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Abstract

Objective: Since the role of white matter (WM) degenerating microglia in myelination failure is 

unclear, we sought to define the core features of this novel population of aging human microglia.

Methods: We analyzed post-mortem human brain tissue to define a population of degenerative 

microglia (DM) in aging white matter lesions. We employed immunofluorescence staining and 

gene expression analysis to investigate molecular mechanisms related to the degeneration of DM.

Results: We found that DM accumulated myelin debris, were selectively enriched in the iron-

binding protein light chain ferritin, and accumulated PLIN2-labeled lipid droplets. DM displayed 

lipid peroxidation injury and enhanced expression for TOM20, a mitochondrial translocase, and 

a sensor of oxidative stress. DM also displayed enhanced expression of the DNA fragmentation 

marker phospho-histone H2A.X. We identified a unique set of ferroptosis-related genes involving 

iron-mediated lipid dysmetabolism and oxidative stress that were preferentially expressed in white 

matter injury relative to gray matter neurodegeneration.

Interpretation: Ferroptosis appears to be a major mechanism of white matter injury in 

Alzheimer’s disease and vascular dementia. White matter DM are a novel therapeutic target 

to potentially reduce the impact of white matter injury and myelin loss on the progression of 

cognitive impairment.
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INTRODUCTION

During brain aging, recurrent cerebral white matter injury (WMI) disrupts white matter 

integrity and myelination.1,2 WMI is typically microvascular in origin and associated 

with an enhanced risk for stroke,3–6 but is also commonly comorbid with Alzheimer’s 

disease (AD).1,7–10 WMI is a core feature of both AD8 and VCID (vascular contributions 

to cognitive impairment and dementia), the second leading cause of dementia.1,2,11,12 

Microvascular WMI is present in ~85% of cognitively normal adults 75 years or older and 

greater than 95% of adults with cognitive impairment or dementia.13,14 The susceptibility 

to repeated episodes of microvascular ischemia thus creates a unique microenvironment 

where aging human WMI is rendered vulnerable to recurrent oxidative stress. Hence, the 

risk factors for remyelination failure differ considerably from other demyelinating disorders 

in younger adults.15 Aging-associated WMI commonly contributes to progressive decline in 

cognitive function,2,11,16,17 which presents as disturbances in motor performance, executive 

function, processing speed, and memory.18–23

Microglia play critical roles in the progression of dementia. AD risk genes are highly 

expressed by gray matter-associated activated microglia, which phagocytose degenerating 

neurons and contribute to early synaptic loss in AD.24–29 However, the putative role 

of microglia in WMI progression and cognitive decline is unclear.30,31 Vascular injury 

with disruption of blood-brain barrier integrity in VCID and neuroaxonal degeneration 

in AD are two complementary factors that initiate pro-inflammatory microglial activation 

in WMI.32,33 A potentially regenerative role of phagocytic microglia in WMI has been 

proposed in some demyelinating disorders.29,31 Microglial phagocytosis is essential for 

the clearance of myelin debris,34–36 which may reduce inhibitory signals that disrupt 

oligodendrocyte progenitor cell (OPC) proliferation, recruitment, and differentiation for 

myelin regeneration.35 However, in aging human WMI, we found that inhibitory signals 

continue to promote arrested maturation of OPCs to myelinating oligodendrocytes.15,37 To 

address this paradox, we analyzed the fate of microglia in aging human WMI to determine 

if disturbances in the microglial clearance of myelin debris might contribute to myelination 

failure. We unexpectedly found numerous WM microglia where phagocytosis of myelin 

debris was associated with degenerative features.

Since the role of white matter degenerating microglia (WM DM) in myelination failure 

is unclear, we sought to define the core features of this novel population of aging 

human microglia. We employed recently developed approaches to permit fluorescent 

immunohistochemical multi-labeling in the aging brain,38 which allowed a rigorous analysis 

of the markers and fate of WM DM and their contribution to remyelination failure. Here 

we demonstrate that WM DM comprise the major population of microglia in aging human 

WMI in AD and VCID. WM DM were enriched in myelin debris and PLIN2-associated 

lipid droplets, which appeared to provide a toxic source of labile iron since DM specifically 

labeled with the iron-binding protein, light chain ferritin (FTL). Surprisingly, lipid droplet 

accumulation was accompanied by significant lipid peroxidation injury suggesting that DM 

sustained iron-mediated oxidative stress. The striking susceptibility of aging microglia to 

oxidative stress appeared to be related to enhanced mitochondrial oxidative stress and 

aging-associated microglial senescence. Susceptibility to oxidative stress coincided with 
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enhanced expression of the mitochondrial translocase and oxidative stress sensor Tom20, 

labeling of DM with the lipid peroxidation marker 4-hydroxynonenol (4HNE), and evidence 

of senescence-related nuclear DNA fragmentation visualized with phosphohistone H2A.X.

Our findings suggest that myelination failure from recurrent microvascular ischemia in aging 

human WMI involves a vulnerable population of iron-enriched DM, which display enhanced 

susceptibility to lipid peroxidation injury and ferroptotic degeneration due to pathological 

accumulation of myelin debris, a rich source of iron and lipid.39 Consistent with this 

notion, human WM lesions displayed enhanced expression of ferroptosis-related genes that 

were distinct from those expressed in gray matter. Aging human WMI in AD and VCID 

thus involves pronounced susceptibility to ferroptosis-mediated degeneration of iron-rich 

senescent microglia where lipid peroxidation injury appears to be promoted by dysfunctional 

microglial clearance of a high burden of myelin debris.

MATERIALS AND METHODS

Study design

Written informed consent was obtained from all individual study participants. All 

procedures involving human subjects were approved by the University of Washington 

(UW) Institutional Review Board following the Helsinki Declaration of the World Medical 

Association. Of the 40 human specimens, 34 were donated by participants in the Adult 

Changes in Thought (ACT) study, an ongoing population-based study of aging and incident 

dementia among men and women in Seattle, Washington.14 An additional six cases were 

from the Seattle Longitudinal Study (SLS), a longitudinal population-based study of 

psychometric changes from young adulthood to old age.40 There were no differences in 

the demographic or neuropathologic data for these 40 cases. A systematic brain tissue 

slicing technique was employed where the brain was embedded in agarose and sliced at 

4-5 mm on a modified deli-slicer. Slices were laid out and photographed, and samples 

were routinely collected from each case. All tissues were either fixed in 10% formalin or 

4% paraformaldehyde for three days before storage in sodium oxide solution at 4°C until 

sectioning. Samples prepared for autopsy were formalin-fixed and paraffin-embedded.

