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Amyloid diseases are part of an emerging complex group of
chronic and progressive entities collectively known as disorders of protein folding. For reasons still under active investigation, soluble proteins normally found in interstitial or
biological ﬂuids change their conformation and form poorly
soluble molecular assemblies that accumulate as extracellular
ﬁbrillar aggregates within the parenchyma and blood vessels
of diﬀerent organs. Once formed, these amyloid ﬁbrils that
typically exhibit a β-sheet-rich secondary structure are highly
resistant to proteolytic degradation, a characteristic that
impairs their eﬀective physiologic removal and leads to their
tissue accumulation inducing local hypoxia and cellular damage with overall organ dysfunction and, eventually, death.
The molecular pathogenic mechanisms associated with
amyloid diseases are complex and involve cross-talk among
diﬀerent cell populations and cellular pathways. Mounting
evidence points out to inﬂammation-related mechanisms
and oxidative stress as associated burden for amyloidosis.
In spite of multiple studies, it still remains to be elucidated
whether oxidative stress is a key contributor to the disease
pathogenesis and progression or whether—on the contrary—it is a mere consequence of the cellular responses elicited
by the presence of amyloid deposits and the concomitant
inﬂammatory processes aﬀecting injured tissue. This
special issue provides an updated view on the role of oxidative stress and inﬂammation-related cellular pathways to
the etiopathogenesis, progression, and treatment strategies
of amyloid diseases.

One of the papers of this special issue, “Hypoxia and
Inﬂammation as a Consequence of β-ﬁbril Accumulation:
A Perspective View for New Potential Therapeutic Targets,”
addresses the link between local hypoxia and the induction
of chronic long-lasting inﬂammation in the context of the tissue accumulation of the β-sheet-rich amyloid deposits. The
authors propose that the induction of cell death mechanisms
in conjunction with local tissue hypoxia associated with the
amyloid accumulation constitutes important events for the
pathogenesis and progression of amyloidosis. The authors
hypothesize that molecules released by necrotic cells activate inﬂammatory responses through Damage-Associated
Molecular Patterns (DAMPs) and evoke activation of
HIF-1α/NF-κB-dependent pathways suggesting that modulation of these cellular paths may constitute new therapeutic
strategies. Another manuscript of the special issue focuses on
the role of oxidative stress for the process of amyloid
formation. The authors of “Suppression of Mouse AApoAII
Amyloidosis Progression by Daily Supplementation with
Oxidative Stress Inhibitors” examined the eﬀect of the nonspeciﬁc reactive oxygen species (ROS) scavenger tempol
and the NADPH oxidase inhibitor apocynin on the process
of amyloidogenesis using a mouse model of AApoAII
amyloidosis. Their results provide evidence that oxidative
stress is involved in the progression of systemic amyloidosis
but indicate that, although oxidative stress inhibitors ameliorated amyloid deposition, their use was unable to completely
block the progression of amyloidosis. The paper entitled
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“High levels of β-Amyloid, Tau, and Phospho-Tau in Red
Blood Cells as Biomarkers of Neuropathology in SenescenceAccelerated Mouse” describes a study conducted on the
Senescence-Accelerated Mouse-Prone, SAMP8, a validated
model of Alzheimer’s disease (AD) with the aim of establishing novel sensitive disease biomarkers. The study illustrates
the increasing brain accumulation of amyloid-beta (Aβ) as
well as total and phosphorylated tau concomitant with the
elevated levels of the inﬂammatory marker interleukin-1β.
The brain accumulation kinetics parallels ﬁndings in red
blood cells suggesting these proteins as putative peripheral
AD biomarkers. The authors of the original manuscript
“Syk and Hrs Regulate TLR3-Mediated Antiviral Response
in Murine Astrocytes” examined the regulation of the innate
immune response-related Toll-like receptor 3 (TLR3) signaling in the astrocytic cell line C8-D1A following stimulation
with a viral dsRNA mimetic (Pathogen-Associated Molecular Patterns (PAMPs)). The study uncovers a relationship
between TLR3 and the endosomal sorting complex required
for transportation-0 (ESCRT-0), pointing out to the spleen
tyrosine kinase (Syk) as a dsRNA-activated kinase mediating
TLR3 signaling and the concomitant induction of IFNs and
proinﬂammatory gene expression. The paper “Nitric Oxide
Inﬂuences HSV-1-Induced Neuroinﬂammation,” aimed to
elucidate the role of NO in neuroinﬂammation and neurodegeneration based on the use of in vitro models of herpes
simplex virus (HSV-1) infection of neuronal and glial cell
cultures as well as intranasal viral infection of BALB/c mice.
The authors describe a diﬀerential response to NO and
HSV-1 infection for neuronal, microglial, and astrocytic cells
as well as in the concomitant production of IFN-alpha (IFNα) and proinﬂammatory cytokines CXCL9 and CXCL10.
Presented results help elucidate the molecular roles of NO
and NO-related signaling during HSV-1-induced neuroinﬂammation and neurodegeneration and indicate for the
ﬁrst time the existence of a link between Fas signaling
due to neuroinﬂammation and nitrosative stress during
HSV-1 infection.
Overall, the special issue highlights the contribution of
oxidative stress and chronic inﬂammation to the pathobiology of amyloid-associated diseases. The papers compiled in
this special issue widen the current knowledge of the molecular mechanisms involved in the etiology, progression, and
accumulation of β-sheet-enriched deposits in infectious and
noninfectious forms of amyloidosis.
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Amyloidoses are heterogeneous diseases that result from the deposition of toxic insoluble β-sheet ﬁbrillar protein aggregates in
diﬀerent tissues. The cascade of molecular events leading to amyloidoses and to the related clinical manifestations is not
completely understood. Nevertheless, it is known that tissue damage associated to this disease involves alteration of tissue
architecture, interaction with cell surface receptors, inﬂammation elicited by the amyloid protein deposition, oxidative stress,
and apoptosis. However, another important aspect to consider is that systemic protein massive deposition not only subverts
tissue architecture but also determines a progressive cellular hypertrophy and dilation of the extracellular space enlarging the
volume of the organ. Such an alteration increases the distance between cells and vessels with a drop in pO2 that, in turn, causes
both necrotic cell death and activation of the hypoxia transcription factor HIF-1α. Herewith, we propose the hypothesis that
both cell death and hypoxia represent two important events for the pathogenesis of damage and progression of amyloidoses. In
fact, molecules released by necrotic cells activate inﬂammatory cells from one side while binding to HIF-1α-dependent
membrane receptors expressed on hypoxic parenchymal cells on the other side. This latter event generates a signaling cascade
triggering NFκB activation and chronic inﬂammation. Finally, we also suggest that this scenario, once proved and detailed,
might suggest important targets for new therapeutic interventions.

1. Introduction
Amyloidoses are a group of heterogeneous diseases presenting many common molecular, cellular, and clinical features
strictly associated to a shared pathogenetic mechanism of
the tissue/organ damage [1].

Although the available clinical descriptions and studies of
diﬀerent amyloidoses are numerous and several studies have
detailed the molecular characteristics of the proteins and
their aggregates in the disease, the precise molecular pathogenetic mechanism that leads to the tissue damage is still
incomplete and debated [2].
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Figure 1: Production and localization of β-ﬁbrils. The drawing shows the intracellular and the extracellular localization of β-ﬁbrils of
amyloidosic substance as observed at the electron microscope in diﬀerent β-ﬁbrilloses. Transmission electron micrographs of β-ﬁbril
localization in the cytosol (tau tangles of Alzheimer’s disease) (a), in the cisternae of the endoplasmic reticulum (light chain polymers in a
transformed B-lymphocyte/plasma cell) (b), and in the extracellular space (c) in close contact with a macrophage in the process of
phagocytizing the ﬁbrillar amyloid substance. Occasionally, β-ﬁbrils have been observed in the mitochondrial matrix, being frequently
organized as paracrystals (d, e). The nature of ﬁbrillar protein is usually unknown. Mitochondria bearing ﬁbril accumulation usually
increase their volume, suggesting that accumulated misfolded ﬁbrillar protein can be either imported from the cytosol or endogenously
synthesized by mitochondrial machinery.

