HM-LF-LV diet fed mice 

compared to all other groups.

Effect of HM-LF-LV Diet on Vascular Injury and Blood Brain Barrier Disruption

We evaluated cerebrovascular leakage was assessed by measuring the fluorescence of 

intracarotidally infused BSA-FITC in brain parenchyma after 1hr, relative to fluorescence 

measurements in venules and respective baseline readings collected 5 mins (baseline) after 

infusion (Fig.2B–C). Three vessels within each animal were observed and analyzed. All 

Baseline readings showed that there was no spontaneously leakage from the mechanical 

infusion of BSA-FITC. Body weight of animals used in the study varied from 25 to 29 g. 

Mean arterial blood pressure did not change in experimental mice after FITC-BSA infusion. 

During the observation period venular diameters remained similar in experimental animals. 

Pial venular permeability to FITC-BSA was significantly increased in 4weeks and 6 weeks 

in HM-LF-LV diet fed mice compared to that in 2 weeks and in control animals. There was 

no statistical difference between control and 2 week HM-LF-LV diet fed mice. The greatest 

protein leakage was demonstrated in 6 weeks in HM-LF-LV diet fed mice compared to all 

other groups (Fig.2B–C).

We further assessed endothelial junction proteins Claudin-5 (tight junction) and VE-

Cadherin (adherent junction), because these actively regulate selective barrier functions 

across the vessel walls. Immunohistocheminal analysis of Claudin-5 and VE-Cadherin data 

are shown in Figure 2D–E. Our data showed a significant decrease in VE-Cadherin 

fluorescence intensity at 6-week of HM-LF-LV diet fed mice compared to control and other 

groups (Fig.2D). There was no significant difference in fluorescence intensity of Claudin-5 

fluorescence intensities in control and different weeks of HM-LF-LV diet fed mice (Fig.2C–

D). We further investigated VE-Cadherin protein levels via western blot analysis (Fig.2F). 

We did not notice any change in VE-Cadherin protein levels between normal fed control 

mice and HM-LF-LV diet fed mice for up to 2 weeks. A slight increase in VE-Cadherin 

protein levels was noticed at 3 weeks and then progressively decreased at 4th, 5th and 6th 

weeks of HM-LF-LV diet. Similar to immunofluorescence data, a significant decrease in 

VE-Cadherin protein levels were found in 5 weeks and 6 weeks HM-LF-LV diet fed mice 

compared to control and 3 weeks group (Fig.2F).

Nuru et al. Page 8

Metab Brain Dis. Author manuscript; available in PMC 2019 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Effect of HM-LF-LV on Neuronal Loss

To investigate HM-LF-LV diet induced neuronal dysfunction, we have examined the levels 

of neuronal-related proteins NeuN and NSE in the brain tissue via western blot analysis (Fig.

3A–B). Moreover, to examine neuronal degeneration, we stained sections of mouse brain 

with Fluoro Jade C (FJC), a fluorochrome that binds specifically to the degenerating fibers 

and cell bodies of neurons (Fig.3C–D). Western blot data of NeuN showed a significant 

decrease in protein expression level after 5 weeks and 6 weeks of HM-LF-LV diet fed when 

compared to normal fed control mice (Fig.3A). We did not notice any significant change in 

the levels of another neuronal marker NSE in both control and HM-LF-LV diet fed mice 

(Fig.3B). A large number of FJC-positive cells with higher fluorescence intensity were 

observed in brain section of HM-LF-LV diet fed mice in comparison to control mice (Fig.

3C). There was a significant increase in fluorescence intensity at 4 weeks and 6 weeks of 

mice fed with HM-LF-LV diet compared to normal diet. Moreover, HM-LF-LV diet induced 

neuronal degenerations were found to be significantly higher temporarily at 4 weeks and 6 

weeks when compared to 2 weeks. However, there was no significant difference in FJC 

fluorescence intensity between Control and 2-week met-diet fed mouse brain sections (Fig.

3C–D).