All cases were reviewed in the UW neuropathology core and assigned to a CMI (n=18) or a 

no-CMI group (nCMI; n=22) based on the extent of microvascular WMI defined by chronic 

cerebral microinfarcts (CMIs). Standard sections were screened in every brain using H&E or 

H&E/LFB for cortical and white matter CMIs. Cases with more than one CMI on autopsy 

review of six standardized brain regions were assigned to the CMI group, as previously 

described.14 The presence of degenerating microglia was confirmed in all 40 cases. A subset 

of 18 cases were selected (CMI=9; nCMI=9 unless otherwise noted), for which both fixed 

tissue for stereology studies and frozen tissues optimal for qPCR studies were available. As 

summarized in Table 1, neuropathological features of AD and cerebral amyloid angiopathy 

(CAA) were common to both cohorts and did not differ significantly. The postmortem 

interval was less than 12 hours for all cases (Table 1). Microscopic examination also was 

performed for diseases that commonly contribute to cognitive impairment or dementia, 

as previously described.15 These included combined Hematoxylin and Eosin with Luxol 

Fast Blue (H&E/LFB) staining to assess for microinfarcts and myelin integrity. Consensus 
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evaluation of ADNC used Bielschowsky silver stain and Aβ (6E10), pTau (Tau2, AT8), and 

α-synuclein (LB509) immunohistochemical stains to determine Thal phase for Aβ deposits, 

Braak’s stage for neurofibrillary tangles (NFTs), Consortium to Establish a Registry for AD 

(CERAD) score for neuritic plaques, and Lewy body disease as described in the NIA-AA 

(National Institute on Aging Alzheimer’s Association) guidelines for the assessment of 

ADNC.41 Some cases predated NIA-AA criteria, so the Thal phase was not included in 

our analyses. Prefrontal white matter pallor was determined using H&E/LFB stains and an 

overall rating scale of none, mild, moderate, or severe (assessed by an observer blinded to 

clinical, radiographic, and neuropathologic diagnosis).

Tissue processing

The samples were processed as coronal sections cut free-floating (50 μm) in ice-cold PBS 

using a Leica VTS-1000 vibrating microtome (Leica Microsystems Inc., Bannockburn, 

IL). Tissue sections first underwent a photobleaching (photoQ) protocol to markedly 

reduce tissue autofluorescence from lipofuscin, as we recently described.38 After 72 hr 

photoQ, antigen retrieval was done at 90°C for 10 minutes using Tris-EDTA Buffer with 

0.05% Tween 20, pH 9. Three tissue sections per case were incubated for 48 hours at 

4°C in a combination of the following primary antibodies as described in the text: goat 

polyclonal antibody against ionized calcium-binding adaptor molecule 1 (Iba-1; 1:200; 

Novus; NB100-1028), mouse monoclonal antibody against GFAP (Millipore, #MAB360, 

1:500), rabbit polyclonal antibody against light chain ferritin (FTL; 1:200; Abcam, 

#AB201975), mouse monoclonal antibody against myelin basic protein (MBP(SMI99); 

Calbiochem #NE1019; 1:500), mouse monoclonal antibody against translocase of outer 

membrane 20 (TOM20; 1:50; Santa Cruz, #SC-17764), rabbit polyclonal antibody 4-

Hydroxynonenal (4-HNE; 1:1000, Abcam, #AB46545), rabbit anti-human perilipin 2 

(PLIN2; 1:200, Sigma, HPA016607) or mouse monoclonal antibody against phosphorylated 

H2A.X (pH2A.X; 1:250, BioLegend, #613402). Hyperphosphorylated Tau was visualized 

using two antibodies: phospho-Tau monoclonal antibody (AT8; 1:1000; ThermoFisher 

Scientific, Rockford, IL) following antigen retrieval for 10 minutes at pH 6.0 and 

monoclonal anti-tau clone Tau-2 (1:1000; Sigma-Aldrich, St. Louis, MO) following antigen 

retrieval for 10 minutes at pH 9.0.42 Tissue sections were incubated in the appropriate 

Alexa fluor secondary antibody (Thermo Fisher Scientific) raised against mouse, rabbit, or 

goat.43 Apoptotic cell death was visualized by immunohistochemical detection of activated 

caspase-344 or TUNEL staining.42

Visualization of Myelin with FluoroMyelin™ (FM) Green Fluorescent Myelin Stain

FluoroMyelin™ (FM) (F34651, Invitrogen) staining was performed to visualize intact 

myelin and degenerating myelin debris detected in or around microglia. The FM was 

prepared by diluting the stock solution 300-fold into PBS. Tissue sections were stained 

in solution for 20 minutes at room temperature. A subset of four cases with extensive myelin 

debris was analyzed using double staining for FM and light chain ferritin (see above).

Visualization of brain tissue iron by Perl’s Prussian blue stain.

We visualized brain tissue iron by histochemical detection in a subset of 18 cases (see 

above) using Perl’s Prussian blue staining kit (StatLab; #KTIRO; McKinney, Texas) with 
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liver tissue processed as a positive control. All cases were also processed for hematoxylin 

and eosin (H&E)/Luxol Fast Blue to visualize myelin. In four of these 18 cases, we also 

visualized brain tissue iron using an optimized Perl’s Prussian blue staining kit per the 

manufacturer’s instructions (Hitobiotec; HTKMS1002; Kingsport, Tennessee).

Stereological quantification of numerical cell densities (Nv)

The Nv for immunolabeled somata micrographs were acquired (image stack of 15-25 μm 

thick and 1 μm dissector height) using a Nikon Eclipse Ti laser confocal microscope with 

pinhole (1.2), camera sensitivity (HV), laser power, offset, and camera settings kept constant 

for all image acquisitions within a given experimental analysis. The blue, green, and red 

channels were captured at 405 nm, 488 nm, and 561 nm excitation wavelengths. The 10X 

objective was used for drawing ROI contours. A minimum of 15 ROIs per section was 

captured from at least three sections per case. For MBP inclusion counts we used a 60x oil 

immersion objective for cell counts while other immunolabels were counted using a 40X 

objective. Images were captured with a distance interval of 1.0 μm between z-sections (~30 

μm). The xy view of the images is presented as maximal projections of z stacks, and xz or 

yz slice views of the regions of interest were reconstructed to illustrate the colocalization 

of markers. Estimates of Nv for microglia (FTL+, Iba1+) and astrocytes (GFAP+) were 

obtained using detailed protocols for (1) delineation and systematic random sampling of 

ROIs; (2) section thickness measurements; (3) counting brick construction; (4) Acquisition 

of the micrographs; and (5) counting procedures, as described.43

Classification of microglial morphology

Three morphological subtypes of microglia (ramified, reactive, or degenerative) were 

identified based on previously described criteria45,46 by two independent observers blinded 

to clinical, radiographic, or neuropathologic characteristics related to each tissue sample/

case (Table 2). Cells that displayed a ramified phenotype typically had a small round 

cell body with thin, long, and highly ramified processes, whereas reactive microglia cells 

displayed a more hypertrophic cell body with shorter thicker processes. Degenerative 

microglia displayed a spectrum of degenerative features ranging from the condensation of 

the cell body to fragmentation of processes.

