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A part of the axonal cytoskeleton protein complex, neurofilament light chain (NF-L) has been suggested as a pathological
hallmark in various neurological disorders, including hemorrhagic stroke, vascular dementia, and cerebral small vessel disease.
Neuroaxonal debris are mainly engulfed and phagocytosed by microglia, while the effects of NF-L on microglia have not been
elucidated. Ferritin heavy chain (FTH) not only reflects the age-related status of microglia but may also be secreted into the
extracellular space. After treatment of microglia with varying concentrations of NF-L (0-3 ug/ml), we found robust increases in
the number of secretory FTH-containing exosomes in the medium. Induction of the FTH-containing exosomes secreted from
microglia stimulates neuronal loss and membrane lipid peroxidation, as assessed by CKK8 and C11-Bodipy>®/**!, respectively.
However, this oxidative stress damage was attenuated by blocking FthI expression. Our results suggest that NF-L, as a biomarker
of axonal injury itself, could participate in neuronal ferroptosis in a nonclassical manner by secreting FTH-containing exosomes

from microglia into the extracellular matrix.

1. Introduction

Neurofilament light chain (NF-L) is a member of the
family of filament proteins and forms the cytoskeleton of
neurons. The protein correlates with various neuronal inju-
ries due to multiple neurodegenerative disorders, as its levels
are proportionally elevated with extended neuroaxonal dam-
age [1-3]. Recently, many studies have indicated that NF-L in
the cerebrospinal fluid (CSF) and bloodstream may serve as a
reliable biomarker for the progression of age-related neuro-
logical disorders, including cerebral small vessel disease
(CSVD) [4-6]. Classical biomarkers for neurodegenerative
conditions such as the -amyloid or phosphorylated tau pro-
teins are involved in the pathogenesis of Alzheimer’s disease
(AD), including the formation of senile plaques and nerve
fiber entanglement, respectively [7, 8]. However, at present,
most studies only assess the association of NF-L with the
progression or outcome of neurodegenerative disorders.

Whether protein is involved in the pathogenesis of those dis-
eases has not yet been elucidated.

Microglia are ubiquitously distributed cells in the central
nervous system (CNS) and play a vital role in immunity and
surveillance in the human brain [9]. Recent in vivo/vitro
studies illustrated that neuroaxonal debris could be engulfed,
phagocytosed, and degraded by HLA-DR-expressing
microglia [10-12]. This clearance process could further lead
to proliferation of microglia and an immunity disorder. In
the CNS, the major iron stores are found within microglia
and modulated by ferritin heavy chain (FTH), which also
closely reflects the aging status of microglia [13]. For
instance, clinical evidence indicates that CSF levels of FTH
not only reflect iron status in the brain but also have clinical
relevance in predicting outcomes in age-related neurodegen-
eration diseases [14, 15]. Moreover, rather than maintaining
iron homeostasis within cells, ferritin can be released from
microglia/macrophages through a nonclassical secretory
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pathway, supporting survival of other brain cell types or
inducing cell death [16, 17]. Here, in culture, we examined
the influence of NF-L on the secretory process of
microglia-derived FTH, and the association of FTH in the
extracellular space with lipid peroxidation of the neuronal
membrane. Our results suggested that elevated NF-L levels
could lead to increased amounts of FTH-containing exo-
somes in the extracellular matrix, consequently participating
in neuronal ferroptosis.

2. Materials and Methods

2.1. Microglia and Neuronal Cultures. As previously described
by our published study [9], BV-2 cells (a microglia cell line)
were obtained and maintained. Primary cortical neurons were
extracted from Sprague-Dawley (SD) fetal rats and seeded on
poly-L-lysine-coated culture plates in Neurobasal Medium
(Thermo Fisher Scientific) supplemented with 2% B27
(Gibco), 1% GlutaMAX (Gibco) in a 5% CO, incubator at
37°C. Half of the culture medium was replaced every 2-3 days.