Recently, a number of authors have suggested an important role for inﬂammation, both as a trigger of amyloidoses
and as a consequence of the β-ﬁbril formation and accumulation [3, 4]. In addition, inﬂammation has been identiﬁed as
an independent negative prognostic factor for clinical progression and severity [5–7]. However, very few studies have
considered and explored the hypothesis that hypoxia, due
to β-ﬁbril accumulation, might represent an important pathogenetic factor by favoring the inﬂammatory-reparative
response (IRR) and the consequent cellular damage [3, 4, 8].
The main focus of this short perspective review is to highlight the early and substantial role of hypoxia and hypoxiatriggered inﬂammation in producing tissue damage observed
in the progressive advanced amyloidoses.

2. Molecular Features of Amyloidoses
A constant feature of amyloidoses is the progressive accumulation of β-ﬁbrils in the intra- and extracellular space of
involved tissues and organs as reported in Figure 1.

In particular, β-ﬁbrils can also accumulate in the blood
plasma. We have termed such an accumulation as “clonal
diseases.” In fact, “clonal diseases” are pathologic human
conditions characterized by proliferation of a single cell
lineage, mostly referred to disorders of the immunohematologic diseases, such as plasmocytoma/multiple myeloma
[9–11]. In this case, patients typically present with bone
marrow inﬁltration of clonal plasma cells and monoclonal
protein in the serum and/or urine. Occasionally, when
polymers are more than one, “clonal peaks” may be more
than one. Clinical pathologists refer to clonal diseases
(maybe inexactly) when abnormal “clonal” peaks are evidenced in serum protein electrophoretic trace, for instance,
when abnormal production of a single protein occurs
(liver, kidney, producing adenomas, etc.). In the case of
β-ﬁbrilloses, the “abnormal clonal peak” may be evidenced in the serum and/or urine not only in the case
of plasma cell disorders but also in other conditions in
which abnormal production of a single protein can give
rise to β-ﬁbrils [11].

Oxidative Medicine and Cellular Longevity
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Table 1: Common molecular features of amyloidosis.
Molecular features
Misfolded proteins

Description and mechanisms

References

Misfolding of β-sheet-rich proteins, such as amyloid β-protein tau, tau, α-synuclein, and prion
protein (PrPsc)
Formation of intra/extracellular polymers with antiparallel β-sheet-rich proteins or protoﬁbrils

Polymers/protoﬁbrils
β-Fibrils at optical microscopy
β-Fibrils show green birefringence at polarized OM after red Congo staining
(OM)
β-Fibrils at TEM
β-Fibrils are linear, 8-12 nm in diameter, and interact with EM extracellular matrix molecules
Linear, rigid, nonbranching, and protease-resistant polymers, probably interacting with
β-Fibril physicochemistry
extracellular matrix proteins
β-Fibril proteins are heterogeneous in their origin and composition, depending on the cell
β-Fibril protein composition
type involved
β-Fibril passing in the blood
β-Fibrils associate with SAP (serum amyloid protein)
Large aggregates and deposits
Formations of aggregates and deposits of rigid, stable, and protease-resistant β-ﬁbrils,
of β-ﬁbrils
containing 15% of SAP, localized in the extracellular space, mostly around the vessel

Nevertheless, β-ﬁbrils can also accumulate intracellularly
in various cell compartments (Figure 1) [1].
β-Fibrils are polymers of β-sheet-rich proteins, which in
normal conditions and conformation accomplish speciﬁc cell
functions. Upon mutations or abnormal posttranslational
modiﬁcations, they undergo misfolding, polymerization, loss
of function, and possibly, acquisition of toxicity [12].
Initial protoﬁbrils are small polymers of antiparallel βsheet-rich misfolded proteins. Larger polymers are linear,
rigid, and nonbranching, with an 8-12 nm diameter, easily
detectable under a transmission electron microscope (TEM)
(Figure 1) [1, 2, 12]. β-Fibrils exhibit a green birefringence
at polarized light under an optical microscope after red
Congo staining and more importantly a strong resistance to
proteases that normally provide to their turnover in order
to avoid accumulation in cells and tissues [2].
β-Fibrils are heterogeneous in their origin, localization, and composition, depending on the involved proteins
(Table 1).
Fibrillar aggregates can be found in diﬀerent subcellular compartments (Figure 1) or in extracellular space
(Figure 2), where they can be easily detected because of their
birefringence. Intracellular β-ﬁbrils are also detectable by
TEM as cytosolic bundles or aggregates in Alzheimer’s disease
(such as tau protein tangles) (Figure 1(a)), Parkinson’s
disease frontotemporal dementia, and dementia with Lewy
bodies (α-synuclein and tau protein) and as nuclear aggregates, in Huntington’s disease and other polyglutamine
expansion diseases [1, 13]. Occasionally, β-ﬁbrils can be
observed in other subcellular compartments such as mitochondria, autophagosomes, and cisternae of the endoplasmic
reticulum (Figure 1(b)) [14, 15]. The localization in the
cisternae of the endoplasmic reticulum is more frequent in
systemic amyloidosis where misfolded and polymerized proteins accumulate in producing cell, such as B lymphocyte/
plasma cell (antibody light chain), pancreatic islet β-cell
(insulin), and atrial myocardiocyte (ANF or atrial natriuretic
factor) (Figure 3) [16].
Interestingly, sometimes, secretion of β-ﬁbrils can be
observed at the secretory pole of the cell producing the
involved protein. Intracellular β-ﬁbrils are able to activate

[69]
[2]
[1, 2, 12]
[12, 70]
[12]
[1, 2]
[71]

2 휇m

14 휇m

(a)

[1, 24]

(b)

Figure 2: Aspects of cardiac amyloidosis with accumulation of
mutated transthyretin amyloid (a). The extracellular space (ES) is
constantly enlarged increasing the distance between myocardiocytes
and vessels (not visible). (b) At TEM, myocardiocytes display
mitochondria with various degree of swelling and alteration of
cristae; both are early cell reactions to ATP depletion and hypoxia.
Sarcomere ultrastructure is still intact.

various pathways of oxidative metabolism with production
of ROS which contribute substantially to the cell damage.
The misfolded proteins, once accumulated outside
the cell, can become resident in the extracellular space
(Figure 1(c)), probably ﬁxed by some interaction with common domains of various components of the extracellular
matrix. In particular, this interaction may involve glycosaminoglycan- (GAG-) rich components, such as ﬁbrillar
(collagens, elastin, laminins, and ﬁbronectins) and nonﬁbrillar glycoproteins (proteoglycans, hyaluronans) [17]. In
alternative, misfolded proteins or their polymers can reach
the circulation by entering the vessel lumen. This latter
situation has two consequences: (a) the protein can be evidenced as clonal peak in serum protein electrophoretic
trace and (b) it can inﬁltrate and deposit in the extracellular
space in distant organs and tissues.
Interestingly, in the ﬁrst case, proteins and their polymers
can be appropriately measured for diagnosis and disease
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Figure 3: Aspects of myocardial atrial amyloidosis with
intracellular accumulation of β-ﬁbrils constituted of polymerized
ANP (atrial natriuretic factor) peptides. (a) An advanced
disorganization of the cytoplasm is evident due to the displacement
of the various cytoplasmic components. (b) High-magniﬁcation
detail of 10 nm β-ﬁbril aggregate.

monitoring [18]. Moreover, in systemic amyloidoses, 15% of
amyloidosic substance is constituted by SAP or serum amyloid protein, a member of the major acute-phase protein family, i.e., pentraxins, which strongly interacts with β-ﬁbrils,
probably through chemical patterns usually recognized by
pentraxins. This interaction may protect β-aggregates from
proteolysis on one side and stimulate their phagocytosis by
macrophages on the other side (Figure 1) [19, 20].