Effect of HM-LF-LV on NOS Regulation and Vascular Inflammation

Through western blot analysis of brain tissue, we determined eNOS and nNOS levels that 

impart main roles in regulating vascular tone and glia and neuronal integrity. We also 

evaluate a marker for vascular inflammation (ICAM) in brain tissue in both control and HM-

LF-LV diet fed mice (Fig.4). Western blot data of nNOS showed no significant differences 

between normal diet fed control group and HM-LF-LV diet fed experimental group of mice, 

although we noticed decrease in nNOS levels in experimental mice group (Fig.4A). 

Decreased nNOS levels suggest a decrease in potential for neuronal development and 

decreased nitric oxide-mediated long-term regulation of synaptic transmission and memory 

formation (Fig.4A). Western blot data of eNOS showed no significant differences between 

normal diet fed control group and HM-LF-LV diet fed experimental group of mice. 

However, the data trend showed some increase in 4, 5 and 6 week after fed with HM-LF-LV 

diet compared to control and other groups (Fig.4B) suggesting that a statistical increase in 

eNOS levels could be observed if the dietwere extended beyond the 6 week time frame. 

Levels of ICAM showed no significant difference between control and HM-LF-LV diet fed 

groups (Fig.4C).

Correlation between Duration of HM-LF-LV Diet and Markers of Interest

The duration of HM-LF-LV diet in experimental mice group strongly correlated with 

neuronal disruption as evident from significant positive correlation with FJC positive 

neutrons and significant negative correlation with NeuN in Spearman’s rank correlation 

analysis (Table 1). On the hand, the duration of HM-LF-LV diet correlated positively with 

fluorescent protein leakage from pial vessels into brain parenchyma (FITC-BSA) and 

correlates negatively with Claudin-5 and VE-cadherin expression – suggesting a strong 

correlation of HM-LF-LV diet with cerebrovascular disruption. We did not find any 

significant correlation between the duration of HM-LF-LV diet and neuronal NOS (nNOS) 
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but endothelial NOS (eNOS) found to be positively correlated with HM-LF-LV diet. 

Likewise, the vascular inflammation marker (ICAM) expression correlated positively with 

the duration of HM-LF-LV diet (Table 1).

Discussion

Consistent with previous studies (Miller, 2003; Young et al. 2005), our study confirms that 

methionine cycle imbalance is detrimental to brain health. In this study we showed that 

consumption of HM-LF-LV diet promotes neuro-vascular dysfunction through blood- brain- 

barrier (BBB) damage by increasing the plasma homocysteine levels. Methionine’s also a 

key regulatory molecule supported by the diet-derived cofactors and precursors such as 

cobalamin (Vitamin B12), pyridoxine (Vitamin B6) and folate. Relative to protein intake, the 

average diet in the United States can often be low in these cofactors. This imbalance 

influences free-methionine and homocysteine levels in the body which may be responsible 

for the development of neurodegenerative diseases. In human, three ranges of 

hyperhomocysteinemia are defined as follows: mild (16 –30 µmol/L), intermediate (31– 100 

µmol/L), and severe (100 µmol/L). However, it is known that only a fraction of total plasma 

Hcy is in the reduced form in brain through several mechanisms, such as recycling vitamin 

B12, catabolism through cystathionine beta synthase enzyme to cystathionine (Zhang et al. 

2017; Cheng and Kaplowitz, 2004). Genetic, environment or diet were the common factor to 

cause of HHcy (Ganguly and Alam, 2004; Basati et al. 2014). A significant correlation has 

been found between risk of Alzheimer’s disease and high plasma levels of homocysteine, as 

well as low levels of folic acid, and vitamins B6 and B12. In this study, a moderate level of 

HHcy in WT mice was induced by6-week HM-LF-LV diet. Further studies need to be 

performed to assess whether this will also reduce the risk of cognitive diseases and/or 

improve cognitive functioning.

Methionine is a key amino acid of human’s diet (Irwin and Hegsted, 1971; Millward, 1990). 