2.2. Neurofilament Light Chain (NF-L) Treatment. BV-2
microglia cells were treated with increasing concentrations
of NF-L (Abcam), from 0 to 3 ug/ml. After 48 h of treatment,
the microglia supernatant was collected to extract FTH-
containing exosomes, which were identified by transmission
electron microscopy, CD81 staining, and ELISA. Finally, cor-
tical neurons were cultured for 24 h with variable concentra-
tions of FTH-containing exosomes extracted from microglia.
Similarly, the microglia were divided into two groups, based
on the presence or absence of Fthl mRNA. Then, after 48h
of treatment of microglia with 0 and 3 yg/ml NF-L, FTH-
containing exosomes from microglia medium were mixed
with cortical neurons for 24 h.

2.3. Enzyme-Linked Immunosorbent Assay (ELISA). Microg-
lia were seeded on 96-well plates. Following treatment of
microglia with different concentrations of NF-L for 48h,
the supernatant was collected, and FTH levels were deter-
mined using an Fth1 ELISA Kit (Abcam).

2.4. Quantitative Real-Time PCR. As our work previously
described [9], total RNA extraction and cDNA synthesis
were performed using TRIzol reagent (Invitrogen) and
reverse transcription kit (Takara) following the manufactur-
ers’ instructions. The specific primers used for PCR are as
follows: actin F-5'-GGCTGTATTCCCCTCCATCG-3', R-
5'-CCAGTTGGTAACAATGCCATGT-3" and Fthl F-5'-
CAAGTGCGCCAGAACTACCA-3', R-5'-GCCACATCA
TCTCGGTCAAAA-3". Quantitative real-time PCR was
performed using SYBR FAST qPCR Master Mix (KAPA)
with appropriate TagMan primers and the ABI PRISM
7900HT Sequence Detection System. The detection was per-
formed in triplicate.

2.5. Cell Viability Evaluation. Cell viability was determined
by cell counting kit-8 (CCK8) according to the manufactur-
er’s instructions. Inoculate cell suspensions (100 pul/well)
were seeded in a 96-well plate. Plates were preincubated in
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Ficure 1: Effects of NF-L treatments on the changes in FTH-
containing exosome from microglia. Microglia was treated with
an increasing dose of NF-L for 48h after which the levels of
FTH-containing exosome were analyzed by ELISA. A significant
increase in the level of FTH-containing exosome (p<0.01) is
observed above 0.5 pg/ml NF-L compared with control. Values
represent mean+SEM (n=4). *p<0.05 and **p<0.01 as
compared with control; *p < 0.05 and **p < 0.01 as compared with
the 0.5 ug/ml NE-L treatment group; “p < 0.05 as compared with
the 1 pug/ml NF-L treatment group.

a humidified incubator (37°C, 5% CO,). Different concentra-
tions of substances to be tested were added to the plates, and
the plates were placed in the incubator for 48 h. CCK8 solu-
tion was added to each well for 2h. Then, the absorbance
was measured at 450 nm using a BIO-TEK Elx-800 micro-
plate reader.

2.6. Exosome Isolation and Identification. BV-2 microglia
cells were treated with increasing concentrations of NF-L
(0 to 3ug/ml) for 48h. Culture supernatants were centri-
fuged at 4°C at 2000 x g for 20min and 10,000 x g for
30min prior to ultracentrifugation at 100,000 x g for
70 min at 4°C. Pellets were resuspended in cold PBS and cen-
trifuged again at 100,000 x g for 60 min. The morphology of
exosomes was detected by transmission electron microscopy
(normal size: 30-150nm), and the exosomal marker trans-
membrane protein (CD81) was quantified by western blotting.

2.7. Transmission Electron Microscopy (TEM). For exosome
TEM observation, exosomes extracted from culture superna-
tant of BV-2 microglia were fixed with 2% uranyl-acetate
solution for 1 minute on electron-microscope grids. After
blotting excess fluid and drying the grid for 10 minutes, exo-
somes were imaged with a TEM at 80kV.

