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Abstract

Introduction:Vascular contributions to cognitive impairment and dementia (VCID) are

a leading cause of dementia. An underappreciated, modifiable risk factor for VCID is

hyperhomocysteinemia (HHcy), defined by elevated levels of plasma homocysteine,

most often due to impaired B vitamin absorption in aged persons. Studies aimed at

identifying neuropathologic features and gene expression profiles associated with

HHcy have been lacking.

Methods:Asubset of research volunteers from theUniversity ofKentuckyAlzheimer’s

Disease Research Center longitudinal cohort came to autopsy and had ante mortem

plasma homocysteine levels available. Brain tissue and blood plasma drawn closest to

deathwere used tomeasure homocysteine and relatedmetabolites in the current pilot

study. Genetic expression profiles of inflammatory markers were evaluated using the

HumanNeuroinflammationNanoString panel. Further analyses included an evaluation

of plasma homocysteine effects on amyloid beta, tau, ionized calcium-binding adap-

tor molecule 1, and glial fibrillary acidic protein immunohistochemistry in the frontal

and occipital cortices. Analytes and other study outcomes were evaluated in relation

to antemortemHHcy status:We identified 13 personswith normal antemortem plasma

homocysteine levels (<14 µmol/L) and 18 who had high plasma homocysteine levels

(≥14 µmol/L).

Results: Participants with HHcy demonstrated increased levels of several plasma

homocysteine cycle metabolites such as total cysteine, S-adenosyl-homocysteine,

cystathionine, and choline. Inflammatory gene expression profiles showed a general

downregulation in the setting of elevated plasma homocysteine. HHcy was associated

withmore and longermicroglial processes, but smaller and fewer astrocytes, especially

in participants of older age at death. HHcy in older participants was also associated
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with occipital cortex microhemorrhages and increased severity of atherosclerosis

throughout the cerebral vasculature.

Conclusions: Increased plasma homocysteine and older age were associated with the

downregulation of inflammatory gene expression markers in association with signif-

icant glial and vascular pathology changes. Impaired immune function is a plausible

mechanism by which HHcy increases cerebrovascular damage leading to impaired

cognitive function.

KEYWORDS

Alzheimer’s disease, astrocytes, atherosclerosis, hyperhomocysteinemia, microglia, microhemor-
rhages, neuroinflammation, vascular contributions to cognitive impairment and dementia

1 INTRODUCTION

Vascular contributions to cognitive impairment and dementia (VCID)

are a leading cause of dementia that is seen independently or as a

comorbid pathology in the setting of Alzheimer’s disease (AD). While

there is no established treatment to cure VCID, several risk factors

that may be therapeutic targets have been identified, with most being

risk factors for cardiovascular disease.1 An underappreciated risk fac-

tor for VCID is hyperhomocysteinemia (HHcy). HHcy occurs when

plasma total homocysteine (tHcy) levels exceed 14 µmol/L and is well

documented as a risk factor for cardiovascular disease and stroke.2–5

Homocysteine is a non–protein-forming amino acid involved in the

metabolism of methionine to cysteine (Figure S1A in supporting infor-

mation). Thismetabolic pathway relies on vitamin B6, while conversion

from homocysteine back to methionine requires folate and vitamin

B12; these three vitamins are essential cofactors for key enzymes, and

a diet deficient in these vitamins or impairments in the absorption of

these vitamins results in HHcy.6 Up to 38% of older adults exhibit B

vitamindeficiencyandone study showed49%ofnursinghomepatients

had adeficiency in vitaminB6.7,8 While there is data to show thatHHcy

is associatedwith cognitivedecline, there are limiteddata assessing the

impact of HHcy on neuropathological lesions.