Real-time PCR analysis of ferroptosis markers 47

Human white matter tissue samples were micro-dissected and resuspended in TRIzol 

(Life Technologies) to extract total RNA. 250 ng RNA was used to make cDNA 

using the TaqMan Reverse Transcription Kit (Applied Biosystems). cDNA was diluted 

1:1 before real-time PCR (qPCR) experiments using TaqMan Gene Expressions 

Master Mix (Applied Biosystems). All qPCR probes were FAM-MGB (Applied 

Biosciences): TFRC (Hs00951083-m1), IREB2 (Hs0121790-m1), GCLC (Hs00155249-

m1), SLC1A5 (Hs01056542-m1), MT1G (Hs04401199-s1), AKR1C1 (Hs04230636-sH), 

HMOX1 (Hs01110250-m1). 18S RNA (Rn03928990-g1) was the endogenous control. Gene 

expression is presented as relative quantity or fold change versus control and calculated 

using the 2–ΔΔCt method. Statistical analysis was performed on the ΔCt values for each 

gene.
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Analysis of bulk RNAseq data from the Allen Institute for Brain Science

We analyzed a publicly available bulk RNAseq data set from the Allen Institute for Brain 

Science (https://aging.brain-map.org/rnaseq/search). We analyzed frontal cerebral white 

matter samples relative to both parietal and temporal gray matter, which provided expression 

data for 25,434 genes from each of 110 cases diagnosed with a spectrum of ADNC and 

VBI.48 The cases analyzed were demographically similar to our primary cohort of 40 human 

cases (see Subjects, above) because they were from the same ACT cohort from the Seattle 

Metropolitan area collected by the Department of Pathology, University of Washington 

under the direction of C.D.K. These cases are over-represented by a history of traumatic 

brain injury as a pathogenetic risk factor for dementia but are otherwise similar to our 

cohort.

Statistical analysis

Data are expressed as mean ± standard error of mean. Statistical analysis of demographic 

and stereological data used Prism 9.5.1 statistical software (GraphPad Software Inc., La 

Jolla, CA). RNA-seq data extracted from the Allen Institute for Brain Science website 

(above) was analyzed using R (version 4.1.1). Group analyses were tested for independent 

effects of age, sex, postmortem interval, Braak, and CERAD, and several cystic and acute/

subacute infarcts. Group means were compared by one-way or two-way analysis of variance 

(ANOVA) followed by Tukey’s post hoc test. A 2-tailed Student’s t-test was employed for 

two group comparisons. P < 0.05 was considered statistically significant. r and r2 > 0.5 – 0.7 

and > 0.7 - 1.0 were considered high and very high correlation/association respectively. Data 

distribution was tested for normality using the Kolmogorov-Smirnov test.

RESULTS

Degenerative microglia are enriched in myelin debris

Since the injury to myelinated axons is a central neuropathological feature of human aging 

associated WMI, we first sought to quantify by 3-D laser scanning confocal microscopy the 

density and percentage of Iba1-labeled microglia that accumulated myelin debris (MBPd), 

as visualized by staining for myelin basic protein (MBP; Fig. 1A, B)44 and confirmed 

with the myelin stain FluoroMyelin™ (FM; Fig. 1C).49 We compared cases with cerebral 

microinfarcts (CMI) and microvascular brain injury with those that lacked CMIs (nCMI) 

but had confirmed AD neuropathological change (ADNC). Unexpectedly, WM lesions not 

only contained reactive-appearing microglia but also contained an extensive population of 

microglia that had morphological features consistent with degenerative microglia (DM) 

(Fig. 1A) including a swollen phagosome (Fig. 1B; Supplemental Fig. 1). Since under 

conditions of significant myelin damage, astrocytes may also phagocytose myelin debris50 

we also co-labeled astrocytes for GFAP and MBP. In contrast to microglia, even in heavily 

demyelinated lesions, low levels of myelin debris are uncommonly localized to astrocytes 

(Fig. 1D).

Since DM have previously been described in human gray matter lesions with ADNC,46 

we first employed a set of morphological criteria to distinguish non-degenerative microglia 

from DM in our cohort of cases (Table 2). The density and percentage of microglia with 
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MBPd was similar from a quantitative analysis of 18 cases diagnosed either with CMI 

(n=9) or nCMI (n=9) (Supplemental Fig. 2). Surprisingly, for both CMI (Fig. 1E) and nCMI 

(Fig. 1F) cases, we found a significantly higher density of DM with MBP+ myelin debris 

compared to non-degenerative microglia (p<0.0001). The percentage of DM with myelin 

debris was also significantly higher (~80-85% of total DM; p<0.0001). We next asked 

whether the accumulation of myelin debris was significantly associated with a degenerative 

phenotype. The association between the density of Iba1+ microglia with myelin debris and 

total DM was highly significant for CMI cases with microvascular brain injury (r2=0.8519; 

p=0.0004) as well as for AD cases (nCMI) (r2= 0.7903; p=0.0013) (Supplemental Fig. 3). 

Since MBP is a highly charged cationic protein, we also visualized myelin and myelin debris 

by a non-immunohistochemical method to avoid non-specific myelin interactions, as may 

potentially occur with some negatively charged antibodies. We visualized myelin and myelin 

debris with FluoroMyelin™ (FM). We found that FM colocalized with essentially all myelin 

debris labeled with MBP, including debris engulfed by microglia (Fig. 1C).

The iron-binding protein, light chain ferritin (FTL), was previously found to identify 

dystrophic microglia in gray matter lesions with ADNC.51 We first determined whether 

DM with myelin debris could be visualized with FTL and found that phagosomes of FTL-

labeled microglia contained MBP+ myelin debris (Fig. 1B; Supplemental Fig. 1). Hence, 

the accumulation of myelin debris in microglia was highly associated with a degenerative 

phenotype and suggested that microglial clearance of myelin debris in aging human WMI 

was significantly associated with microglial degeneration related to vascular brain injury.

White matter DM are distinct from ramified and reactive microglia and enriched in the 
iron-binding protein light chain ferritin (FTL)

We next determined how the density and percentage of DM differed from that of ramified 

and reactive microglia. Numerous Iba1+FTL+DM were diffusely distributed in white matter 

lesions and displayed distinct morphological features that distinguished them from ramified 

or reactive MG that were only labeled with Iba1 (Fig. 2A; Table 2). The density and 

percentage of Iba1+ ramified or reactive microglia was significantly less than that of DM, 

which were the major population of microglia in white matter lesions (Fig. 2B).