2.8. siRNA Transfection. Cells were transfected with nontar-
geting siRNA (negative control) or special siRNA targeting
rat Fthl (5'-CCGAGAAACTGATGAAGCT-3') designed
by GenePharma using Lipofectamine™ 3000 reagent follow-
ing the manufacturer’s instructions. Media were refreshed
6h later, and cells were harvested 48 h later.
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FiGure 2: Effects of FTH-containing exosome on neuronal viability and lipid peroxidation. Cortical neuron was treated with 24 h FTH-
containing exosome, after which the cell viability of cortical neurons decreased as measured by CCKS, and the lipid peroxidation levels
of neuronal membrane increased as evaluated by C11-Bodipy*®"**". Relative quantification of cell viability (a) and area percentage of
C11-Bodipy™"**" (b), respectively; the representative images of C11-Bodipy™®'”**" (c). Values represent mean + SEM (1 =3). **p < 0.01
as compared with control; *p < 0.01 as compared with the 0.5 yg/ml NF-L treatment group; “p < 0.05 as compared with the 1 yg/ml

NF-L treatment group.

2.9. Neuronal Lipid Peroxide Assessment. To visualize the neu-
ronal lipid oxidation, cells were seeded in 8-well plates and
incubated for 30 min at 37°C with C11-BODIPY>*"*! (2 uM)
in growth media in dark. Images were taken with a TCSNT
confocal laser scanning system (Leica). The green and red fluo-
rescence of C11-BODIPY**"**! was acquired simultaneously
using double wavelength excitation (488 and 568 nm) and
detection (emission bandpass filters 530/30 and 590/30).

2.10. Immunofluorescence Microscopy. After treatment with
variable concentrations of NF-L (0 to 3 ug/ml), BV-2 cells
were fixed in 4% paraformaldehyde and permeabilized in

0.2% Triton. Slides were blocked in 5% BSA and incubated
in primary antibodies against Fthl (ABclonal) and LC3B
(CST), both diluted 1:200 with 5% BSA, overnight at 4°C.
The next day, cells were washed in PBS and incubated in
secondary antibody Alexa Fluor® 488 AffiniPure Donkey
Anti-Rabbit IgG (Jackson ImmunoResearch) and Cy™3 Affi-
niPure Donkey Anti-Mouse IgG (Jackson ImmunoRe-
search) for 1h at room temperature. Finally, slides were
imaged on a confocal laser scanning microscope (Leica).

2.11. Statistical Analysis. Data are presented as mean +
standard deviation for continuous variables. Student’s t-test



was used to compare the normally distributed quantitative
variables. Statistical analyses were completed using Graph-
Pad software Inc. Prism Version 8, US. p < 0.05 was consid-
ered statistically significant.

3. Results

3.1. Association of NFL Treatment with Secretion of Ferritin
Heavy Chain (FTH) from Microglia. To ascertain whether
NEF-L treatment resulted in FTH secretion, we first extracted
and evaluated the levels of FTH-containing exosomes in
media following NF-L treatment of microglia. Morphologi-
cal identification was performed by transmission electron
microscopy, and CD81 was verified by western blotting.
Considering that NF-L is present at a concentration of
approximately 3 yg/ml in the brain, the NF-L concentration
was maintained at or below this level. Microglia cell viability
after treatment with 0.5, 1, and 3 ug/ml of NF-L was reduced
significantly in comparison to the control, as assessed by
CCKS8 assay (Sup.1). However, significantly increased levels
of FTH-containing exosomes (p <0.01) were found when
treated with 0.5, 1, and 3 ug/ml of NF-L, as assessed by
ELISA (Figure 1). Due to secretory autophagy, the other
pathway mediating ferritin secretion, we further evaluated
whether the increase in NF-L was related to FTH-
containing autophagosomes within the microglia. Microglia
treated with increasing NF-L concentrations for 48 hours
showed elevated intensities of FTH-containing autophago-
somes, as measured by immunofluorescence (Sup. 2).

3.2. FTH-Containing Exosome Results in Neuronal Loss and
Membrane Oxidation. To investigate the effects of FTH-
containing exosomes on neuronal activity and lipid peroxi-
dation, exosomes were extracted from microglia cell super-
natant after treatment with increasing doses of NF-L.
Then, cortical neurons were treated for 24h with FTH-
containing exosomes, which decreased the activity of cortical
neurons, as measured by CCK8 (Figure 2(a)), and increased
the lipid peroxidation levels of the neuronal membrane, as
evaluated by Cll—BodipySSl/ 591 (Figures 2(b) and 2(c)).