However, many reports provide evidence that conversely, severe methionine deficiency 

might cause dementia (Koladiya et al. 2008). Our study using NORT behavioral test 

suggests that HM-LF-LV diet mice have impaired short-term memory function related to the 

recognition of a novel object (Fig.1). Interestingly, our short-term memory assessment data 

obtained through NORT study showed a drastic decrease in short-term memory in mice fed 

with HM-LF-LV diet for 2, 4 and 6 weeks relative to normal diet fed control mice (Fig.1). It 

is also evident from our study that longer the duration of HM-LF-LV diet fed, the severity of 

short term memory loss increases.

Vascular junction proteins play a very important role in regulating BBB integrity (Kalani et 

al. 2015). Blood-brain barrier integrity is essential for normal brain function. Two structural 

proteins of the blood-brain barrier, VE-cadherin and claudin-5, were of particular interest in 

this study. Western blot data analysis showed a significant decrease in VE-Cadherin 

expression in mice fed with HM-LF-LV diet for up to 6 weeks when compared to normal fed 

mice (Fig.2E). This was further confirmed by immunohistochemistry data that showed a 

significant decrease in VE-Cadherin in mice fed with HM-LF-LV diet for 6 weeks (Fig.2C–

D). No statistical difference in claudin-5 expression was observed (Fig.2C–D). Our results 

suggest a greater sensitivity of the adheren junction protein VE-cadherin to a HM-LF-LV 
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diet than the tight junction protein, Claudin-5. This may also be influenced by the drastic 

increase in pial vessel leakage observed in the brains of experimental mice fed with HM-LF-

LV diet for 6 weeks (Fig.2A–B). The relative decrease in VE-Cadherin expression in mice 

on the diet for 6 weeks suggests an increase cerebrovascular permeability from consumption 

of the diet, which was confirmed by in vivo BSA-FITC leakage observations that showed a 

drastic increase in BSA leakage from pial venules in mice on the diet for 6 weeks. 

Collectively our results suggest that HM-LF-LV diet causes decreased structural and 

functional integrity of the blood-brain barrier (Fig.2A–B).

Loss of BBB integrity inthe wild type mice fed with HM-LF-LV diet indicated loss of 

neurons, which was confirmed by FJC, NeuN and NSE expressions. FJC and NeuN have 

previously been used as specific markers for neuronal damage (Kalani et al. 2014). Our 

results showed a significant decreased in neuronal protein NeuN among wild type mice fed 

with HM-LF-LV diet for up to 6 weeks when compared to normal fed mice (Fig.3A). 

Clinical studies have shown NSE levels to be a good indicator of long and short-term 

neurological outcome in stroke patients (Lu et al. 2015) as well as a potential biochemical 

marker of early stage dementia (Shen and Gao, 2015). A decrease in NSE levels indicates 

poor neuronal outcome. Although our NSE western blot data did not show any significant 

difference in NSE levels between normal fed control mice, and mice fed with HM-LF-LV 

diet for up to 6 weeks (Fig.3B). In addition, FJC staining demonstrated that the number of 

degenerative neurons in the wild type mice fed with HM-LF-LV diet (Fig.1C–D).

In vivo studies showed that mild and severe hyperhomocysteinemia is associated with 

impaired vasodilation (Miller, 1999; Wang et al. 2002). These findings are consistent with 

impairment in NO bioavailability. However, some studies show that high concentrations of 

Hcy increase NO production (Upchurch et al. 1997), whereas other studies show that Hcy 

decreases NO production (Chow et al. 1999; Zhang et al. 2000). Our previous study show 

that Hcy induced oxidative stress by inducing iNOS and decreasing eNOS expression in 

MVEC (Tyagi et al. 2005). Nitric oxide (NO) synthase (NOS) enzymes essentially regulate 

the regulatory functions of neuronal and vascular integrity. The NOS enzymes produce NO, 

which regulates neuronal development and vascular tone via different isozymes such as 

neuronal NOS (nNOS) and endothelial NOS (eNOS) respectively (Kalani et al. 2015). 