We next determined how the distribution of microglial subtypes was influenced by the 

severity of WMI. We previously showed that the density of GFAP-labeled astrocytes was 

a sensitive marker of the burden of WMI across a wide range of injury severity.43 The 

density of Iba1+ DM was significantly associated with the magnitude of WMI defined by 

GFAP+ astrocyte density for both CMI cases (r2= 0.6575; p<0.0044) and nonCMI cases (r2= 

0.4408 p<0.0096) (Fig. 2C). However, neither ramified nor reactive microglia density was 

significantly associated with the magnitude of astrogliosis.

We next asked if FTL was a marker specifically expressed by DM in white matter lesions. 

Although DM have been previously described in gray matter, their presence in aging human 

white matter is poorly defined.52 We analyzed microglia, which were double-labeled for 

Iba1 and FTL (Fig. 2D). A large subpopulation of FTL+ microglia strongly labeled for 

ferritin. FTL+ microglia displayed degenerative features that varied from mild to severe. 

Some cells appeared to be in the early stages of degeneration with FTL labeling restricted 
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to the soma. Cells with more advanced degeneration displayed diffuse labeling of the soma 

and processes. A prominent feature of some of the cells was a dilated apparent phagosome, 

perhaps related to the accumulation of myelin debris (Fig. 1D).

In CMI cases (Fig. 2E), we found a significant association between the density of total FTL+ 

microglia and FTL+ cells that displayed a degenerative microglial phenotype (r2=0.6611; 

p=0.0023), which supported that DM are enriched in FTL-bound iron. Moreover, we found 

that cells labeled with Iba1 were less predictive of a degenerative microglial phenotype 

(r2=0.3993; p=0.0275). Hence, it appears that progression to microglial dystrophy in WMI 

coincides with FTL-bound iron accumulation.

We next determined how the distribution of DM was influenced by the severity of WMI 

defined by astrogliosis. We first confirmed that FTL+ cells were not labeled for GFAP 

(Fig. 2F). The density of FTL+ cells in CMI cases was significantly associated with the 

magnitude of WMI defined by GFAP+ astrocyte density (Fig. 2G; r2= 0.663; p<0.0023), 

whereas FTL+ DMs were not significantly associated with WMI in nCMI cases (r2= 0.25; 

p=0.20). Hence, DM were the major population of microglia in white matter lesions and 

were more significantly associated with white matter lesions related to the microvascular 

injury. White matter DM were enriched in iron bound to FTL, which distinguished DM 

from ramified or reactive microglia, which did not label with FTL. We also analyzed 

whether the white matter accumulation of iron identified by FTL staining also could 

be visualized by histochemical detection using an optimized Perl’s Prussian blue stain 

(see Materials and Methods). In contrast to FTL staining, iron-labeled cells were rarely 

visualized histochemically in white matter (Supplemental Fig. 4), consistent with prior 

studies of aging human cerebral gray matter.53,54

White matter DM accumulate lipid droplets and sustain lipid peroxidation injury

Lipid metabolism is integral to microglial phagocytosis.55 A pro-inflammatory population 

of lipid droplet-accumulating microglia (LDAM) was recently described in rodents and 

human aging brains that are defective in phagocytosis and produce elevated levels of reactive 

oxygen species.56 Since we found that DM accumulate myelin debris, we asked if DM also 

display lipid dysmetabolism and excess lipid droplet accumulation. We visualized the lipid 

droplet protein PLIN2, a member of the perilipin family of lipid storage proteins, which is a 

hypoxia-sensitive constitutively expressed marker of cellular lipid droplet accumulation.57,58 

We employed 3-D confocal microscopy to visualize PLIN2 accumulation in FTL+Iba1+ DM. 

PLIN2+ lipid droplets were largely restricted to the cytoplasm of the soma (Fig. 3A). The 

density and percentage of PLIN2+ DM was similar between CMI and nCMI cases (Fig. 3B). 

For both cohorts, the majority of DM labeled for PLIN2 (~75%). When we evaluated the 

association between total microglial labeled with Iba1 and those containing lipid droplets, 

FTL+PLIN2+ DM were significantly elevated in CMI cases, (r2=0.63; p<0.011; Fig. 3C), 

but not in nCMI cases (r2=0.38; p=0.19; Fig. 3D). Hence, lipid droplets were selectively 

enriched in DM and not significantly associated with non-degenerative microglia.

Since microvascular white matter injury involves ischemia and oxidative stress, we next 

asked if lipid droplet accumulation in DM is associated with lipid peroxidation injury. 

We double-labeled for PLIN2 and the lipid peroxidation marker 4-hydroxynonenol (4-
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HNE).59 PLIN2+ DM labeled strongly for 4-HNE (Fig. 3E). To quantify oxidative stress 

in nondegenerative and degenerative microglia, we next triple-labeled for Iba1, 4-HNE and 

Tom20, a mitochondrial outer membrane translocase and sensor of mitochondrial oxidative 

stress.60,61 The cytoplasm of DM was typically enriched in 4-HNE and Tom20, consistent 

with robust oxidative stress (Fig. 4A). Since DM displayed no significant differences in 

either the density or percentage of cells in CMI versus nCMI cases (Fig. 4B), cases were 

combined for quantitative analysis of microglial localization of 4-HNE, Tom20 or both. 

Consistent with the percentage of myelin debris containing DM (Fig. 1C), the density of 

DM was nearly 80% of total Iba1+ microglia (Fig. 4C). In contrast to non-degenerative 

microglia, DM displayed significant elevations in the density and percentage of cells that 

labeled for 4-HNE, Tom20 or both (Fig. 4D-F). Within the DM population, ~35% were 

labeled for lipid peroxidation injury with 4-HNE, and a similar percentage was labeled for 

Tom20. Hence, DM were significantly enriched in lipid droplets and displayed evidence of 

pronounced lipid peroxidation injury and mitochondrial oxidative stress.

Lipid peroxidation injury is accompanied by DNA damage

One of the major consequences of lipid peroxidation injury is the generation of secondary 

DNA adducts formed by the reaction of reactive aldehydes with DNA.62 We thus asked 

whether DM also displayed evidence of DNA damage. To detect DNA damage, we stained 

for phospho-histone H2A.X, which is a sensitive marker of DNA double-strand breaks.63 

A broad spectrum of H2A.X staining was observed, which appeared to reflect the spectrum 

of microglial degenerative change. Cells with minimal signs of degeneration displayed 

light H2A.X staining (Fig. 5A), consistent with senescence, whereas FTL+ microglia with 

advanced stages of degeneration displayed more intense highly condensed staining (Fig. 