3. Clinical Features of Amyloidoses
Amyloidosis can be familial or acquired. In the ﬁrst case,
numerous mutations of the involved proteins have been
described, strictly inﬂuencing the misfolding, the instability,
and the propensity to form β-ﬁbrils [2]. Acquired amyloidosis is generally secondary to conditions presenting abnormal/prolonged production and secondary misfolding of
involved protein. Typical examples are represented by the
excessive production of Ig light chain (lambda or kappa) by
a transformed clone of lymphocyte/plasma cell and by the
abnormal production of acute-phase proteins such as Serum
amyloid A (SAA) or transthyretin in chronic inﬂammatory
diseases and ageing [1, 2, 21].
β-Fibrillosis can be localized or systemic. Localized or
organ-limited amyloidoses accumulate, both intracellularly
and in the extracellular space, polymers of speciﬁc proteins
such as β-amyloid (neurons in Alzheimer’s disease), atrial
natriuretic factor (in atrial myocardiocytes), procalcitonin
(transformed medullary thyroid cells), and amylin (in pancreatic islet cells). Systemic amyloidoses are characterized by
the deposition of culprit proteins such as immunoglobulin
light chains (intact or fragments) and many acute-phase proteins (SAA, transthyretin, ﬁbrinogen α-chain, β2-macroglobulin, lysozyme, and gelsolin) [1, 21]. Upon entering the
vessels, culprit proteins and their polymers may be evidenced
in the electrophoretic diagram of blood plasma as a narrow
high peak or by diﬀerent bands when polymers of diﬀerent

MW are present. After leaving the blood, β-ﬁbrils accumulate in the extracellular space of distant organs (liver, kidney,
myocardium, lungs, brain, etc.), such as primary systemic
amyloidosis (Ig light chains monomers and polymers or
macroglobulins) and senile systemic amyloidosis (nonmutated transthyretin monomers), triggering the variable
clinical features, typical of systemic amyloidoses [22].
β-Fibrilloses are progressive diseases in relation to the rate
of accumulation of β-aggregates and to the severity of speciﬁc
organ dysfunctions, as it occurs in Alzheimer’s or Parkinson’s disease, in myocardial amyloidosis by transthyretin
and in kidney amyloidosis in the course of primary systemic
amyloidosis [13, 23–25].
“False hypertrophy” of the involved organ/tissue, as evaluated by imaging, may be the ﬁrst clinical sign for a diagnosis
of amyloidosis [23]. β-Fibrils accumulate in the parenchyma
of large organs, including the liver, kidneys, lungs, myocardium, skeletal muscle, intestine, and brain, progressively subverting their architecture and function [26, 27]. Typically,
tissues show enlarged extracellular spaces, occupied by the
amyloid substance (apparently amorphous and similar to
the starch) (Figure 2(a)), which, as said, under optical microscope (OM) exhibits a green birefringence at polarized light
after red Congo staining while under TEM appears composed of β-ﬁbrils, 8-12 nm in diameter (Figure 3(b))
(Tables 1 and 2).
3.1. Hypoxic Microenvironment Generation. In tissues accumulating β-aggregates, the distance between vessels and
parenchymal cells progressively increases above 200 μm
representing the physical limit for an eﬃcient gas diﬀusion
and exchange (oxygen from blood and carbon dioxide from
cells) [3]. As a consequence, in this area, a hypoxic environment is generated, leading to HIF-1α activation that is
accompanied by NFκB activation. Importantly, both
HIF-1α and NFκB trigger and amplify the inﬂammatoryreparative response and cellular damage [28].
3.2. Consequences of HIF-1α/NFκB Axis Activation
3.2.1. Hypoxic Cell Damage and Cell Adaptation to Hypoxia.
Acute hypoxia causes cell death. O2 shortage causes inhibition of ATP production, rapid fall of the energy charge, and
loss of ionic gradients with the alteration of cytosolic calcium
homeostasis [29]. The increase of cytosolic Ca++ concentration above 10-6 M dramatically activates the peroxidative
metabolism, an irreversible contraction and degradation of
the cytoskeleton and the activation of Ca++-dependent
cytosolic proteases (calpains) and DNAases, leading to an
irreversible and rapid cell degradation [30]. Upon plasma
membrane rupture, there is a release of intracellularly segregated molecules, many of which are called alarmins for their
ability to signal the cell damage to speciﬁc receptors on
adjacent cells [31]. Obviously, necrosis is more evident in
the regions more distant from tissue vessels, where pO2
reaches the lowest levels.
In chronic mild hypoxia, most cells (especially less diﬀerentiated cells and stem cells) are able to survive adapting their
phenotype to the low pO2 [3]. This adaptation to hypoxia
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Table 2: Common clinical features of amyloidosic diseases.
Clinical features

Description and mechanisms

References

Mutations of the involved protein, strictly inﬂuencing misfolding and conformational instability, such
Familial
[72]
as transthyretin in familial amyloidosic polyneuropathy
Conditions presenting abnormal/toxic production and posttransductional misfolding of culprit
Acquired
proteins, such as plasmocytoma (light chains) or chronic inﬂammatory diseases (SAA) or
[1, 73]
haemodialysis-related amyloidosis (β2-microglobulin)
Organ-limited amyloidosis in which β-ﬁbrils and polymers may became resident, almost stably, in the
Localized
[1]
extracellular space around the cells producing the misfolded protein (see text)
Bulk production and secretion of culprit protein in the extracellular space; protein entering the vessel
lumen may be evidenced in blood plasma by a typical electrophoretic peak; accumulation in the
extracellular space of distant tissues around the organism (liver, kidney, myocardium, lungs, brain,
[1]
Systemic
etc.), such as primary systemic amyloidosis (Ig light chains) and senile systemic amyloidosis
(nonmutated transthyretin)
The rate of amyloid accumulation depends not only on the rate of synthesis and on insensitivity to the
Progressive
[13, 23–25]
extracellular proteases but also on the early start and duration length of disease.
Both producing cells and accumulating tissues/organs increase their volume at various sizes,
False hypertrophy
[23, 74]
depending on the degree of progression.
A low-degree inﬂammation is constantly present in a patient bearing amyloidosis. Its intensity
Systemic inﬂammation level is determined by the strength of the activation mechanisms (see text) and by the nature of the [5, 23, 75]
involved protein.
There are a few speciﬁc studies demonstrating that the space accumulating the amyloid substance is
actually hypoxic. However, an accurate evaluation of the distance between the vessels and the
Hypoxia
[3, 76]
peripheral parenchymal cells shows that frequently this is larger than 200 μm, which is the diﬀusion
limit of gas such as oxygen and carbon dioxide.