HHcy may affect the brain through various mechanisms. There is

strong evidence that HHcy correlates with the severity of atheroscle-

rosis and cardiovascular mortality in patients with coronary artery

disease.9,10 There are also studies investigating the mechanism

of HHcy-induced damage in peripheral blood vessels, suggesting

a role for oxidative stress, nitric oxide signaling, and endothelial

dysfunction.11,12 Studies show that HHcy is a risk factor for stroke,

AD-typedementia, andVCID, and severalmousemodel studiesdemon-

stratemechanisms bywhich HHcy leads to these pathologies.13–15 For

example, HHcy increases pro-inflammatory cytokine expression and

matrixmetalloproteinase 9 activity, which is associatedwith astrocytic

end-foot loss and microhemorrhages.16,17 Other studies report that

HHcy increases tau phosphorylation, decreases cerebral blood flow,

and contributes to glutamate neurotoxicity.18–20

While there are several proposedmechanisms stemming from these

animal data, there is a lack of corresponding human neuropathologic

studies to corroborate these findings. Human studies have investi-

gated the association of HHcy with either cognition or neuroimaging

changes such as structural brain volume changes and white mat-

ter hyperintensities.21–23 The goal of the present pilot study was to

identify neuropathologic changes in human autopsy tissue that are

associated with HHcy.

Thirty-one autopsied research volunteers with ante mortem homo-

cysteine levels were examined for this pilot study. Levels of homocys-

teine and related metabolites were measured in both plasma samples

taken closest to autopsy and frontal cortex brain tissue. The neu-

ropathologic analysis focused on amyloid and tau pathologies and

microgliosis and astrogliosis in the frontal and occipital cortices. Brain

indicators of inflammation and angiogenesis were also measured to

determine associations with plasma homocysteine levels. Finally, the

Human Neuroinflammation NanoString panel was used to determine

brain gene expression changes of inflammatory markers associated

with high homocysteine levels.

2 METHODS

2.1 Sample selection

To ensure sufficient variability of plasma tHcy, we used ante mortem

tHcy measurements for our inclusion criteria. Selection of partic-

ipants with normal tHcy and HHcy were balanced for sex, age at

death, cardiovascular risk factors, and neuropathologies present

at autopsy. Plasma samples closest to autopsy (range 1–4 years),

formalin fixed paraffin embedded, and frozen frontal and occipital

cortex samples were obtained through the University of Kentucky

Alzheimer’s Disease Research Center (UK-ADRC) at the Sanders-

Brown Center on Aging. The frontal (Brodmann area 9, corresponding

to the middle frontal gyrus) and occipital (Brodmann areas 17/18/19)

cortical samples were snap-frozen in liquid nitrogen at the time

of autopsy and thereafter stored in a –80◦C freezer. Standardized

neuropathologic evaluation of atherosclerosis was made using a

0 to 3 grading scale (none, mild, moderate, or severe) at the time

of autopsy, based on the observed atherosclerosis in the Circle of
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RESEARCH INCONTEXT

1. Systematic Review: The authors used PubMed to review

literature on hyperhomocysteinemia and neuropatho-

logic features. While there are considerable data linking

hyperhomocysteinemia to radiologic brain changes, there

are little data evaluating neuropathologic changes.

2. Interpretation: The findings presented support the

extant literature that has demonstrated associations of

atherosclerosis with hyperhomocysteinemia and shows

considerable glial and vascular changes that have not

been previously described. The data suggest a significant

interaction effect between age and hyperhomocysteine-

mia on brain pathology that may be linked to reduced

immune function.

3. Future Directions: Given the limited sample size in this

pilot study, future studies aimed at evaluating larger

numbers of subjects and expanding the characterization

of vascular changes related to hyperhomocysteinemia

(such as astrocyte end feet) are needed. Increased efforts

aimed at understanding the significant downregulation

of inflammatory genes due to hyperhomocysteinemia

may improve our understanding of the causal pathways

whereby hyperhomocysteinemia contributes to vascular

contributions to cognitive impairment and dementia.