5B). The percentage of microglia that labeled for DNA double-strand breaks with H2A.X 

was ~20% (Fig. 2C) and was of similar magnitude to DM that labeled for lipid peroxidation 

injury with 4-HNE (Fig. 4D). In contrast, we found that the majority of astrocytes in WM 

lesions did not label for H2A.X; but scattered clusters of reactive astrocytes labeled for 

H2A.X, consistent with a role for astroglial senescence in the aging brain.64 We also stained 

for the apoptosis markers, activated caspase-3, and TUNEL, and found that neither marker 

was detected in DM or reactive astrocytes (data not shown).

White matter DM are enriched in markers of ferroptosis

Since iron-mediated lipid peroxidation injury is a central feature of ferroptosis, we next 

asked whether the enrichment of DM in our cohort of WMI cases might be accompanied 

by the enhanced expression for markers of ferroptosis. We employed qRT-PCR to quantify 

the expression of seven markers that are associated with distinct ferroptosis pathways (Fig. 

6A). Five of the seven markers (GCLC, HMOX1, TFRC, IREB2, and SLC1A5) displayed 

enhanced expression across the cohort, whereas AKRC1c and MT1G were more variably 

expressed. However, our cohort size was too small to detect significant differences in 

expression between CMI and nCMI cases.

We next analyzed a publicly available bulk RNAseq data set from the Allen Institute for 

Brain Science that analyzed gene expression in 110 cases diagnosed with a spectrum of 

ADNC and VBI.48 Importantly, these cases were demographically similar to the cases 
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analyzed by qRT-PCR because they derived from the same ACT cohort (See Materials 

and Methods). A volcano plot of differentially expressed genes demonstrated that a unique 

set of ferroptosis genes were enriched and significantly upregulated in the white matter 

in association with highly expressed genes linked to myelination (Fig. 6B). Figure 6C 

compares the expression of ferroptosis-related genes (FRGs) in white vs. gray matter and 

demonstrates that a unique FRG set were upregulated in frontal white matter samples 

compared to parietal gray matter samples, including genes independently identified in our 

qRT-PCR screen of FRGs (e.g., AKR1C1, FTL, PLIN genes, MTG1 and GCLC). A pathway 

analysis supported that WMI was associated with a distinctly different group of FRGs 

when compared to gray matter-associated FRGs (Supplemental Fig. 5). WMI-associated 

FRGs localized to pathways regulating lipid metabolism (e.g., PUFA, TP53), iron transport/ 

metabolism (e.g., TFRC, FTL, IREB2) and glutamine and cysteine uptake for glutathione 

synthesis (e.g., SLC1A5 and SLC7A11). Gray matter injury-associated FRGs included the 

major checkpoint for ferroptosis (i.e., GPX4/HMGCR).

Discussion

Aging human cerebral WMI appears to be highly susceptible to microglial degeneration 

from ferroptosis, because of several complementary factors that compromise microglial 

responses to WMI. Major defining features of ferroptotic aging human white matter 

microglia were the accumulation of myelin debris in iron-enriched senescent microglia, 

which displayed mitochondrial metabolic stress, lipid peroxidation injury, and DNA 

damage.65–67 Recurrent microvascular ischemia to aging WM enhances the burden of 

iron-rich myelin debris to be cleared by WM microglia.68 Moreover, axonal injury related 

to Wallerian degeneration in AD may also constitute another significant mechanism that 

contributes to myelin loss.69 In contrast to nondegenerative microglia, myelin debris was 

readily visualized in the majority of DM, which suggests that dysfunctional clearance of 

myelin debris is a key factor that contributes to iron-mediated microglial degeneration. 

Aging human microglia are iron-rich cells.54 Myelin debris appears to be a potent source 

of iron enrichment in microglia. Recent in vitro studies support that iron loading in human 

IPSC-derived microglia not only dampened microglial activation and inflammation, but 

activated cellular stress response and oxidative stress pathways, enhanced labile free iron, 

and promoted ferritin iron storage.111 Consistent with these observations, we found that 

WM DM were enriched in light chain ferritin (FTL), which selectively distinguished DM 

from activated microglia. Ferritin is the major iron binding protein in the aging brain and is 

currently the most sensitive means to detect intracellular iron storage in microglia in contrast 

to histochemical detection of iron, which appears to markedly underestimate iron levels in 

microglia.53,54 Future studies may be useful to determine if more sensitive means can be 

developed to detect labile-free iron in aging human microglia using DAB enhancement, for 

example, as has been described for inflammatory lesions in MS.112

Myelin debris not only enhances microglial iron content but constitutes a potent source 

of toxic lipid debris that accelerates microglial senescence and impairs remyelination.49,70 

Myelin debris further contributes to lipid dysmetabolism within cytoplasmic lipid droplet 

organelles that dysregulate mitochondrial bioenergetics and augment oxidative lipid 

peroxidation injury.71 Hence, recurrent microvascular ischemia in aging human WM appears 
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to cause significant oxidative damage to metabolically challenged senescent microglia via 

iron-mediated lipid peroxidation injury, a key trigger for human microglial ferroptosis.

In addition to microglia, astrocytes may also phagocytose myelin debris under conditions 

of significant myelin damage.50 In heavily demyelinated WM lesions, astrocytes contained 

only low levels of myelin debris. Moreover, in contrast to microglia, aging WM astrocytes 

did not display degenerative changes, were not enriched in light chain ferritin, and displayed 

low levels of DNA fragmentation consistent with astroglial senescence. These findings 

suggest that a lack of iron-mediated lipid peroxidation may account for astrocyte resistance 

to ferroptotic degeneration. Notably, microglia appear to be more susceptible than astrocytes 

or neurons to ferroptosis in vitro.72,73 Our data may also be an underestimate of microglial 

degeneration in some WM lesions where DM were only detected as fragmented remnants.

Emerging data support that microglial contact with cerebral vessels contributes to 

cerebrovascular homeostasis, including the regulation of vasomotor function and remodeling 

of WM arterioles.74–76 DM were the major population of microglia in our cases of vascular 

brain injury or AD, which may disrupt microglial-vascular interactions that support white 

matter integrity. Microvascular ischemia to human white matter is strongly associated 

with chronic hypertension, diabetes, and heart disease, which contribute to brain-specific 

vascular dysfunction in both vascular dementia and AD.2 Our analysis of human penetrating 

white matter arterioles from aging human brain donors found significant cholinergic and 

bradykinin-mediated vasodilator dysfunction that may contribute to the risk for recurrent 

WM ischemia.37,77 Notably, we recently found that AD and VCID interact synergistically 

to impair arteriolar dilation.77 Future studies are needed to determine if the degeneration of 

microglia contributes to a positive feedback loop that may further exacerbate microvascular 

ischemia and WMI in vascular dementia and AD.