3.3. Knockdown of FTHI mRNA in Microglia Reduces
Formation of FTH-Containing Exosome and Rescues
Oxidative Injury of Neuronal Membrane. To explore the
mechanism by which NF-L affected lipid peroxidation levels
of neurons through FTH-containing exosomes from microg-
lia, microglia cells were divided into two groups according to
whether Fthl expression was inhibited or not. The knock-
down efficiency of siRNA was verified by qPCR, and Fthl
mRNA in microglia was reduced by more than 80% after
knockdown (Sup. 3). Results indicated a significant decrease
in FTH levels in exosomes from microglia in the group
treated with Fthl siRNA as compared to the group treated
with nontargeting siRNA (Figure 3). Furthermore, the
FTH-containing exosomes from microglia in both groups
interfered with cortical neurons. Results showed that cell
viability of cortical neurons in the Fthl knockdown group
was significantly higher than that of the group expressing
Fth1 (Figure 4(a)), while the lipid peroxidation level of neu-
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FIGURE 3: NF-L treatments of microglia induce changes in the
levels of FTH-containing exosome in the presence and absence of
FTH1 mediated by siRNA. After Opug/ml and 3pug/ml NFL
interventions of microglia for 48 h, changes in extracellular FTH-
containing exosome were determined by ELISA and CD81. The
panels represent relative quantification of secretory FTH. Values
represent mean + SEM (n=4), **p <0.01.

rons was significantly lower than that of the Fthl-expressing
group (Figures 4(b) and 4(c)).

4. Discussion

NEF-L has been recognized widely as a biomarker of multiple
neurological disorders, such as hemorrhagic stroke and cere-
bral small vessel disease. The protein not only reflects the sever-
ity of neuronal injury but also predicts disease transition from
early to late stage [18, 19]. For example, in the animal model
of multiple sclerosis, NF-L was surrounded and phagocytized
by microglia and associated with glia activation [10, 11]. How-
ever, the influence of NF-L on microglia, in turn, has not been
elucidated. In the present study, our results first suggested that
increased NF-L levels promote ferritin secretion from microglia
by the exosome-mediated pathway. Then, the secreted ferritin
in the supernatant leads to oxidative damage of the neuronal
membrane. Finally, we knocked down Fthl with siRNA to
investigate the potential mechanism by which NF-L affected
the secretion of ferritin exosomes from microglia.

Cellular iron trafficking and detoxification are mainly
dependent on the functions of ferritin, a 450kDa protein
complex consisting of 24 subunits of light and heavy chains
[20]. Serving as a ferroxidase, producing ferric iron within
the core of the ferritin protein, ferritin heavy chain (FTH)
has long been considered an intracellular iron storage pro-
tein [21]. However, recent evidence revealed two potential
mechanisms underlying the secretion of ferritin including
exosome-mediated and autophagy-mediated pathways [22,
23]. Exosomes are a group of small secretory vesicles, com-
posed of membrane-encased structures 40-100 nm in size.
Recent evidence suggested that ferritin containing the
majority of iron stored usually existed within the peripheral
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F1GUREk 4: Influence of FTH-containing exosome on neuronal viability and lipid peroxidation in the presence and absence of FTHI mediated
by siRNA. FTH-containing exosomes were extracted from culture supernatant of BV-2 microglia with 3 yg/ml NFL intervention for 48 h.
Then, cortical neuron was treated with the secretory FTH for 24h in the presence and absence of FTHI mediated by siRNA. Relative

quantification of cell viability (a) and area percentage of C11-Bodipy™>">’

(b), respectively; the representative images of C11-Bodipy*®"/*"

(c). Values represent mean + SEM (n=3). *p<0.05 and **p<0.01; *p<0.01 as compared with the 0pug/ml NF-L treatment group;
445 <0.01 as compared with the 3 yg/ml NF-L treatment group in the absence of FTHI.

cells, such as macrophages, while the secretion of iron-load
ferritin might be modulated through the exosome mecha-
nism [23]. However, the secretion of ferritin is mainly con-
centrated in peripheral cells, such as macrophages. Further
evidence showed that oligodendrocytes could release FTH
through an unconventional secretion route involving exo-
somes. Here, we revealed that microglia could secrete FTH
through the exosome-mediated pathway, suggesting that
the secretion of ferritin is concentrated not only in periph-

eral cells but also in microglia cells. Therefore, our finding
supports and extends those previous results.