occurs through the activation of hypoxic inducible factors
(HIFs) [32] and the expression of a number of HIF-1αdependent genes, involved in vital pathways, such as angiogenesis (vascular endothelial growth factors or VEGFs),
metabolism (glucose transporter 1 or Glut1, hexokinase II
or HKII, and glycolysis) [33], inﬂammation (Toll-like receptors or TLRs and other receptors for alarmins, cytokines, and
matrix metalloproteinases or MMPs), and repair (autophagocytosis for disposal of damaged cell components, telomerase reverse transcriptase (TERT), and stemness genes to
increase the stem cell compartment to substitute death cells)
[34], transforming growth factor β (TGF-β) and ﬁbrosis
pathways [33].
3.2.2. Ampliﬁcation and Maintenance of a Chronic IRR in
Amyloidosic/Hypoxic Microenvironment. The importance of
the unconventional expression of receptors for alarmins
must be underlined, directly in parenchymal cells (probably
less diﬀerentiated and resident stem cells) [35] which allows
the acquisition of the proinﬂammatory phenotype in nonleukocytic (CD45-) cells, such as neurons, astrocytes, neuroglia,
epithelial cells, and muscle cells [7]. Unconventionally, these
cells express receptor for advanced glycation end products
(RAGE), purinergic type 2 X7 (P2X7), Toll-like receptors,
nucleotide oligomerization domain-like (NOD-like) receptors, inﬂammasomes, etc. [5], normally abundantly observed
in activated leukocytes and endothelial cells.
As a consequence, alarmins released by necrotic cells
(β-ﬁbrils, high-mobility group box 1 or HMGB1, ATP/ADP,
membrane debris, nucleic acids, etc.) bind to these newly
expressed receptors producing an additional activation of
transcription factors (NFκB, STAT3, AP1, etc.) driving IRR

gene transcription not only in resident inﬂammatory cells
but also in remodeled parenchymal cells [26, 27]. The latter
further activate oxidative metabolism, produce mediators
and other proinﬂammatory cytokines, and maintain a
chronic inﬂammatory status in the aﬀected tissue. Unfortunately, clinical consequences of this prolonged IRR activation
include cell/tissue damage, continuous repair and ﬁbrosis
with progressive deterioration of the function leading to
organ insuﬃciency, and neuronal damages, the typical ﬁnal
outcome of amyloidoses [5, 7, 36].

4. Mechanism of Tissue Damage
A number of diﬀerent mechanisms contribute to the damage
of aﬀected tissue. However, they can all be included in three
categories: (a) direct toxicity of β-ﬁbrils, (b) structural damage and phenotype remodeling produced by the progressive
growth of β-aggregates, and (c) activation of natural immunity or inﬂammatory response, ROS production, cell damage,
chronic repair, ﬁbrosis, and functional insuﬃciency.
Although a general consensus on these categories is
present, a number of questions are still unresolved.
(a) Direct Toxicity of β-Fibrils. The chemical patterns of βﬁbrils share many characteristics with exogenous pathogenassociated molecular patterns (PAMPs) or endogenous
damage-associated molecular patterns (DAMPs). Therefore,
extracellular β-ﬁbrils may be recognized by alarmin receptors (Toll-like receptors, RAGE, and P2X7) [37, 38] and
pentraxin family members such as SAP [39]. Extracellular
β-ﬁbril-alarmin receptor binding can then activate NFκB
pathways for oxidative metabolism and apoptosis [40, 41]
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Figure 4: β-Aggregate formation and sequence of the tissue/organ damage. The possible therapeutic targets and the potential
pharmacological agents are indicated in red color (see also text).

as well as phagocytic activity of macrophages (Figure 1(c)).
On the other hand, intracellular β-ﬁbrils are able to activate
inﬂammasomes [42, 43]. Through these mechanisms,
inﬂammation and ROS contribute substantially to the cell/
tissue damage and severity of the disease.
(b) Structural Damage and Phenotype Remodeling Associated
by the Progressive Growth of β-Aggregates. The progressive
accumulation of β-ﬁbrils is mainly due to their insensitivity
to proteases that usually dispose of misfolded/aged proteins
and their polymers [44, 45]. Although intracellular β-ﬁbrils
may undergo autophagocytosis, they still display a clear
insensitivity to the intralysosomal acidic proteases, leading
to lipofuscin accumulation that can be observed in aged
and amyloidosic tissues [46]. An obvious consequence of βﬁbril accumulation is the progressive architectural alteration
of both cells and tissues with functional loss.
(c) Activation of Inﬂammatory-Reparative Response. In
conclusion, as it has been underlined previously, progressive
accumulation of amyloid ﬁbrils is responsible for a local hypoxia and of a chronic long lasting inﬂammation, which in
turn produces tissue damage leading to continuous repair,
ﬁbrosis, and organ insuﬃciency.

4.1. Putative Therapeutic Targets. Amyloidoses have an
urgent need for new and eﬀective therapeutic strategies. A
better deﬁnition of the pathogenetic scenario here presented
might suggest more precise and rational targets, changing
the present disappointing and malignant outcomes of
these diseases.
Three main approaches can be pursued: (a) control the
synthesis of misfolded β-sheet-rich proteins and prevent/
correct their misfolding; (b) inhibit polymer/ﬁbril formation
and accumulation and/or favor their clearance; and (c)
inhibit and modulate HIF-1α/NFκB axis activation, limiting
or repairing the damage associated to the β-ﬁbrils. Figure 4
summarizes these approaches.
(a) The use of speciﬁc microRNA [47, 48] and RNA
silencing [49] blocks/reduces the synthesis of the culprit protein and ameliorates mitochondrial respiration, synaptic
function, and clinical symptoms. Recently, it has been shown
[50] that recombinant APC (activated protein C, a plasma
protease) or its analogs, inhibiting the neuronal β-secretase,
may strongly slow or block the generation of β-amyloid
protein protecting from Alzheimer’s disease or slowing its
progression [51, 52]
(b) Using chaperones [53, 54], small molecules [54], and
aspirin [55] slows or inhibits polymer formation [50, 55, 56]
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and β-ﬁbril aggregation and accumulation, preventing the
disease and attenuating its progression and symptoms. In
cellular and animal models, aspirin has been shown to be
highly eﬀective in inhibiting polymer formation and β-ﬁbril
aggregation with in vivo reduction of the incidence of Alzheimer’s and Parkinson’s diseases. Although the mechanism(s)
is still unclear, it has been demonstrated that aspirin is able
to donate its acetyl group to the culprit proteins, increasing
their acetylation and reducing the tendency of phosphorylation. This appears to be a common mechanism for inhibiting
polymer and β-ﬁbril formation in all diﬀerent β-ﬁbrillosis
[55]. Aspirin may, as well, contribute with other beneﬁcial
mechanisms, such as inhibition of NFκB and cyclooxygenase,
reducing the damaging impact of the inﬂammatoryreparative response (see below)
(c) Modulating HIF-1α and hypoxia adaptation [3, 4, 53]
can represent a new strategy to block or limit the damage in
tissues accumulating β-ﬁbrils. A long list of potential HIF-1α
inhibitors is now available, such as digoxin, acriﬂavine,
doxorubicin, and chetomin [57–59]
(d) The utilization of NFκB inhibitors, anti-inﬂammatory
drugs, and anti-inﬂammasome agents is aimed at modulating and inhibiting chronic inﬂammation and ROS production responsible for continuous cell damage, repair, and
ﬁbrosis [31, 60]
(e) Microbiota and nutrients may be in many ways
involved in the pathogenesis of β-ﬁbrillosis, including neurodegenerative diseases such as Alzheimer’s and Parkinson’s
disease. Surprisingly, an intense gut-brain cross-talk has been
evidenced, suggesting an important therapeutic role of the
maintenance of intestinal microbiome equilibrium in preventing neurodegenerative diseases [61–63]. As a consequence, natural nutrients [64] such as curcumin and in
particular vanillin, a degradation product of curcumin, have
been shown to reduce the formation of advanced glycation
end products (AGEs) [65]. Therefore, it is conceivable that
they may also be used to modify microbiota with the goal
to prevent, slow, and ameliorate beta-ﬁbrillosis [64]
(f) Recently, physical exercise has been shown to be able
to prevent Alzheimer’s disease and substantially slow its
progression. Mechanisms are unclear and controversial, but
it seems that endocrine and metabolic eﬀects associated with
physical activity may be responsible for these beneﬁcial
eﬀects. In particular, the release of survival factors, such as
BDGF (neurons), IGF-1 (systemic or organ-speciﬁc release),
and testosterone, and the activation of survival/repairing
pathways, such as sirtuin-dependent transcription factors,
are able to reduce apoptosis and to repair abnormal cell
components, rescuing sublethally damaged postmitotic cells,
such as neurons [66], myocardiocytes, skeletal muscle, and
hepatocytes [67]