Diffuse ischemic injury to myelin enhances lipid dysmetabolism. WMI imposes significant 

metabolic stress on the clearance capacity of lipid-laden WM microglia, given the 

high burden of myelin debris. Aging microglia display disturbances in mitochondrial 

bioenergetics, cholesterol clearance, and lipid metabolism,78,79 which likely contributed 

to impaired phagocytosis of myelin debris and enhanced lipid peroxidation injury in WM 

DM. Accumulation of myelin debris coincided with a significant increase in DM that 

labeled PLIN2, a marker of lipid droplet accumulation. PLIN2 is a member of the perilipin 

family of lipid storage proteins, which is a hypoxia-sensitive constitutively expressed marker 

of cellular lipid droplet accumulation.57,58 Lipid droplet accumulating microglia (LDAM) 

display dysfunctional phagocytosis, ROS accumulation and promote a pro-inflammatory 

state of neurodegeneration.56 We observed robust DM labeling for the lipid peroxidation 

injury marker, 4-HNE.

Lipid peroxidation injury was accompanied by enhanced expression of Tom20, a 

mitochondrial outer membrane translocase, which is a sensor of mitochondrial iron-

mediated reactive oxygen species generation. 60,61 Mitochondria are centrally involved in 

regulating responses to ferroptosis.80 Notably, overexpression of Tom20 in vivo was shown 

to promote neurodegeneration,81 suggestings that enhanced Tom20 expression in DM may 

contribute to microglial degeneration.
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Clearance of myelin debris in DM thus appears to contribute to a state of labile-free iron 

overload related to ferritin disruption, which catalyzes lipid-targeted superoxide generation 

via Fenton chemistry.82 Notably, we previously reported that aging human WM sustains 

significant oxidative stress, as quantified with F2-adrenoprostanes and F4-neuroprostanes—

arachidonic acid metabolites, which are sensitive markers of lipid peroxidation injury to 

myelin and axons, respectively.83 Our findings support that lipid droplet accumulation is 

central to microglial degeneration by promoting oxidative stress-mediated lipid peroxidation 

injury, which mediates DNA fragmentation and is a hallmark of ferroptosis.

Microglial senescence may be a key feature related to the susceptibility of human microglia 

to degeneration. Senescent microglia not only display impaired phagocytosis,56,84,85 

but express senescence-associated genes, have shortened telomeres, and display distinct 

aging-associated transcriptomic changes.86–90 Senescent microglia also display altered 

secretory profiles with enhanced generation of pro-inflammatory cytokines,91,92 which may 

disrupt axonal and OPC integrity and repair processes required to promote remyelination. 

Microglial senescence may account for the pronounced association of DM with aging 

WM but not with WMI earlier in life. Although WMI is the major form of injury to 

the preterm brain, DM have not been detected in acute or chronic early human 44,93,94 

or experimental WMI.95 Nor have DM been reported in younger adults in association 

with major demyelinating diseases such as multiple sclerosis. Consistent with microglial 

senescence, DM displayed fragmented and shortened processes and was labeled for DNA 

fragmentation with phospho-histone H2A.X.96 Posttranslational histone modification by 

phosphorylation of H2A promotes double-strand break recognition and repair and is a 

sensitive marker of DNA double-strand breaks and CNS senescence.63,97 Hence, microglial 

senescence appears to be another contributing factor related to microglial ferroptosis in 

aging human WM.

Although we observed numerous DM with features of cell death, WM DM displayed no 

evidence of apoptotic degeneration. Rather, our findings support that aging-associated WMI 

involves a mechanism of microglial degeneration consistent with ferroptosis (Summary 

Fig. 7). Multiple markers of ferroptosis have been recently identified that participate in 

several key pathways that regulate iron-mediated cell death.98 Although ferroptosis has 

been recently linked to Parkinson’s disease99 and is implicated in AD,82 a direct role for 

ferroptosis in aging-associated WMI in AD and VCID has been unclear. Our pathway 

analysis of AD and VCID cases supports that ferroptosis-related genes are differentially 

upregulated in gray and white matter lesions (Fig. 6C and Supplemental Fig. 4). Notably, 

WMI was associated with selective enhanced expression of several ferroptosis-related 

iron transport proteins, which serve integral roles to sequester intracellular free iron, 

which readily catalyzes oxygen radicals including superoxide as well as nitric oxide 

radicals.54,100,101 Transferrin receptor C (TFRC) was recently proposed as a marker of 

ferroptosis,102 and its expression was elevated in the majority of our cases. Ireb2 (iron 

response element binding protein 2), which was detected in most of our cases, is also a key 

regulator of ferrous iron accumulation and an inhibitor of ferroptosis in spinal cord white 

matter injury.103 Microglia are enriched in ferritin104 and FTL was found to be a selective 

marker of WM DM.
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Enhanced expression of anti-oxidant defenses was also observed in association with WMI. 

SLC1A5 is a membrane-associated glutamine transporter through which glutaminolysis 

regulates ferroptosis105 and has been linked to malignant glioma status.106 The gene 

GCLC encodes gamma-glutamylcysteine synthetase, which is the first rate-limiting enzyme 

of glutathione synthesis. Glutathione is a central regulator of oxidative stress responses 

in ferroptosis.107 Expression of GCLC was consistently elevated in our cohort and has 

been recently identified to protect against ferroptosis.108 Elevation of heme oxygenase 1 

(HMOX1) is also consistent with its key antioxidant role in ferroptosis.99 AKRC1c encodes 

one of several aldoketoreductases that degrade lipid peroxides, promoting resistance to 

ferroptosis.109 Notably, PLIN2 was significantly enriched in WM DM and aging white 

matter displayed enhanced expression of PLIN1-4, which regulates lipid droplet metabolism. 

Taken together, our results provide further support that aging-associated WMI involves 

significant oxidative stress and lipid peroxidation injury2 and may provide an explanation 

for the enhanced expression of key anti-oxidant defense mechanisms observed here as a 

potential compensatory response to ferroptosis.

Although these ex vivo human data are collectively consistent with a mechanism of 

oxidative stress mediated WMI involving ferroptosis, confirmation in an animal model 

was not feasible to definitively establish the role of ferroptosis in aging-associated WMI. 

Animal models of aging-related human microvascular brain injury currently do not exist 

that replicate the spectrum of human white matter pathology. Currently, available models 

generate cortical microinfarcts but do not generate the diffuse white matter lesions seen 

in humans.108 Future studies are needed to determine whether DM are a unique feature 

of the vascular supply of aging human WMI or also occurs in other species. Such animal 

models would also be valuable to define the temporal progression of ferroptosis in response 

to oxidative stress or other processes such as Wallerian degeneration and compare the 

magnitude of ferroptotic degeneration relative to other cell death mechanisms including 

apoptosis.

We likely underestimated the magnitude of microglial degeneration, since the analysis of 

progressive cell death was not feasible. We typically visualized the remnants of degenerating 

microglia, which were not quantifiable by stereology. Nevertheless, confidence in our 

findings is supported by the short post-mortem intervals achieved with our rapid autopsy 

protocol, which provided tissue of high integrity for immunohistochemical and molecular 

studies.