Willis region. The UK-ADRC recruitment details and pathological

assessments performed on autopsy tissue have been previously

described.24

2.2 Homocysteine metabolites

Total homocysteine and total cysteine: Plasma tHcy was measured

by liquid chromatography-tandem mass spectrometry (LC-MS/MS)

as previously described.25 The method was extended to include

total cysteine (tCys), Q1/Q3 mass (m/z Cys 122.0/79.1 and d3-Cys

125.1/79.1), declustering potential (31 V), entrance potential (6 V),

collision energy (19 V), collision cell exit potential (4 V). To determine

tHcy in brain tissue, samples were homogenized in four volumes

of 5 mM dithiothreitol and 10µM 2H4-Hcy and incubated on ice

for 20 minutes. The homogenized samples were centrifuged at

18,800 × g at 4◦C for 10 minutes. Aqueous supernatant was trans-

ferred to a micro centrifugal filter unit (Amicon Ultra 0.5 ml, 10 kDa

nominal molecular weight limit [NMWL], Millipore) and centrifuged

at 18,800 × g at 4◦C for 25 minutes. The protein-free filtrate was

analyzed for tHcy by LC-MS/MS.25

Methylation cycle metabolites: S-adenosyl methionine (SAM),

S-adenosyl homocysteine (SAH), methionine, cystathionine, betaine,

and choline were measured in plasma and brain tissue by LC-MS/MS

as previously described.26,27 Briefly, plasma samples were prepared

by adding 20 µl of plasma to 180 µl of isotope internal standards in

a micro centrifugal filter unit (Amicon Ultra 0.5 ml, 10 kDa NMWL,

Millipore) and centrifuged at 18,800 × g at 4◦C for 25 minutes. Brain

tissue was deproteinized with four volumes of 0.4 M perchloric acid

and further diluted 1:10 with isotope internal standards in an aqueous

solution. Both plasma and brain tissue extracts were injected into a

Nexera LC system (Shimadzu Corporation) coupled to a 5500 QTrap

mass spectrometer (SCIEX). Peak detection and quantitation were

performed using Analyst 1.7.1 (SCIEX). Two levels of quality control

samples were used to monitor the within- and between-day precision

of themethod. The coefficient of variation (cv)was less than 15% for all

metabolites.

2.3 MSD enzyme-linked immunosorbent assay

Frozen frontal and occipital cortex brain regions containing both gray

and white matter were pulverized with mortar and pestle over dry

ice. Brain tissue was homogenized in 1 ml of Mammalian Protein

Extraction Reagent with protease and phosphatase inhibitors and cen-

trifuged at 4◦C at 10,000 × g for 15 minutes. The supernatant was

collected and using a bicinchoninic acid assay, protein was normalized

to 1 mg/ml. Samples were run on MSD’s Vascular Injury, Proinflam-

matory, Cytokine, Chemokine, and Angiogenesis kits according to the

manufacturer’s instructions (MSD); the only deviation was the Vascu-

lar Injury plate was incubated overnight at 4◦C. Each plate was read

on theMSDQuickplex SQ 120machine with analysis performed in the

MSDDiscoveryWorkbench 4.0 software.

2.4 NanoString and quantitative polymerase
chain reaction

RNA was isolated from frozen frontal and occipital cortex contain-

ing gray and white matter using the E.Z.N.A. total RNA kit II (Omega

Bio-Tek) according to themanufacturer’s instructions. RNAquality and

quantity was assessed with the Agilent 2100 Bioanalyzer located in

the Genomics Core at the University of Kentucky. Samples with a RNA

integrity number value lower than sevenwere excluded from the study

(four occipital and two frontal cortex samples excluded). Normalized

samples (10 ng/µl) were run on the NanoString Technologies nCounter

(also located in the Genomics Core) Human Neuroinflammatory Panel

(NanoString).