In addition to the exosome mechanism, recent studies
revealed that autophagy might also contribute to ferritin
transport [21]. Indeed, we identified FTH was highly
expressed in autophagosomes marked with LC3B beyond
the extracellular exosome, indicating the ability of auto-
phagosomes to release FTH. However, whether ferritin can
be secreted from the cell by secretory autophagy or can be



damaged by autophagy lysosomes may be primarily based
on differences in the SNARE system [24, 25]. Thus, further
studies are needed to address this pathway in microglia.

Iron accumulation has been associated with a majority of
neurodegenerative diseases such as Alzheimer’s disease
(AD); it is important to investigate whether ferritin exosomes
participate in iron-mediated neuronal death pathways, such as
ferroptosis, characterized by membrane lipid peroxidation.
Although ferritin is primarily considered an intracellular iron
storage protein, it has been found in the CSF and peripheral
blood of patients with AD, and its levels in CSF predict AD
outcomes [14, 26, 27]. The role of microglia-secreted ferritin
has not yet been elucidated, but the release and transfer of fer-
ritin from macrophages to oligodendrocyte precursor cells
(NG2 cells) have been reported, supporting the possibility of
intercellular ferritin transfer within the central nervous system
[16]. In line with this concept, we now provide evidence that
NEF-L could be a part of the ferroptosis source through secret-
ing FTH-containing exosomes from microglia. Several factors
might be related to this finding. First, changes in the iron stor-
age function of ferritin, FTH/FTL ratio, have been demon-
strated in neurodegeneration diseases [28]. When FTH
increases, it can result in instability of ferritin to store iron
and the presence of more highly oxidative Fe** [29]. Second,
another study revealed that carcinoma cells could have unique
drug tolerance due to ferroptosis resistance, driven by an
exosome-ferritin pathway to transport iron out of the cell
[30]. Therefore, these findings might explain why the viability
of microglia did not differ with elevated levels of NF-L treat-
ment. It was assumed that microglia could protect against
NEF-L treatment by producing more ferritin-binding intracel-
lular free iron and transferring more ferritins to the extracellu-
lar space in the form of ferritin exosomes. However, the self-
protection behavior of microglia might lead to the extracellu-
lar iron dyshomeostasis and subsequent neuronal ferroptosis.

In contrast to these findings, a recent study found that
oligodendrocytes secrete FTH1 through extracellular vesicles
to protect against iron-mediated ferroptotic axonal damage
and form a part of the neuronal antioxidative stress system
[31]. Ferritin in the CNS has additional functions compared
to the periphery, where ferritin mainly serves as a storage pro-
tein. Under trophic conditions, microglia are myelination-
supporting cells that secrete FTH as a source of iron for
oligodendrocytes, maintaining their survival [17, 32, 33].
However, iron-enriched medium from microglial culture also
causes increased oligodendrocyte cytotoxicity [17], suggesting
that the influence of microglia on the survival or death of other
CNS cells may partially depend on their iron status. In
summary, under physiological conditions, microglia secrete
ferritin as a trophic factor to adjacent cells, which may, in turn,
exert adverse effects on the surrounding environment, includ-
ing possibly causing pathology.

In conclusion, the present study provides novel insights
into the possibility that NF-L plays an important role in
the secretory process of microglia-derived ferritin, including
the shedding of FTH, an oxidative factor which could dam-
age the neuronal membrane. Although neuroaxonal debris
must be taken up for clearance, microglia might play an
adverse role through augmenting oxidative damage to the
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neuronal membrane. This relationship between NF-L and
microglia could underlie the concurrence of ferritin and NF-L
as putative biomarkers of neurodegenerative diseases. The rel-
evance of our results on secretory microglia-derived FTH to
the neuronal ferroptosis pathway in vitro requires further
in vivo studies. Although the medium containing increased
levels of FTH-containing exosomes leads to severe neuronal
damage that is rescued by neuronal FTHI knockdown,
microglia-derived exosomes might contain other cytotoxic fac-
tors such as B-amyloid. Therefore, further studies are required
to establish whether this FTH-secreting pathway is shared and
how FTH is exported, including in exosomes or by a secretory
autophagy pathway, as well as where and how FTH induces
lipid peroxidation in neuronal membranes.