5. Conclusions
Clinically, amyloidoses are chronic progressive degenerative
diseases leading to severe and irreversible insuﬃciency/
failure of the involved organ/tissue. Even if genetic or
acquired protein misfolding represents the primary trigger
of the disease, during the pathogenetic sequence and
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progression, other pathophysiological responses are activated
that strongly contribute to the damage production [68]. In
particular, activation of the HIF-1α/NFκB axis by local
hypoxia produces a proinﬂammatory remodeling of the
aﬀected tissue, explaining the ﬁnal ﬁbrosis and organ/tissue
failure. Therefore, hypoxia and inﬂammation must be taken
into consideration as potential targets for more rational and
eﬀective therapies aimed not only at preventing the formation and accumulation of β-ﬁbrils and/or at increasing
their clearance from deposits but more importantly at
blocking/reducing the damage associated with the chronic
inﬂammatory-reparative response.
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Alzheimer’s Disease (AD) is the most common Neurodegenerative Disease (ND), primarily characterised by neuroinﬂammation,
neuronal plaques of β-amyloid (Aβ), and neuroﬁbrillary tangles of hyperphosphorylated tau. α-Synuclein (α-syn) and its
heteroaggregates with Aβ and tau have been recently included among the neuropathological elements of NDs. These
pathological traits are not restricted to the brain, but they reach peripheral ﬂuids as well. In this sense, Red Blood Cells (RBCs)
are emerging as a good model to investigate the biochemical alterations of aging and NDs. Herein, the levels of homo- and
heteroaggregates of ND-related proteins were analysed at diﬀerent stages of disease progression. In particular, a validated animal
model of AD, the SAMP8 (Senescence-Accelerated Mouse-Prone) and its control strain SAMR1 (Senescence-Accelerated
Mouse-Resistant) were used in parallel experiments. The levels of the aforementioned proteins and of the inﬂammatory marker
interleukin-1β (IL-1β) were examined in both brain and RBCs of SAMP8 and SAMR1 at 6 and 8 months. Brain Aβ, tau, and
phospho-tau (p-tau) were higher in SAMP8 mice than in control mice and increased with AD progression. Similar
accumulation kinetics were found in RBCs, even if slower. By contrast, α-syn and its heterocomplexes (α-syn-Aβ and α-syn-tau)
displayed diﬀerent accumulation kinetics between brain tissue and RBCs. Both brain and peripheral IL-1β levels were higher in
SAMP8 mice, but increased sooner in RBCs, suggesting that inﬂammation might initiate at a peripheral level before aﬀecting the
brain. In conclusion, these results conﬁrm RBCs as a valuable model for monitoring neurodegeneration, suggesting peripheral
Aβ, tau, and p-tau as potential early biomarkers of AD.

1. Introduction
Alzheimer’s Disease (AD) is the most common form of Neurodegenerative Disease (ND) and the leading cause of
dementia in the elderly population. The molecular hallmarks
associated with AD are primarily represented by misfolding
and brain deposition of β-amyloid protein 1-42 (Aβ), which
generates the amyloid plaques, and by neuroﬁbrillary tangles
(NTs) of hyperphosphorylated tau protein. According to the
“amyloid hypothesis,” Aβ promotes a glycogen synthase

kinase-mediated tau phosphorylation, resulting in amyloid
plaques and NTs, which damage the blood-brain barrier
and produce neuronal apoptosis, inﬂammation, and oxidative stress [1]. In particular, it has been suggested that neuroinﬂammation in AD, particularly at its earlier stages, reﬂects
a vicious cycle of microglial activation, release of proinﬂammatory factors, and neuronal damage [2, 3].
At present, a mixed pattern of protein aggregates in AD
and other NDs has been identiﬁed [4, 5]. For instance,
besides amyloid plaques and NTs, the disease has been
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associated with intracellular accumulation of α-synuclein (αsyn) [6], which represents the major component of Lewy
bodies and Lewy neuritis, and may play a role in amyloid
aggregation in senile plaques [7]. Interestingly, α-syn has
been shown to physically interact with tau [8, 9] or Aβ [8]
giving rise to the formation of hybrid proteins (“heteroaggregates”) in brains of patients aﬀected by NDs [4, 5, 10].
Brain amyloid accumulation and aggregation have been
shown to kick oﬀ even decades before the onset of clinical
disease symptoms, and to reach the biological compartments.
In this context, cerebrospinal ﬂuid (CSF) has proven the
most explored medium, as it is deemed to reproduce brain
pathological processes [5, 11]. Consistently, AD diagnosis is
nowadays based on the identiﬁcation of misfoldedaggregated proteins in the brain (where amyloid plaques
are visualised through imaging techniques) and CSF [12,
13]. However, considering the disadvantages that limit the
clinical use of CSF, several eﬀorts have been devoted to
explore ﬂuids other than CSF as a source of neurodegeneration biomarkers. In this respect, it has been suggested that
pathological alterations of blood proteins reﬂect the changes
in CSF due to the simple diﬀusion or barrier impairment that
characterises neurodegeneration [11, 14].
Red Blood Cells (RBCs) are emerging as a good model
to investigate the biochemical alterations related to aging
and neurodegeneration, including oxidative stress and
inﬂammation [15, 16]. Indeed, RBCs are highly susceptible
to oxidative damage, due to the high concentration of oxygen and haemoglobin [17, 18]. Moreover, recent ﬁndings
have shown an accumulation of ND-related proteins in
these cells and its relationship with NDs [11, 19–21]. In
particular, the presence of misfolded proteins (α-syn, Aβ,
and tau) and their aggregates (α-syn-Aβ and α-syn-tau)
has been recently proved in RBCs from healthy subjects
and patients with NDs [5, 10, 11, 22]. At present, putative
correlation between the accumulation of the aforementioned proteins in the brain and RBCs and inﬂammation
has never been investigated.
To this end, we used here an animal model of AD,
SAMP8 (Senescence-Accelerated Mouse-Prone), which is
characterised by an early beginning of irreversible and severe
learning and memory deﬁcits. At a molecular level, this animal model displays an increase in Aβ proteins in hippocampal granules, hyperphosphorylation of tau protein, increase
in α-synuclein, and increase in oxidative damage [23].
SAMR1 (Senescence-Accelerated Mouse-Resistant), which
does not develop the disease [23], was used as control.
Herein, misfolded proteins were quantiﬁed in both the
brain and RBCs of SAMP8 and SAMR1 mice, in order to
establish a correlation between brain and peripheral ﬂuids,
as well as to ascertain the putative use of misfolded proteins
in RBCs as AD biomarkers. Finally, to establish the link
between brain/peripheral inﬂammation and accumulation
of ND-related proteins, interleukin-1β (IL-1β) was quantiﬁed as one representative marker [14]. Indeed, neuroinﬂammatory cytokines, including IL-1β, have been involved in the
formation of AD neuritic plaques [24–26] and were found in
higher quantities in AD with respect to controls in both
humans and animals [27–29].
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2. Materials and Methods
2.1. Animals. SAMP8 mice (2 months old, 20-25 g body
weight), employed as a spontaneous genetic model of AD
[30], and their control strain SAMR1 (2 months old, 20-25
g body weight) were purchased from Envigo SRL (San Pietro
al Natisone UD, Italy).
Animal care and handling were in accordance with the
provisions of the European Community Council Directive
210-63-EU, recognised and adopted by the Italian Government. The experiments were approved by the Ethical Committee for Animal Experimentation of the University of
Pisa and by the Italian Ministry of Health (authorization
no. 198-2016-PR). One day after the end of cognitive tests
(see the following discussion), the animals were euthanized
by cervical dislocation and the cerebral cortex was carefully
isolated by microscopic forceps. Blood samples were collected by cardiac puncture.
In the acquisition training, animals are subjected to sessions of four trials every day for 2 days. In the hiddenplatform training, performed by submerging the platform
1.5 cm below the surface of the water, animals are subjected
to sessions of four trials every day for 5 days. Finally, in the
probe trial on the eighth day, the platform is removed and
the number of target crossings, number of entries into the
target quadrant, and the time spent in the target quadrant
are assessed as measures for 60 s.
2.2. Evaluation of Cognitive Functions: Morris Water Maze
Test and Behavioural Test. The behavioural test consists of
visible-platform acquisition training, hidden-platform training, and probe trial (Figure 1). The platform was in the same
location for both visible-platform training and hiddenplatform training. In the acquisition training, the escape
latency was assessed for each animal (time required to reach
the platform). Mice were placed on the platform for 10 s
before being released into the water. Mice were allowed to
swim and ﬁnd the visible platform within 60 s. Each animal
was subjected to sessions of four trials every day for 2 days.
After the daily trial, mice were returned to their home cages
for resting. In the hidden-platform training, performed by
submerging the platform 1.5 cm below the surface of the
water, escape latency was evaluated over the next 5 days
(Figure 1). Each animal was subjected to sessions of four trials every day. Finally, on the eighth day, the platform was
removed from the tank for the probe trial (Figure 1). The
number of target crossings, number of entries into the target
quadrant, the time spent in the target quadrant where the
platform was placed, the swimming speed, swim distance,
and swim distance in the target quadrant were assessed as
measures for 60 s. Data are expressed as raw values, while
the data regarding the time spent in the target quadrant are
expressed as the percent time spent in the quadrant with
the platform in comparison to each of the other quadrants.
2.3. Collection of Brain Tissues and RBCs. Brains were dissected from mice. The samples were suspended in
phosphate-buﬀered saline (PBS) and then sonicated. The
blood was sampled from mice, and it was preserved into an
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Figure 1: (a) Diagram showing the timing of cognitive impairment and AD progression in SAMP8 mice. (b) Diagram showing the diﬀerent
phases of the behavioural test.