Quantitative polymerase chain reaction (qPCR) was used to con-

firm NanoString gene expression changes. Briefly, 100 ng of RNA was

reverse transcribed to cDNA using the High-Capacity cDNA kit (Life

Technologies) according to the manufacturer’s instructions. For qPCR,

in each well of a 96-well plate, 1 µl of gene probe, 10 µl of Fast-Taqman

reagent, 0.5 µl of cDNA, and 6.5 µl Rnase-free water was loaded and

runon theViiA7Real-TimePCRSystem (AppliedBiosystems). All genes

were normalized to 18 s rRNA and the –ΔΔCt method was used for

analysis.
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2.5 Immunohistochemistry and histology

Formalin-fixed, paraffin-embedded frontal and occipital cortex brain

sections (8 µm thickness) were immunohistochemically stained for

amyloid beta (Aβ; 10D5), paired helical filament 1 (PHF-1; phospho-

tau), ionized calcium-binding adaptor molecule 1 (IBA-1), and glial

fibrillary acidic protein (GFAP). Aβ and PHF-1 were stained by the UK-
ADRC Neuropathology Core according to their previously described

protocol.24 Briefly, for IBA-1 (Wako 1:1000 primary, 1:3000 goat anti-

rabbit secondary) and GFAP (Dako 1:10,000 primary, 1:5000 goat

anti-rabbit secondary), sections were deparaffinized, sodium citrate

and 70% formic acid antigen retrieval was performed, and sections

were stained as previously described.28 Sections were also stained for

Prussianblueaspreviously described.28 IBA-1,GFAP, andPrussian sec-

tionswere imaged using the Zeiss Axioscan Slide Scanner and analyzed

using Indica Lab’s HALO imaging software. Aβ and PHF-1 slides were

obtained from the UK-ADRCNeuropathology Core, scanned using the

Nikon Bio-Pipeline, and analyzed using NIS-Elements.

2.6 Statistical analysis

NanoString analysis: Gene expression values were modeled using lin-

ear mixed models with random intercepts and slopes for tissue type

within individual to account for the correlation that exists between

frontal cortex and occipital samples taken from the same individual.

All gene expression values were transformed by the natural logarithm

prior to modeling. When estimating the association of HHcy—normal

homocysteine (<14 µmol/L) versus HHcy (≥14 µmol/L)—with gene

expression, models were adjusted by the sum of all positive control

genes and tissue type. The interaction between homocysteine status

and tissue type was tested; interactions were only retained if they

reached statistical significance. To account for the large number of

tests being performed, false discovery rate was applied to the results.

Statistical significance was set at q≤ 0.05 and all tests were two-sided.

Missing observations were reported and were excluded on a case-by-

case basis. All analyses were done in R programming language, version

3.6.2 (R Foundation for Statistical Computing). All linear mixed models

were fit using the lme() function from the R package nlme, version 3.1-

142. For the qPCR data, a t test was used to determine the significance

between normal andHHcy groups.

Homocysteine metabolites, Meso Scale Discovery (MSD), and

immunohistochemistry (IHC) analysis: Outliers and influential points

were removed from the data set as they had undue influence on the

associations. Outliers were removed for each predictor variable using

the generalized extreme studentized deviate test (between 0 and 3

outliers removed for each data set). Influential pointswere determined

using delete-1 scaled difference coefficient estimates of the predic-

tor variable to reduce the influence of highly leveraged datapoints

(between 0 and 2 influential points removed for each data set). Lin-

ear regressionmodels including age at death, sex, plasma tHcy, and the

interaction between age and plasma tHcy were performed for all data

sets except the atherosclerosis data. Aβ and PHF-1 analysis included

the presence of apolipoprotein E ε4 as a covariate in the model. Using

the model estimates, the predicted mean value for each outcome at

5 µmol/L plasma tHcy (normal) and 27 µmol/L plasma tHcy (HHcy) for

females was generated for the mean age and mean age ± 1 standard

deviation to facilitate interpretation of the interaction results.We per-

formed an ordinal logistic regression for atherosclerosis severity and

included age, sex, plasma tHcy, and the interaction between plasma

tHcy and age.