Data Availability

The data used to support the findings of this study are avail-
able from the corresponding author.

Conflicts of Interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that
could be construed as a potential conflict of interest.

Authors’ Contributions

LG mainly provided funding and critically edited the manu-
script. QYY wrote the first draft of the paper. HCW and
CHYX performed a part of experiments and analyzed the
data. YXD took a part of sample collection. BJM performed
most of the experiments and interpreted data. YXZ designed
and supervised the study. Li Gong and Qiuyue Yu contrib-
uted equally to this work.

Acknowledgments

This work was supported by grants from the National Natu-
ral Science Foundation of China (No. 81901183), the Shang-
hai Municipal Key Clinical Specialty (No. shslczdzk06102),
and the Shanghai Tenth People’s Hospital Development
Program of Clinical Research (No. SHYCS05).

Supplementary Materials

Supplementary 1. Sup 1: effects of NFL treatments on the
microglia cell viability assessed by CCK8 assay.

Supplementary 2. Sup 2: effects of NFL treatments on the
changes in FTH-containing autophagosome marked with LC3B.

Supplementary 3. Sup 3: the knockdown efficiency of siRNA
for FTH1 mRNA in microglia.

References

[1] J. Kuhle, J. Gaiottino, D. Leppert et al., “Serum neurofilament
light chain is a biomarker of human spinal cord injury severity
and outcome,” Journal of Neurology, Neurosurgery, and Psy-
chiatry, vol. 86, no. 3, pp. 273-279, 2015.


https://downloads.hindawi.com/journals/omcl/2022/3938940.f1.pdf
https://downloads.hindawi.com/journals/omcl/2022/3938940.f2.pdf
https://downloads.hindawi.com/journals/omcl/2022/3938940.f3.pdf

Oxidative Medicine and Cellular Longevity

(2]

(3]

(4]

(10]

(11]

(12]

(13]

(14]

(15]

(16]

A. Petzold, “Neurofilament phosphoforms: surrogate markers
for axonal injury, degeneration and loss,” Journal of Neurology,
vol. 233, no. 1-2, pp. 183-198, 2005.

A. Brureau, V. Blanchard-Bregeon, C. Pech et al., “NF-L in
cerebrospinal fluid and serum is a biomarker of neuronal
damage in an inducible mouse model of neurodegeneration,”
Neurobiology of Disease, vol. 104, pp. 73-84, 2017.

C. H. Lu, C. Macdonald-Wallis, E. Gray et al., “Neurofilament
light chain: a prognostic biomarker in amyotrophic lateral
sclerosis,” Neurology, vol. 84, no. 22, pp. 2247-2257, 2015.

D. C. Bickstrom, M. E. Domellof, J. Linder, B. Olsson, and
A. Ohrfelt, “Cerebrospinal fluid patterns and the risk of future
dementia in early, incident Parkinson disease,” JAMA Neurol-
0gy, vol. 72, no. 10, pp. 1175-1182, 2015.

T. Gattringer, D. Pinter, C. Enzinger et al., “Serum neurofila-
ment light is sensitive to active cerebral small vessel disease,”
Neurology, vol. 89, no. 20, pp. 2108-2114, 2017.

U. Ganguly, U. Kaur, S. S. Chakrabarti et al., “Oxidative stress,
neuroinflammation, and NADPH oxidase: implications in the
pathogenesis and treatment of Alzheimer’s disease,” Oxidative
Medicine and Cellular Longevity, vol. 2021, Article ID
7086512, 19 pages, 2021.

M. S. Khan, M. Tkram, T. J. Park, and M. O. Kim, “Pathology,
risk factors, and oxidative damage related to type 2 diabetes-
mediated Alzheimer’s disease and the rescuing effects of the
potent antioxidant anthocyanin,” Oxidative Medicine and Cel-
lular Longevity, vol. 2021, Article ID 4051207, 14 pages, 2021.