EDTA tube. A centrifugation at 200 × g at 4°C for 10 min was
required to isolate RBCs from plasma. The RBC pellet was
suspended in 3 ml of PBS and subjected to centrifugation at
1000 × g for 10 min and washed thrice with PBS. Finally,
RBCs were centrifuged at 1500 × g for 10 min and frozen at
-20°C until use.

pared through a reaction among Sulfo-NHS-LC-Biotin
(Pierce, Rockford, IL, USA) (200 mg) and the 211 mouse
monoclonal antibody (mAb) (Santa Cruz Biotechnology
Inc., Santa Cruz, CA, USA) [32]. To remove excess
uncoupled biotin, the mixture was desalted on Bio-Spin-6
Columns (Bio-Rad, UK) [11, 22].

2.4. Coimmunoprecipitation-Western Blotting. RBC (1 mg)
and brain (30 μg) samples were lysed in RIPA buﬀer and later
resolved by SDS-PAGE (8.5%) to assess the expression of Aβ,
α-syn, and tau. Samples were transferred to PVDF membranes and probed overnight at 4°C with primary antibodies
to Aβ (β-amyloid H-43, sc-9129, Santa Cruz Biotechnology
Inc.), α-syn (α-β synuclein N-19, sc-7012, Santa Cruz Biotechnology Inc.), or tau (H-150, sc-5587, Santa Cruz Biotechnology Inc.) [11, 22]. Then, the primary antibodies were
revealed through peroxidase-conjugated secondary antibodies and a chemiluminescent substrate (ECL, PerkinElmer).
A coimmunoprecipitation assay was used to prove the
presence of α-syn heterocomplexes with Aβ or tau [11, 22].
Brieﬂy, lysates (1 mg) recovered from RBCs or the brain were
suspended in RIPA buﬀer; they were probed with an anti-αsyn antibody (5 μg sample), maintained under constant rotation overnight, and successively immunoprecipitated with
protein A-Sepharose. The immunocomplexes were suspended in Laemmli solution following an extensive washing;
thereafter, the immunocomplexes were determined by SDSPAGE and probed overnight with primary antibodies to αsyn (input), Aβ, or tau as described previously [11, 22].

2.6. Immunoassay Methods. The presence and quantiﬁcation
of total Aβ, tau, and α-syn and its heterocomplexes (α-synAβ and α-syn-tau) in RBCs and in brain tissues were assessed
by a “homemade” sandwich enzyme-linked immunosorbent
assay (ELISA) system [11, 33, 34]. The plate was precoated
overnight with 60 μl-well of a speciﬁc antibody directed to
the protein in analysis. Following an extensive washing with
PBS-T (PBS, containing 0.01% Tween 20), BSA 1% (200 μlwell) was added to block nonspeciﬁc sites and the plate was
incubated. After additional washes with PBS-T, RBCs and
brain tissues were added to each well (100 μl-well) and incubated. Following an extensive washing, an antibody (75 μlwell) directed to a speciﬁc amino-acidic sequence of the protein was employed for capturing, followed by an incubation.
For antigen detection, an HRP antibody (100 μl-well) was
used and it was incubated [11]. The wells were then washed
with PBS-T before the addition of 100 μl-well of 3,3 ′ ,5,5 ′
-tetramethylbenzidine (TMB) (Thermo Fisher Scientiﬁc).
The absorbance was evaluated at 450 nm after the addition
of the Stop Solution (0.4 N HCl, 100 μl-well). All measurements were performed in duplicate to reduce interassay variability. The standard curve for the ELISA assay was
constructed using a recombinant human protein solution at
diﬀerent concentrations diluted in PBS [11, 22, 34]. The concentration of ND-related proteins in the brain and RBCs was
expressed as the nanogram or picogram of protein and normalised to the quantity of total proteins present in the analysed samples.