3 RESULTS

3.1 Homocysteine and metabolites

Sample demographics are shown in Figure 1A. In this pilot study, aver-

age plasma tHcy was 15.4 µmol/L, 18 were female (58%), and the

average age at death was 85 years. Increased plasma tHcy levels were

positively correlated with plasma methionine, cystathionine, total cys-

teine, SAM, SAH, choline, and betaine and inversely correlated with

the SAM/SAH ratio (Figure 1B-J). Only choline and SAM had a signif-

icant tHcy and age interaction, where older age with HHcy resulted

in higher SAM and choline levels. There was a slight, non-significant,

inverse relationship between plasma tHcy and frontal cortex tHcy

(Figure 1J, Figure S1). Similar to plasma metabolites, frontal cortex

tHcy was inversely associated with the SAM/SAH ratio and positively

associated with choline; however, there were no significant age and

tHcy interactions (Figure S1B-H). When we compared the frontal cor-

tex metabolites to plasma tHcy, several of the relationships reversed.

Choline had an inverse relationship with plasma tHcy in older age,

while betaine had a significant positive correlation with plasma tHcy,

regardless of age (Figure S2A-G in supporting information).

3.2 Gene and protein expression

In the frontal and occipital cortices combined, the NanoString Human

Neuroinflammatory Panel revealed 91 significant gene changes

between HHcy (≥ 14µmol/L) and normal plasma tHcy (<14 µmol/L),

with the majority of genes being downregulated (Figure 2A, Table S1

in supporting information). qPCR confirmation of genes with a ±25%

change showed similar trends as the NanoString results, except for

HCAR2, which was upregulated on the NanoString analysis but down-

regulated in qPCR (Figure 2B). P2RY12 was not significantly changed

in the NanoString results and qPCR also confirmed this (Figure 2B).

Analysis of proteins related to inflammation and vascular injury and

repair showed a significant age and tHcy interaction for interleukin

(IL)5 in both the frontal and occipital cortices, where older age with

HHcy led to increased IL5 (Figure 2C,D). IL13 had a slight age and tHcy

interaction only in the frontal cortex, where older age with HHcy led

to decreased IL13 (Figure 2E,F). IL16 also had a significant age and

tHcy interactionwhereolder agewithHHcy resulted in decreased IL16

(Table S2 in supporting information lists the P values and the predicted

values for the remaining proteins).
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F IGURE 1 Characterization of participants. A, Table of demographics for the 31 participants included in the study. B–J, Graphs of each
homocysteine-relatedmetabolite versus plasma tHcy. Themodel estimates were used to graph the value of eachmetabolite at themean age and
mean age± 1 standard deviation for a female over the raw data points. NSAID, non-steroidal anti-inflammatory; SAH, S-adenosyl homocysteine;
SAM, S-adenosyl methionine; SD, standard deviation; tHcy, total homocysteine
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F IGURE 2 Hyperhomocysteinemia decreases expression of inflammatory-related genes. A, Volcano plot showing themultiplicative change for
all genes. B, qPCR for select significant genes. Data are shown as a fold change from normal levels of tHcy. * Indicates P< 0.05 compared to normal
levels of tHcy. C, IL5 protein expression versus plasma tHcy in the frontal cortex. D, IL5 protein expression versus plasma tHcy in the occipital
cortex. E, IL13 protein expression versus plasma tHcy in the frontal cortex. F, IL13 protein expression versus plasma tHcy in the occipital cortex.
Themodel estimates were used to graph the value of eachmetabolite at themean age andmean age± 1 standard deviation for a female over the
raw data points. IL, interleukin; qPCR, quantitative polymerase chain reaction; SD, standard deviation; tHcy, total homocysteine
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3.3 Microglia

The effect of plasma tHcy on microglia was evaluated by IHC, which

demonstrated that the number of microglia in the gray matter of the

frontal cortex were higher with older age with HHcy, but the area of

microglia was smaller (Figure 3A,B,E,M). This trend was not significant

in the white matter of the frontal cortex (Figure 3F,M). In the white

matter of the occipital cortex, older age and HHcy led to an increase

in percent area of IBA-1 staining as well as an increase in microglial

area (Figure 3C,D,H,M). However, in the gray matter of the occipital

cortex, older age with HHcy only led to an increase in percent area

(Figure 3G,M).