Decreased nNOS levels suggest a decrease in potential for neuronal development and 

decreased nitric oxide-mediated long-term regulation of synaptic transmission and memory 

formation (Förstermann et al. 2012; O’Dell et al. 1991). In our study, we measured nNOS 

and eNOS in harvested brain samples. Our nNOS western blot data showed a decreasing 

trend in experimental mice in comparison to control mice but the data were not statistically 

significant within the 6week time frame (Fig.4A). Spearmann correlation analysis revealed 

no such significant correlation between nNOS expression and duration of HM-LF-LV diet; 

but we do found a strong positive correlation between nNOS expression and the duration of 

HM-LF-LV diet (Table 1). However, western blot data of eNOS showed no significant 

difference between control and experimental mice group, but, the data trend shows some 

increase in 4, 5 and 6 week HM-LF-LV diet fed mice, relative to control (Fig.4B). This may 

suggest that a statistical increase in eNOS levels could be observed if the dietwere extended 

beyond the 6 week time frame. Spearman correlation analysis did not establish any 

correlation between ICAM expression and the duration of HM-LF-LV diet. Our western blot 
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analysis of Brain tissue ICAM, a marker for vascular inflammation, showed no significant 

difference between control and HM-LF-LV diet fed groups (Fig.4C). Similar findings were 

observed in a study on aortas of rats fed a methionine enriched diet for 4 weeks (Wang et al. 

2002). However, VCAM levels and increased monocyte adhesion to aortic endothelium, 

markers of vascular inflammatory response, were shown to increase in their study. Likewise, 

findings by others showed increased leukocyte adhesion in mesenteric vessels of CBS 

deficient mice fed a methionine enriched diet for 8 weeks (Kamath et al. 2006).

Conclusions

Our study shows that HM-LF-LV diet causes a decline in cerebrovascular health in wild-type 

mice. As a whole these results demonstrate that a HM-LF-LV diet may be one of the risk 

factor for the development of neurodegeneration and short-term memory loss. The effects of 

nutrition on cognitive function have long been a subject of interest in biomedical science. 

Our study shows that a sustained high methionine, low folate and low vitamin B6/B12 diet 

causes neuronal dysfunction and neurodegeneration, structural cerebrovascular dysfunction 

and vascular leakage, and short-term memory loss. Although neuronal and cerebrovascular 

dysfunction start simultaneously, our study shows that the functional outcome of 

cerebrovascular dysfunction from the diet is delayed (until the 6th week of the diet) while 

functional outcome of neuronal damage is more immediate (Fig.5).
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Figure 1: 
Schematic diagrams showing the experimental set ups and corresponding results for the 

NORT. (A) Animal training and familiarization with two identical objects, prior to short-

term memory assessment. (B) Setup for short-term memory assessment; distinctly different 

by the replacement of a familiarized object with a new (novel) object. (C) Live infrared 

tracking showing interaction between mice and objects. CT represents control/wild type 

mice with normal diet and 2Wks-6Wks represents mice fed with HM-LF-LV diet for 2 

weeks, 4weeks and 6 weeks respectively. (D) Representational graph showing the ability of 

mice to discriminate between novel object and familiar object based on number of 

interaction events between objects. Results are expressed as mean ± SD. *,†,‡, p < 0.05 

considered significant in Bonferroni multiple comparison, one-way ANOVA test. *, 

compared to control; †, compared to 2 weeks; ‡, compared to 4 weeks. Data analyzed from 

five independent experiments (n = 5).
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Figure 2. 
Representative data showing total plasma homocysteine levels and cerebrovascular 

disruption in mice after HM-LF-LV diet fed in comparison to control mice. (A) Histogram 

showing comparison of total plasma homocysteine levels in experimental mice. (B) Images 

showing fluorescent protein leakage from pial vessels into brain parenchyma, in vivo after 5 

mins (baseline) and 1hour of FITC-BSA circulation for control mouse and mice fed with 

HM-LF-LV diet for 2 weeks, 4 weeks and 6 weeks, respectively. (C) Histogram showing 

difference in fluorescence intensity after 1 hour inside the vessel lumen and outside the 

vessels relative to baseline readings taken after 5 mins. (D) Confocal immunohistochemistry 

images (60 × magnification) showing Claudin-5 (in Alexa Fluor 488- green) and VE-