2.5. Preparation of Aged Solutions of α-Syn and of the α-SynBiotinylated Antibody. The incubation of recombinant α-syn
took place in paraﬁlm-sealed tubes at 37°C for 4 days in
an Eppendorf ThermoMixer under continuous mixing
(1000 rpm) [31]. The α-syn-biotinylated antibody was pre-
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2.6.1. Detection of Total α-Synuclein. The plate was coated
with full-length polyclonal antibody to α-syn (sc-10717,
Santa Cruz Biotechnology Inc.) overnight at 4°C. After the
incubation with BSA 1% and three washes with PBS-T, RBCs
(0.1 mg-100 μl) and brain tissues (10 μg-100 μl) were added
to each well and incubated at 25°C for 2 h. Then, mouse
monoclonal antibody to α-syn (sc-12767, Santa Cruz Biotechnology Inc.) was employed and incubated at 37°C for 2
h. An anti-mouse-HRP antibody was used, and it was incubated at 37°C for 1.5 h [11, 21, 22, 35].
2.6.2. Detection of Total Aβ. A precoating with a speciﬁc antibody to Aβ (sc-9129, Santa Cruz Biotechnology Inc.) was
prepared (60 μl-well) and maintained overnight at 4°C.
BSA 1% was added and the plate was incubated for 2 h at
37°C. RBCs (0.05 mg-100 μl) and brain tissues (0.25 μg-100
μl) were added to each well and incubated at 25°C for 1 h.
Samples were probed with polyclonal antibody to Aβ (sc5399, Santa Cruz Biotechnology Inc.) (75 μl-well) for 1.5 h
at 25°C. For antigen detection, a donkey anti-goat-HRP antibody was incubated at 37°C for 1 h [11, 32, 36].
2.6.3. Detection of Total Tau. The plate was precoated with a
speciﬁc antibody to tau (sc-32274, Santa Cruz Biotechnology
Inc.) and left overnight at 4°C. BSA 1% was added and the
plate was incubated for 1 h at 37°C. RBCs (0.4 mg-100 μl)
and brain tissues (2 μg-100 μl) in each well were incubated
at 25°C for 2 h. Samples were probed with polyclonal antibody to tau (sc-5587, Santa Cruz Biotechnology Inc.) and
incubated at 37°C for 2 h. A goat anti-rabbit-HRP antibody
(Invitrogen) was incubated for 1.5 h [11, 32, 36].
2.6.4. Detection of Phospho-Tau. The plate was precoated
with a speciﬁc antibody to tau (sc-32274, Santa Cruz Biotechnology Inc.) and left overnight at 4°C. BSA 1% (200 μl-well)
was added, and the plate was incubated for 2 h at 37°C. RBCs
(0.2 mg-100 μl) and brain tissues (1 μg-100 μl) in each well
were incubated at 25°C for 2 h. Samples were probed with
polyclonal antibody to tau (70R-32555, Fitzgerald Industries
International) and incubated at 37°C for 1.5 h. For antigen
detection, goat anti-rabbit-HRP antibody (Invitrogen) was
incubated for 1.5 h [11, 32].
2.6.5.
Immunoassay
Detection
of
α-Syn-Tau
Heterocomplexes. The ELISA plate was coated with α-β-syn
N-19 antibody (sc-7012, Santa Cruz Biotechnology Inc.)
overnight at room temperature. RBCs (400 μg-100 μl) and
brain tissues (1 μg-100 μl) were added to each well and incubated at 25°C for 2 h. BSA 1% was added to each well for 20
min at 37°C. Rabbit polyclonal anti-tau H-150 antibody (sc5587, Santa Cruz Biotechnology Inc., 37°C for 2 h) was
employed for capturing. A goat anti-rabbit-HRP antibody
was used at 37°C for 1.5 h [11]. The concentration of αsyn-tau interaction in the samples was quantiﬁed according to a standard curve [11], which was constituted using
a solution of recombinant human α-syn and recombinant
human tau at diﬀerent concentrations in SDS 2 mM.
The solution was prepared by incubating 1 mg of each
protein, diluted in 2 mM SDS, in paraﬁlm-sealed tubes
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at 37°C for 1 h in an Eppendorf ThermoMixer with continuous mixing (500 rpm) [11, 22].
2.6.6. Immunoassay Detection of α-Syn-Aβ Heterocomplexes.
The ELISA plate was coated with β-amyloid H-43 antibody
(sc-9129, Santa Cruz Biotechnology Inc.) overnight at room
temperature. RBCs (0.2 mg-100 μl) and brain tissues (1 μg100 μl) were added to each well and incubated at 25°C for 2
h. BSA 1% was incubated for 20 minutes at 37°C. A mouse
monoclonal anti-α-synuclein 211 antibody (sc-12767, Santa
Cruz Biotechnology Inc.) was employed for capturing and
was incubated at 37°C for 2 h. Goat anti-mouse-HRP antibody was incubated at 37°C for 1.5 h [11]. The concentration
of α-syn-Aβ interaction in the samples was quantiﬁed
according to a standard curve [11], which was constituted
using a solution of recombinant human α-syn and recombinant human Aβ at diﬀerent concentrations in SDS 2 mM.
The solution was prepared by incubating 1 mg of each protein, diluted in 2 mM SDS, in paraﬁlm-sealed tubes at 37°C
for 16 h in an Eppendorf ThermoMixer with continuous
mixing (500 rpm) [11, 37].
2.7. Evaluation of IL-1β Levels in Brain Tissues and in RBCs.
IL-1β levels in the cerebral cortex and RBCs were measured
by a commercial enzyme-linked immunosorbent assay kit
(Abcam, Cambridge, UK), as previously described. Brieﬂy,
20 mg of cerebral cortex, stored previously at -80°C, were
homogenised in 400 μl of PBS, pH 7.2, at 4°C and centrifuged
at 10000 × g for 5 min. Aliquots (50 μl) of the supernatants
were then used for the assay. In parallel, 0.2 mg-50 μl of
RBCs, homogenised in PBS, were used for the assay. IL-1β
levels were expressed as picogram per milligram of total proteins present in the analysed samples.
2.8. Statistical Analysis. The results are presented as the
mean ± S E M unless otherwise stated. The signiﬁcance of
diﬀerences was evaluated by a two-way analysis of variance
followed by post hoc analysis with the Fisher LSD test or a
one-way analysis of variance followed by post hoc analysis
with the Student-Newman-Keuls test where appropriate. P
values <0.05 were deemed signiﬁcantly diﬀerent. All statistical procedures were performed by commercial software
(GraphPad Prism, version 7.0; GraphPad Software Inc., San
Diego, CA).

3. Results
3.1. Evaluation of Cognitive Functions (Morris Water Maze
Test). As a ﬁrst step, mice cognitive functions, i.e., spatial
learning and memory ability, were evaluated by the Morris
water maze test. SAMR1 mice rapidly learned the location
of the platform (Figure 2(a)). SAMP8 mice at 4, 6, and 8
months displayed a signiﬁcant increase in escape latency
time at every test day compared with SAMR1 mice
(Figure 2(a)).
These ﬁndings are in line with other studies showing that
SAMP8 mice displayed a signiﬁcant increase in escape
latency time since the ﬁrst day of training as compared with
SAMR1 mice, while no signiﬁcant diﬀerence was observed
among training days [38, 39].

Oxidative Medicine and Cellular Longevity

5

70

a b
⁎

50

b ⁎
a

⁎

b

⁎ b
a

⁎

⁎

a b

a

40

b
⁎
a

⁎

4

b

⁎

a

30
20
10

⁎

⁎
Target crossing (n)

Escape latency (sec)

60

3
2
1

0
0
1

2

3

4
Day

5

6

7

4 months

SAMR1 4 months
SAMR1 6 months
SAMR1 8 months

SAMP8 4 months
SAMP8 6 months
SAMP8 8 months

6 months

(a)

(b)

⁎

⁎

⁎
⁎

6

4

2

0

⁎

40
Time spent in target quadrant
(% vs. time spent in each others’
quadrant)

⁎

8
Entries in target quadrant (n)

8 months

SAMR1
SAMP8

⁎
30

20

10

0
4 months

6 months

8 months

SAMR1
SAMP8

4 months

6 months

8 months

SAMR1
SAMP8
(c)

(d)

Figure 2: Cognitive performance of SAM. (a) Escape latency in SAMR1 and SAMP8 mice at 4, 6, and 8 months of age, during seven
consecutive days of Morris water maze test training. Cognitive performance of SAMR1 and SAMP8 mice at 4, 6, and 8 months of age,
during the probe trial session of the Morris water maze test; (b) number of target crossings; (c) entries into the target quadrant; (d) time
spent within the target quadrant. Data are expressed as mean ± S E M obtained from 8 animals. Diﬀerences among groups were evaluated
by two-way analysis of variance followed by post hoc analysis with the Fisher LSD test or a one-way analysis of variance followed by post
hoc analysis with the Student-Newman-Keuls test where appropriate. ∗ P < 0 05 between the indicated subgroups.