The microglial activation module on Indica Lab’s HALO software

allowed us to evaluate activated microglia via process thickness and

length. In the gray matter of both the frontal and occipital cortices,

older age with tHcy was associated with a decrease in activated

microglia (Figure 3I-M). There was an increase in process area and

length in the gray and white matter of the occipital cortex, indicating

moremorphologically different microglia in this region (Figure 3M).

3.4 Astrocytes

In thewhitematter of both the frontal and occipital cortices, therewas

a decrease in the number of astrocytes and lower percent area ofGFAP

labeling with older age and HHcy (Figure 4A-I). There was also a trend

toward smaller astrocyteswith older age andHHcy in thewhitematter

of both the frontal and occipital cortices (Figure 4I). In the gray mat-

ter of the occipital cortex, there was a trend toward fewer, yet larger,

astrocytes with older age andHHcy (Figure 4F,I).

3.5 Vascular pathology

The present data demonstrate an increased odds ratio of more severe

atherosclerosis with increasing tHcy; however, there was no inter-

action with age (Figure 5A,B). Prussian blue histology to identify

microhemorrhages (mHs), demonstrated a significant increase in the

number of mHs with older age and HHcy in the occipital cortex

(Figure 5C-E). There was also a trend toward increased size of mHs

with older age and higher tHcy in the occipital cortex (Figure 5E). There

were no significant associations with the number or size of mHs in the

frontal cortex (Figure 5C,E).

3.6 AD pathologies

AsHHcy has been shown to be a risk factor for AD,29 the present study

evaluated the association of tHcy on AD neuropathologic changes.

There was a trend (not statistically significant) toward increased

plaque size with older age and HHcy in both the frontal and occip-

ital cortices (Figure 6A-G). In the frontal cortex there was also a

non-significant trend toward increased plaque percent area and total

Aβ percent area with older age and HHcy. There was no association

with phospho-tau/tangle (PHF-1 immunoreactive) pathology and tHcy

(Figure 6G).

4 DISCUSSION

Hyperhomocysteinemia is a risk factor for stroke, VCID, and AD;

however, studies linkingHHcy to neuropathologic hallmarks of demen-

tia remain lacking. Previous studies have linked HHcy to changes in

neuroimaging measures such as brain atrophy, white matter hyperin-

tensities, and infarcts or cognitive performance,30,31 while only a small

number of studies have examined associations ofHHcywith dementia-

related neuropathologies.27,32,33 While there are a significant number

of animal studies suggesting mechanisms for HHcy-induced damage,

there has been no robust human autopsy studies to evaluate these

potential mechanisms. The present pilot study evaluated associations

of HHcy with pathologic features in 31 autopsied research volunteers

who had an ante mortem range of plasma tHcy from 4.8 to 27.3 µmol/L.

Using fixed and frozen frontal and occipital cortices, the present data

demonstrate changes in inflammatory relatedgeneandprotein expres-

sion, altered microglia and astrocyte number and size, and increased

microhemorrhages.