L. Gong, X. Tian, J. Zhou et al,, “Iron dyshomeostasis induces
binding of APP to BACEI for amyloid pathology, and impairs
APP/Fpnl complex in microglia: implication in pathogenesis
of cerebral microbleeds,” Cell Transplantation, vol. 28, no. 8,
pp. 1009-1017, 2019.

R. Huizinga, B. J. van der Star, M. Kipp et al., “Phagocytosis of
neuronal debris by microglia is associated with neuronal dam-
age in multiple sclerosis,” Glia, vol. 60, no. 3, pp. 422-431,
2012.

C. Rajda, Z. Galla, and H. Polyak, “Cerebrospinal fluid neuro-
filament light chain is associated with kynurenine pathway
metabolite changes in multiple sclerosis,” International Jour-
nal of Molecular Sciences, vol. 21, no. 8, p. 2665, 2020.

P. Parbo, L. S. Madsen, R. Ismail et al., “Low plasma neurofil-
ament light levels associated with raised cortical microglial
activation suggest inflammation acts to protect prodromal
Alzheimer's disease,” Alzheimer's Research &  Therapy,
vol. 12, no. 1, 2020.

W.J. Streit, H. Braak, Q. S. Xue, and I. Bechmann, “Dystrophic
(senescent) rather than activated microglial cells are associated
with tau pathology and likely precede neurodegeneration in
Alzheimer's disease,” Acta Neuropathologica, vol. 118, no. 4,
Pp. 475-485, 2009.

S. Ayton, N. G. Faux, and A. I. Bush, “Ferritin levels in the
cerebrospinal fluid predict Alzheimer's disease outcomes and
are regulated by APOE,” Nature Communications, vol. 6,
no. 1, 2015.

S. Oshiro, M. S. Morioka, and M. Kikuchi, “Dysregulation of
iron metabolism in Alzheimer's disease, Parkinson's disease,
and amyotrophic lateral sclerosis,” Advances in Pharmacologi-
cal Sciences, vol. 2011, Article ID 378278, 8 pages, 2011.

D. L. Schonberg, E. Z. Goldstein, F. R. Sahinkaya, P. Wei, and
P. G. Popovich, “Ferritin stimulates oligodendrocyte genesis in
the adult spinal cord and can be transferred from macrophages

(17]

(18]

(19]

(20]

(21]

[22]

(23]

[24]

(25]

(26]

(27]

(28]

[29]

(30]

(31]

to NG2 cells in vivo,” The Journal of Neuroscience, vol. 32,
no. 16, pp. 5374-5384, 2012.

X. Zhang, N. Surguladze, B. Slagle-Webb, A. Cozzi, and J. R.
Connor, “Cellular iron status influences the functional
relationship between microglia and oligodendrocytes,” Glia,
vol. 54, no. 8, pp- 795-804, 2006.

F. T. Hane, M. Robinson, B. Y. Lee, O. Bai, and Z. Leonenko,
“Recent progress in Alzheimer's disease research, part 3: diag-
nosis and treatment,” Journal of Alzheimer's Disease, vol. 57,
no. 3, pp. 645665, 2017.

O. Preische, S. A. Schultz, and A. Apel, “Serum neurofilament
dynamics predicts neurodegeneration and clinical progression
in presymptomatic Alzheimer's disease,” Nature Medicine,
vol. 25, no. 2, pp. 277-283, 2019.

P. M. Harrison and P. Arosio, “The ferritins: molecular prop-
erties, iron storage function and cellular regulation,” Biochi-
mica et Biophysica Acta, vol. 1275, no. 3, pp. 161-203, 1996.
N. Zhang, X. Yu, J. Xie, and H. Xu, “New insights into the role
of ferritin in iron homeostasis and neurodegenerative dis-
eases,” Molecular Neurobiology, vol. 58, no. 6, pp. 2812-2823,
2021.

L. A. Cohen, L. Gutierrez, A. Weiss et al., “Serum ferritin is
derived primarily from macrophages through a nonclassical
secretory pathway,” Blood, vol. 116, no. 9, pp. 1574-1584,
2010.

M. Truman-Rosentsvit, D. Berenbaum, L. Spektor et al., “Fer-
ritin is secreted via 2 distinct nonclassical vesicular pathways,”
Blood, vol. 131, no. 3, pp. 342-352, 2018.