In conclusion, ferroptosis appears to be a significant mechanism of WMI associated with 

microvascular brain injury and AD. Microglial degeneration appears to be mediated by a 

novel form of oxidative stress-associated microglial injury that triggers ferroptosis in cells 

that sustain iron-mediated lipid peroxidation injury related to the accumulation of myelin 

debris. Future studies are needed to determine whether WM DM derive from activated 

microglia110 and the extent to which ferroptotic WMI is preventable as a therapeutic strategy 

to reduce the impact of microglial dysfunction on vascular dementia and AD.
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Summary for Social Media If Published, and provide the information below:

If you and/or a co-author has a Twitter handle that you would like to be tagged, 
please enter it here.

@Adephiladex

What is the current knowledge on the topic? (one to two sentences)

White matter injury and microglial dysfunction are associated with cognitive impairment 

in Alzheimer’s disease and vascular dementia. However, the mechanisms of the 

vulnerability of microglia to injury are not well understood.

What question did this study address? (one to two sentences)

We investigated mechanisms related to the clearance of myelin debris in human white 

matter lesions in AD and vascular dementia cases. We determined whether microglial 

clearance of myelin debris was related to ferroptosis.

What does this study add to our knowledge? (one to two sentences)

This study identified that white matter microglia are highly susceptible to a form of cell 

death related to the clearance of iron-rich myelin debris. Microglial degeneration involves 

lipid peroxidation injury and cell death via ferroptosis.

How might this potentially impact on the practice of neurology? (one to two 
sentences)

This study identifies a role for microglial degeneration in white matter injury as a new 

therapeutic target for AD and vascular dementia.
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Fig. 1. 
Degenerative microglial (DM) phagocytose myelin debris. (A) A typical Iba1+ DM (red) 

with a paucity of shrunken processes. Myelin debris (MBPd; green), visualized by staining 

for myelin basic protein (MBP), was extensively colocalized in the DM soma (merged; 

arrowheads), as confirmed in the orthogonal views. Scale bars, 20 μm. (B) Example of a 

DM visualized with ferritin light chain (FTL; red) that extends a prominent phagosome 

containing myelin debris visualized with MBP (green; arrowhead). DAPI counterstain 

(blue). See also supplemental figure 2 for a video reconstruction of this cell visualized 

by 3-D confocal microscopy. Scale bars, 50 μm. (C) Typical example of extensive co-

localization of myelin debris in Iba1+ microglia (blue) double-labeled with FluoroMyelin™ 

(FM; green) and immunostaining for MBP (red). The boxed region in the triple-labeled 

panel at lower left is shown in higher detail in the lower right panel and shows the extensive 

distribution of myelin debris in and around the microglia (arrowheads). Scale bars, 10 μm. 

(D) Typical appearing reactive astrocytes visualized with GFAP (red) in a demyelinated 

white matter lesion with a striking lack of myelinated fibers labeled with MBP (green). 

Inset shows two hypertrophic astrocytes (1 and 2) shown at higher magnifications, that 
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contain scattered puncta of MBPd (yellow; arrowheads). Scale bars, 30 μm. (E and F) 

Stereological counts of the density and percentage of total Iba1+ microglia that co-localized 

MBPd among nondegenerative microglia (-DM; teal) vs. DM (salmon) for cases diagnosed 

with cerebral microinfarcts (CMI) in E and cases lacking CMI’s (nCMI) in F. Student’s 

t-test, ***p<0.001; ****p<0.0001.
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Fig. 2. 
Degenerative microglia (DM) are iron-enriched and selectively express light chain ferritin 

(FTL). (A) A subset of Iba1+ microglia (green) label for the iron-binding protein light 

chain ferritin (FTL; red). A higher magnification detail of the boxed region in the merge 

image is shown on right. Note clusters of DM (closed arrowheads), which label for FTL, 

whereas non-degenerative microglia (arrows) label for Iba1 but not for FTL. An intensely 

labeled fragmented DM process is seen at the upper right (open arrowheads) and shown 

in the inset at lower left. Scale bars, 50 μm. (B) Density and percentage of ramified 
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(Ram), reactive (Reac), and Degenerative (DM) microglia that were Iba1+FTL+. Note that 

FTL+DM comprised the major population of microglia in WM lesions. ****p<0.0001; 

ANOVA with Tukey’s post hoc test. (C) DM but not ramified or reactive microglia were 

significantly associated with the magnitude of WMI quantified as the density of GFAP+ 

astrocytes (r2=0.6575; p=0.0044). (D) Microglia labeled for Iba1 (green) and FTL (red) 

display considerable heterogeneity in terms of iron labeling. Note examples from the subset 

of non-degenerative microglial (green only; arrowhead #1) that do not label with FTL, 

with their location noted in the ferritin image as dashed circles (#1). In contrast, in the 

merge image, numerous DM are visualized (red/yellow) which varied from FTL labeling 

restricted to the soma (arrowhead #2) to extensive labeling of the processes. Note FTL+ 

DM with swollen phagosome (dashed box), which is shown at right at higher magnification 

(arrowhead indicates the phagosome). Scale bar, 50 μm. (E) FTL is a superior marker for 

DM when compared to DM identified by morphology using Iba1 alone. A plot of total FTL+ 

microglia vs. FTL+ DM yielded a more significant association (r2=0.6611; p=0.0023) when 

compared with analysis using Iba1 alone (r2=0.3993; p=0.0275). (F) FTL (green) does not 

label GFAP+ astrocytes (red) in WM lesions. Note in the merged image that FTL+ DM 

(green; arrowheads) were distinguished from astrocyte labeling (red). Scale bars, 50 μm. (G) 

Total FTL+ DM are significantly associated with the magnitude of WMI, defined as the 

density of GFAP+ astrocytes (r2=0.0.6630; p=0.0023), whereas no significant association is 

seen for total Iba1+ microglia.
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Fig. 3. 
DM accumulate lipid droplets visualized with PLIN2. (A) Detail of a DM triple-labeled 

for Iba1 (blue), FTL (red) and PLIN2 (green). Note the extensive cytoplasmic labeling 

(arrowheads) of PLIN2 visualized in the merged image of FTL and PLIN2. Scale bars, 30 

μm. (B) The density and percentage of Iba1+FTL+PLIN2+DM were similar in CMI and 

nCMI cases. (C and D) The density of lipid droplets containing DM (Iba1+FTL+PLIN2+; 

black) was significantly associated with total microglia in white matter lesions (r2=0.6315; 

p=0.0105). Nondegenerative microglia that lacked PLIN2 (Iba1+FTL−, salmon) and DM that 
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lacked PLIN2 (Iba1+FTL+; blue) were not significantly associated with the lesion burden 

of microgliosis. (E) Detail of an Iba1+ (blue), PLIN2+ (green) microglial cell with lipid 

peroxidation injury visualized by staining for 4-hydroxynonenol (4-HNE; red). Orthogonal 

view at right. Scale bars, 30 μm.