Plasma taken closest to autopsy was evaluated to determine the

levels of tHcy and related metabolites. As expected, plasma tHcy–

associated metabolites increased with higher plasma tHcy, with a

significant age interaction for SAM and choline where older age and

HHcy led to an increase in each.While the definition ofHHcy is the ele-

vated levels of plasma tHcy, tHcy and metabolites were also measured

in frontal cortex. Surprisingly, frontal cortex tHcy did not positively

correlatewith plasma tHcy and there seemed to be an inverse relation-

ship in older age, although not significant. Because frontal cortex tHcy

did not increase proportionally to plasma tHcy, this suggests that the

effect of HHcy in the brain may be a downstream effect of a vascular

F IGURE 3 Hyperhomocysteinemia in older age increasesmicroglial staining. Representative images of IBA-1 staining in the graymatter of the
frontal cortex of an individual with normal plasma levels of tHcy aged 80 years (A), and an individual with HHcy aged 80 years (B). Representative
images of IBA-1 staining in the white matter of the occipital cortex of an individual with normal plasma levels of tHcy aged 80 years (C), and an
individual with HHcy aged 80 years (D). Scale bar in (A)= 50 µm. Percent area occupied by positive immunostaining in the graymatter of the
frontal cortex (E), white matter of the frontal cortex (F), graymatter of the occipital cortex (G), and the white matter of the occipital cortex (H). The
percent of activatedmicroglia in the graymatter of the frontal cortex (I), white matter of the frontal cortex (J), graymatter of the occipital cortex
(K), and the white matter of the occipital cortex (L). Themodel estimates were used to graph the value of eachmetabolite at themean age and
mean age± 1 standard deviation for a female over the raw data points. M, Table listing themodel estimates for normal (5 µmol/L) and HHcy
(27 µmol/L) for themean age andmean age± 1 standard deviation for a female and the P value for the age and tHcy interaction. HHcy,
hyperhomocysteinemia; IBA-1, ionized calcium-binding adaptor molecule 1; SD, standard deviation; tHcy, total homocysteine
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F IGURE 4 Astrocytes are reducedwith HHcy and older age. Representative images of GFAP staining in the white matter of the frontal cortex
of an individual with normal plasma levels of tHcy aged 91 years (A), and an individual with HHcy aged 93 years (B). Representative images of GFAP
staining in thewhitematter of the occipital cortex of an individual with normal plasma levels of tHcy aged 92 years (C), and an individual with HHcy
aged 93 years (D). Scale bar in (A)= 50 µm. The number of astrocytes/mm2 in the graymatter of the frontal cortex (E), graymatter of the occipital
cortex (F), white matter of the frontal cortex (G), and the white matter of the occipital cortex (H). Themodel estimates were used to graph the
value of eachmetabolite at themean age andmean age± 1 standard deviation for a female over the raw data points. I, Table listing themodel
estimates for normal (5 µmol/L) and HHcy (27 µmol/L) for themean age andmean age± 1 standard deviation for a female and the P value for the
age and tHcy interaction. GFAP, glial fibrillary acidic protein; HHcy, hyperhomocysteinemia; SD, standard deviation; tHcy, total homocysteine
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F IGURE 5 Hyperhomocysteinemia is associated with increased vascular damage. A, Graph of the levels of plasma tHcy grouped by
atherosclerosis severity. B, Odds ratio for atherosclerosis severity. Number of mHs in the frontal cortex (C), and occipital cortex (D). Themodel
estimates were used to graph the value of eachmetabolite at themean age andmean age± 1 standard deviation for a female over the raw data
points. E, Table listing themodel estimates for normal (5 µmol/L) and HHcy (27 µmol/L) for themean age andmean age± 1 standard deviation for a
female and the P value for the age and tHcy interaction. CI, confidence interval; HHcy, hyperhomocysteinemia; SD, standard deviation; tHcy, total
homocysteine

response to plasma tHcy. This is the first study we know of to show

this phenomenon. Endothelial cells in the cerebrovasculature might be

responding to higher homocysteine, producing downstream inflamma-

tory responses in the brain, thus explainingwhy there are still effects of

HHcy seen in our study when frontal cortex tHcy was not increased.