T. Kimura, J. Y. Jia, S. Kumar et al., “DedicatedSNAREs
and specializedTRIMcargo receptors mediate secretory
autophagy,” The EMBO Journal, vol. 36, no. 1, pp. 42-
60, 2017.

S. Takats, P. Nagy, A. Varga, K. Pircs, and M. Karpati,
“Autophagosomal Syntaxinl7-dependent lysosomal degrada-
tion maintains neuronal function in Drosophila,” The FEBS
Journal, vol. 201, no. 4, pp. 531-539, 2013.

E. Grunblatt, J. Bartl, and P. Riederer, “The link between iron,
metabolic syndrome, and Alzheimer’s disease,” Journal of
Neural Transmission, vol. 118, no. 3, pp. 371-379, 2011.

T. Fernandez, A. Martinez-Serrano, L. Cussd, M. Desco, and
M. Ramos-Gomez, “Functionalization and characterization
of magnetic nanoparticles for the detection of ferritin accumu-
lation in Alzheimer’s disease,” ACS Chemical Neuroscience,
vol. 9, no. 5, pp. 912-924, 2018.

C. Quintana and L. Gutierrez, “Could a dysfunction of ferritin
be a determinant factor in the aetiology of some neurodegen-
erative diseases?,” Biochimica et Biophysica Acta-General Sub-
jects, vol. 1800, no. 8, pp. 770-782, 2010.

C. Quintana, M. Lancin, C. Marhic, M. Perez, and ]. Martin-
Benito, “Initial studies with high resolution TEM and electron
energy loss spectroscopy studies of ferritin cores extracted
from brains of patients with progressive supranuclear palsy
and Alzheimer disease,” Cellular and Molecular Biology,
vol. 46, no. 4, pp. 807-820, 2000.

C. W. Brown, J. J. Amante, P. Chhoy et al., “Prominin2 drives
ferroptosis resistance by stimulating iron export,” Develop-
mental Cell, vol. 51, no. 5, pp. 575-586.e4, 2019.

C. Mukherjee, T. Kling, B. Russo, K. Miebach, and E. Kess,
“Oligodendrocytes provide antioxidant defense function for
neurons by secreting ferritin heavy chain,” Cell Metabolism,
vol. 32, no. 2, pp. 259-272, 2020.



[32] P. Cheepsunthorn, C. Palmer, and J. R. Connor, “Cellular dis-
tribution of ferritin subunits in postnatal rat brain,” The Jour-
nal of Comparative Neurology, vol. 400, no. 1, pp. 73-86, 1998.

[33] J.R. Connor, G. Pavlick, D. Karli, S. L. Menzies, and C. Palmer,
“A histochemical study of iron-positive cells in the developing
rat brain,” The Journal of Comparative Neurology, vol. 355,
no. 1, pp. 111-123, 1995.

Oxidative Medicine and Cellular Longevity



	Neurofilament Light Chain (NF-L) Stimulates Lipid Peroxidation to Neuronal Membrane through Microglia-Derived Ferritin Heavy Chain (FTH) Secretion
	1. Introduction
	2. Materials and Methods
	2.1. Microglia and Neuronal Cultures
	2.2. Neurofilament Light Chain (NF-L) Treatment
	2.3. Enzyme-Linked Immunosorbent Assay (ELISA)
	2.4. Quantitative Real-Time PCR
	2.5. Cell Viability Evaluation
	2.6. Exosome Isolation and Identification
	2.7. Transmission Electron Microscopy (TEM)
	2.8. siRNA Transfection
	2.9. Neuronal Lipid Peroxide Assessment
	2.10. Immunofluorescence Microscopy
	2.11. Statistical Analysis

	3. Results
	3.1. Association of NFL Treatment with Secretion of Ferritin Heavy Chain (FTH) from Microglia
	3.2. FTH-Containing Exosome Results in Neuronal Loss and Membrane Oxidation
	3.3. Knockdown of FTH1 mRNA in Microglia Reduces Formation of FTH-Containing Exosome and Rescues Oxidative Injury of Neuronal Membrane

	4. Discussion
	Data Availability
	Conflicts of Interest
	Authors’ Contributions
	Acknowledgments
	Supplementary Materials