Adeniyi et al. Page 26

Ann Neurol. Author manuscript; available in PMC 2024 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 4. 
Microglial lipid accumulation is a target for lipid peroxidation injury and mitochondrial 

oxidative stress in white matter lesions. (A) Example of lesion associated Iba1+ microglia 

(blue) with varying degrees of lipid peroxidation injury, visualized with 4-hydroxynonenol 

(4-HNE; red), and mitochondrial oxidative stress, visualized with Tom20 (green). Insets 

of cells 1 and 2 are shown at higher magnification below together with orthogonal views. 

Scale bars, 30 μm. (B) The density and percentage of DM were similar in CMI and nCMI 

cases. (C) The density and percentage of DM in CMI cases was significantly higher than 
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nondegenerative microglia (−DM). (D to F) The density and percentage of DM in CMI cases 

that labeled for 4-HNE (D), TOM20 (E) and both 4-HNE and TOM20 (F) was significantly 

higher compared to nondegenerative microglia (−DM). Student’s t-test, ****p<0.0001 in C 

to F.
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Fig. 5. 
Microglia in white matter lesions sustain DNA damage. (A) Low power view of Iba1+ 

microglia (blue) stained for DNA double strand breaks with phospho-histone H2A.X (H2A, 

green). Inset and orthogonal views of a microglia cell with scattered H2A staining consistent 

with a low level of DNA damage. Scale bars, 30 μm. (B) Detail and orthogonal views of 

a typical Iba1+ (blue) FTL+ (red) DM with truncated and shrunken processes and intense 

H2A labeling (arrowheads) consistent with a high level of DNA damage. Scale bars, 30 μm. 

(C) Low power view of a lesion with several reactive astrocytes (GFAP+, red). Orthogonal 
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views of two cells (dashed boxes) with H2A labeling (green) and DAPI (blue). Scale bars, 

30 μm. (D) The density and percentage of DM in white matter lesions was significantly 

higher than nondegenerative microglia (-DM). (E) The density and percentage of microglia 

that stained for DNA damage with H2A in white matter lesions was significantly higher 

for DM compared to nondegenerative microglia (-DM). Because there were no significant 

differences between CMI and nCMI cases, data was analyzed as the full cohort of 17 cases 

in D and E. Student’s t-test; ***p< 0.001; ****p<0.0001 in D and E.
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Fig. 6. 
DM are enriched in markers of ferroptosis. (A) Analysis of white matter lesions from 

17 cases enrolled in the ACT study diagnosed with dementia-related to microvascular 

brain injury (mVBI) or ADNC. Gene expression was variably enhanced for seven markers 

associated with distinct ferroptosis pathways (GCLC, HMOX1, TFRC, IREB2, MR1G, 

AKRC1c and SLC1A5) quantified by qRT-PCR and normalized to 18S rRNA. (B) Analysis 

of bulk RNAseq data set from the Allen Institute for Brain Science of gene expression in 110 

cases enrolled in the ACT study diagnosed with a spectrum of mVBI or ADNC. Volcano 
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plot of the p-value (−Log 10) and fold change of genes with significantly higher expression 

in white matter relative to gray matter (green; 21,879 genes) or gray matter relative to 

white matter (blue; 22,569 genes). A unique set of white matter-associated ferroptosis-

related genes were significantly upregulated together with highly expressed genes linked to 

myelination. (C) Comparison of the fold expression changes for ferroptosis-related genes in 

white matter (blue) vs. gray matter (red).
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Fig. 7. 
Summary of data supporting a role for ferroptosis in microglial degeneration in human 

WMI related to vascular dementia or AD. Injury to myelin promotes the accumulation 

of myelin debris and lipid uptake by senescent reactive microglia (MG). Disturbances in 

multiple molecules and genes (brown text) appear to contribute to pronounced oxidative 

stress that leads to a pronounced increase in the number of DM. Central factors appear to 

involve dysregulation of iron metabolism, impaired generation of glutathione anti-oxidants 

and mitochondrial metabolic stress, which together contribute to lipid peroxidation injury 

and DNA damage. Abbreviations: AKR1C1, Aldo-keto reductase family 1 member C1; DM, 

degenerative microglia; FTL, Ferritin light chain; FTH, Ferritin heavy chain; FTMT, Ferritin 

mitochondrial; GPX4, Glutathione peroxidase 4; GCLC, Glutamate-cysteine ligase catalytic 

subunit; GCLM, Glutamate-cysteine ligase modifier subunit; GSH, reduced glutathione; 

GSSG, oxidized glutathione; 4-HNE, 4-hydxoynonenol; HMOX1, Heme oxygenase 1; 

H2A.X, phospho-histone H2A.X; LD, lipid droplets; MG, microglia; PLIN2, perilipin 2; 

ROS, reactive oxygen species; Tom 20, translocase of outer membrane 20.
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Table 1:

Patient Demographics for Cases with or Without Vascular Brain Injury

Clinicopathological Details   nCMI CMI  p*

No. (N) of cases   22   18

Age (yr)   91.00±0.40   87.75±0.48 0.3569

Female: Male   6:4   4:5

Postmortem interval (h)   6.80±0.15   9.82±0.23 0.1088

Brain weight (g) 1112±45.84 1170±35.65 0.3365

Cystic infarcts, N, (%)   3 (13.6)   3 (16.7)

Acute or subacute infarcts, N, (%)   8 (36.4)   6 (33.3)

CAA None, N, (%)   6 (27.3)   4 (22.2)

CAA Mild, N, (%)   5 (22.7)   5 (27.8)

BRAAK Score   3.75±0.13   3.50±0.10 0.8996

*
p-value is based on Fisher’s exact test for categorical variables and two-sample t-test for continuous variables. Data are expressed as mean ± 

standard error of mean.

Ann Neurol. Author manuscript; available in PMC 2024 December 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Adeniyi et al. Page 35

Table 2:

Morphological features of reactive, ramified, and degenerative microglia.

Morphological Feature Reactive Ramified Degenerative

Soma ↑ ↓ ↑↓

Atrophy − − ±

Hypertrophy ++ − ±

Ramification − + −

Deramification ± − +++

Beading − − ++

Spheroids ± − ++

Fragmentation − − ++

Inclusion − − ++

The distinguishing features of each microglial subtype were defined based on a review of our cohort of 40 cases (see Materials and Methods, 
Study Design). Symbols: −, absent; ±, less pronounced; +, present; ++, often present; +++, always present ↑, big; ↓, small; ↑↓, irregular. Data are 
expressed as mean ± standard error of mean.
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