S-adenosyl-methionine is a global methyl donor that contributes

a methyl group for DNA methylation. S-adenosyl-homocysteine, an

inhibitor of methyltransferases, inhibits SAM.34 The ratio of SAM/SAH

can be used as an indicator of methylation potential, with a lower

ratio indicating a lower methylation potential. The present data
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F IGURE 6 Aβ plaque size but not PHF-1 is positively associated with HHcy. Representative images of Aβ staining in the graymatter of the
frontal cortex of an individual with normal plasma levels of tHcy aged 92 years (A), and an individual with HHcy aged 91 years (B). Representative
images of Aβ staining in the graymatter of the occipital cortex of an individual with normal plasma levels of tHcy aged 92 years (C), and an
individual with HHcy aged 91 years (D). Scale bar in (A)= 100 µm. The average Aβ plaque area in the frontal cortex (E) and the occipital cortex (F).
Themodel estimates were used to graph the value of eachmetabolite at themean age andmean age± 1 standard deviation for a female over the
raw data points. G, Table listing themodel estimates for normal (5 µmol/L) and HHcy (27 µmol/L) for themean age andmean age± 1 standard
deviation for a female and the P value for the age and tHcy interaction. Aβ, amyloid beta; HHcy, hyperhomocysteinemia; PHF-1, paired helical
filament 1 (phospho tau); SD, standard deviation; tHcy, total homocysteine

demonstrate a reduced SAM/SAH ratio, suggesting lower methylation

levels. While a lower methylation potential would infer higher gene

expression, NanoString gene expression data in the present experi-

ment indicate downregulation of the majority of genes in HHcy brain

tissue compared to normal plasma tHcy. However, the methyl donor

deficiency caused by HHcy could lead to disruption of DNA repair35,36

and, ultimately, DNA damage, resulting in lower gene expression of

inflammatory related genes. Other studies have linked hypomethy-

lation with AD and other neurodegenerative diseases, suggesting a

possible mechanism for HHcy-induced damage.37
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A time course of the HHcy diet in amousemodel has shown there is

an initial increase in pro-inflammatory cytokines and microglial stain-

ing, followed by a return to basal levels upon continued diet, suggesting

resolution of inflammation or microglia becoming senescent.16,17 The

downregulation of inflammatory-related genes examined could be sim-

ilar to what was seen in this mouse model in which chronic HHcy leads

to decreased inflammation. The present data also demonstrate with

older age andHHcy, microglia are higher in number but have increased

process length and a reduced percent activation, suggesting more

homeostatic microglia with higher homocysteine. This also supports

the hypothesis that chronic HHcy leads to resolution of inflammation.

The increase in IL5, shown to promote microglia proliferation, with

older age and HHcy could account for the higher number of microglia

observed.38

Prior studies in a mouse model of HHcy have shown astrocyte end

feet and the cerebrovasculature, crucial components of the neurovas-

cular unit, are significantly degraded. In the present human study, with

older age and HHcy, the number of astrocytes is lower in both gray

and white matter but higher in gray matter and smaller in white mat-

ter, suggesting astrocytes have different responses toHHcy depending

on their location. Fewer astrocytes would suggest a loss of astrocyte

end feet as well. The data also demonstrate a significant increase in

the number and area of microhemorrhages in the occipital cortex, but

not the frontal cortex, suggesting different regions of thebrain vascula-

ture are more susceptible to HHcy than others. The increased severity

of atherosclerosis associated with increased plasma HHcy is consis-

tent with previous studies showing that HHcy increases the risk of

atherosclerosis.9 Taken together, these data demonstrate that HHcy

severely impacts the cerebrovasculature, providing a mechanism for

how it contributes to VCID pathology.

Hyperhomocysteinemia is also a risk factor for AD and in the

present study, a trending but non-significant increased plaque size and

total Aβwith older age was associated with HHcy. However, there was
no association with PHF-1 or the number of tangles present. The lack

of associationwith PHF-1 in the present studymay be an artifact of the

small sample size studied.

In summary, the present data demonstrate a significant age and

HHcy effect that is associated with downregulation of inflammatory

mediators, increased homeostatic microglia, fewer astrocytes, and a

disrupted blood–brain barrier. Further studies examining neuropatho-

logic associations of HHcy in human autopsy cohorts are needed to

facilitate our understanding of the mechanisms whereby HHcy con-

tributes toVCIDandAD. Such revelationsmayhelp guidedevelopment

of much needed future therapeutic interventions for VCID and AD.
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