Cadherin (in Texas Red) proteins in cross sectioned cerebral vessels in cryosectioned brain 

samples from control mice and mice fed with HM-LF-LV diet for 1–6 weeks. Merged 

images are shown in the rightmost lane, along with DAPI-stained vascular endothelial cell 

nuclei (leftmost blue lane). (E) Histogram showing analyzed fluorescence intensity of 

claudin-5 (green bars) and VE-Cadherin (red bars) in control and HM-LF-LV diet fed mice. 

(F) Representative western blot image and corresponding histogram showing levels of VE-

Cadherin in brain tissue of control and HM-LF-LV diet fed mice. Bars represent standard 

deviation of mean values. *,†,ᴪ,‡, #, p < 0.05 considered significant in Bonferroni multiple 

comparison, one-way ANOVA test. *, compared to control; ¥, compared to 1 weeks; †, 

compared to 2 weeks; ᴪ, compared to 3 weeks; ‡, compared to 4 weeks and #, compared to 5 

weeks. Data analyzed from five independent experiments (n = 5).
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Figure 3. 
Representative data of neuronal dysfunction in control and HM-LF-LV diet fed mice. (A-B) 

Western blot images and their corresponding densitometric analysis of the levels of NeuN 

and NSE in different mice groups; (C) Fluorescence microscopic images of control mouse 

and mice fed with HM-LF-LV diet. Arrows indicating cell bodies of neurons with neuronal 

degeneration. (D) Histogram showing comparative analysis of fluorescence intensities 

between control and HM-LF-LV diet fed mice. Bars represent standard deviation of mean 

values. *,†, p < 0.05 considered significant in Bonferroni multiple comparison, One-Way 

ANOVA test. *, control vs. HM-LF-LV diet fed mice, †, 2 weeks vs. 4 and 6 weeks. Data 

analyzed from five independent experiments (n = 5).
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Figure 4. 
Representative data of NOS Regulation and vascular inflammation. (A-B) Comparative 

western blot analysis of regulation of nNOS and eNOS in control mice and experimental 

mice fed with HM-LF-LV diet. (C) Comparative western blot analysis of ICAM protein for 

the detection of vascular inflammation in normal fed control mice and experimental mice 

fed with HM-LF-LV diet. Bars represent standard deviation of mean values. *, p < 0.05 

considered significant in Bonferroni multiple comparison, One-Way ANOVA test. *, control 

vs. HM-LF-LV diet fed mice. Data analyzed from five independent experiments (n = 5).

Nuru et al. Page 18

Metab Brain Dis. Author manuscript; available in PMC 2019 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. 
High methionine low vitamin diet independently compromises structural and functional 

damage to neuronal and cerebrovascular systems leading to a subsequent loss in short-term 

memory.
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Table 1.

Spearman’s Rank Correlation Analysis to test a correlation between markers and the duration of HM-LF-LV 

diet

Molecular markers
Duration of HM-LF-LV diet

Spearman’s rho (ρ) value 95 % CI p-value

Neuronal disruption

    FJC-positive neurones
    NeuN in brain
    NSE in brain

0.8771
−0.8108
−0.1853

0.7030 to 0.9520
−0.9026 to −0.6485
−0.4962 to 0.1677

< 0.0001*

<0.001*
0.2865 (NS)

Cerebrovascular disruption

    FITC-BSA
    Claudin-5
    VE-Cadherin

0.9757
−0.5835
−0.4816

0.9366 to 0.9908
−0.7717 to −0.3013
−0.7073 to −0.1667

< 0.0001*

0.0002*

0.0034*

NOS regulation and vascular Inflammation

    nNOS
    eNOS
    ICAM

0.07598
0.7857
0.3571

−0.2735 to 0.4078
0.6065 to 0.8890
0.01680 to 0.6233

0.6644 (NS)

< 0.0001*

0.0352*

*
, p<0.05 considered significant in Spearman’s Rank Correlation analysis
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