During the probe trial, the number of target crossings as
well as the entries into the target quadrant were signiﬁcantly
decreased in SAMP8 mice at 6 and 8 months, compared with
respective controls (SAMR1) and SAMP8 animals at 4
months (Figures 2(b) and 2(c)). The time spent within the
target quadrant was signiﬁcantly decreased in SAMP8 mice
at 8 months, compared with respective SAMR1 animals
and SAMP8 mice at 4 and 6 months (Figure 2(d)). Considering the swimming speed, the swim distance, and the swim
distance in the target quadrant, our results show that SAMP8
animals displayed a decrease in swimming speeds and distance traveled, as compared with age-matched SAMR1
(Figures 3(a)–3(c)). Of note, our results point out that
SAMP8 animals did not ﬂoat in the quadrant where the plat-

form was located, but they reached it slowly, thus excluding despair or depression signs. In addition, the number of
target crossings and the entries into the target quadrant
were signiﬁcantly decreased in SAMP8 mice starting from
6 months of age as compared with age-matched SAMR1,
while the time spent in the target quadrant decreased signiﬁcantly in SAMP8 animals at 8 months of age. This discrepancy could be ascribed to a learning and memory
deﬁcit in looking for the platform and to a decrease in
swimming speed, as well as to a reduced motivation to
escape from the water of SAMP8 mice not being in an
aversive situation [40].
Altogether, these data conﬁrm that SAMP8 mice develop
a deﬁcit in spatial learning and memory performance
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Figure 3: Cognitive performance of SAM. Cognitive performance of SAMR1 and SAMP8 mice at 4, 6, and 8 months of age, during the probe
trial session of the Morris water maze test: (a) swimming speed; (b) swim distance; (c) swim distance in the target quadrant. Data are
expressed as mean ± S E M obtained from 8 animals. Diﬀerences among groups were evaluated by two-way analysis of variance followed
by post hoc analysis with the Fisher LSD test or a one-way analysis of variance followed by post hoc analysis with the Student-NewmanKeuls test where appropriate. ∗ P < 0 05 between the indicated subgroups.

compared with control SAMR1 mice. Moreover, such deﬁcits
become clearer as AD develops in SAMP8 mice.
3.2. Expression of α-Syn, Tau, and Aβ in Brain Tissues and
RBCs: Immunoblotting Analysis. The presence of ADrelated misfolded proteins (i.e., α-syn, tau, and Aβ) was
assessed by western blotting analysis in brain and RBC samples obtained from SAM mice. The quantitative comparison
between pathological and control animals was subsequently
performed by immunoenzymatic assays. Considering the
timing of ageing, the demonstrated cognitive impairment,
and the onset of the pathological processes, samples obtained
from 4-month animals were excluded from further investigations, focusing on the brain tissues and RBCs obtained from
animals at 6 and 8 months.
The anti-Aβ antibody recognised 5 and 15 kDa proteins
(Figure 4(a)) corresponding to Aβ monomeric and oligomer

forms, respectively [41], in both brain tissues and RBCs.
Bands with a molecular weight higher than 25 kDa
(Figure 4(a)) were especially revealed in brain tissues,
presumably indicating elevated oligomeric forms of the
protein [42].
In brain tissues, the anti-tau antibody revealed the characteristic bands (Figure 4(b)) ranging from 55 to 74 kDa
[11, 43, 44]. Worth noting, a band lower than 50 kDa, which
was particularly evident in RBCs (Figure 4(b)), has been
related to truncated or cleaved forms of tau containing the
C-terminal region [11, 43, 44]. These data demonstrate that
the antibody is able to recognise both truncated and
uncleaved forms of the protein and that the triplet bands
do not refer to oligomeric tau.
Finally, the anti-α-syn antibody-labelled proteins of 15
kDa and 30 kDa proteins correspond to α-syn [43] in both
brain tissues and RBCs (Figure 4(d)).
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Figure 4: Detection of misfolded proteins in cell lysates of RBCs and brain tissues by western blot analysis. Cell lysates of RBCs and brain
tissues from SAMs were immunoblotted with antibodies to Aβ (a), tau (b), and α-syn (d). (c, e) GAPDH was used as a loading control for
Aβ and tau (c) or for α-syn (e) normalisation. A representative image for each protein is shown (n = 3).

3.3. Expression of α-Syn Heterocomplexes with Tau or Aβ
in Brain Tissues and RBCs of SAM Mice. A
coimmunoprecipitation-western blotting assay was employed
to explore the presence of α-syn heterocomplexes in brain and
RBC samples of SAM mice (Figure 5). To this purpose, lysates
obtained from brain tissues or RBCs were immunoprecipitated
using an anti-α-syn antibody and then immunoblotted with a
speciﬁc antibody for α-syn (i.e., input), tau, or anti-Aβ [11].
In α-syn immunoprecipitates (Figure 5(a)), two major bands
of 15 kDa and 30 kDa, corresponding to α-syn protein [11,
45], were noticed in both brain tissues and RBCs.
The Aβ immunoblotting on α-syn immunoprecipitates
obtained from brain tissues and RBCs produced two main
immunoreactive bands of 5 and 30 kDa (Figure 5(b)), mainly
associated to monomeric and oligomeric Aβ forms [11].
Moreover, probing α-syn immunoprecipitates with an antitau antibody showed an immunoreactive band of 55 kDa,
ascribable to the tau protein (Figure 5(c)). Altogether, the
results demonstrated that α-syn forms heterocomplexes with

Aβ and tau in brain tissues and in RBCs of SAM mice, similarly to previous data reported in human samples [5, 11, 22].
3.4. Concentrations of α-Syn, Tau, and Aβ in Brain Tissues
and RBCs of SAM Mice. Speciﬁc and quantitative immunoenzymatic assays were employed to measure α-syn, tau,
and Aβ levels in brain tissues and RBCs of SAMP8 mice at
diﬀerent stages of AD progression and their age-matched
SAMR1 controls. The values are set out in Table 1.
3.4.1. Aβ. The amount of Aβ in the brain did not change with
age either in SAMR1 or in SAMP8 (Figure 6(a)), although an
incremental trend was noticed. By contrast, SAMP8 animals
showed signiﬁcantly higher Aβ concentrations than agematched SAMR1 mice (6 months: P = 0 0193; 8 months:
P = 0 0104), consistent with previous data. These results conﬁrm that Aβ accumulated early in the brain of AD animals.
As observed in the brain, the levels of Aβ in RBCs of
SAMR1 did not change with age (Figure 6(b)). By contrast,
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Figure 5: Detection of α-syn heterocomplexes with tau and Aβ in RBCs and brain samples. From SAMs, cell lysates of RBCs and brain tissues
were immunoprecipitated with an anti-α-syn antibody and then immunoblotted with antibodies to α-syn ((a), i.e., input), Aβ (b), or tau (c). A
representative image for each protein is shown.
Table 1: Concentrations of Aβ, α-syn, tau, p-tau, α-syn-Aβ, and α-syn-tau in brain tissues and RBCs of SAMP8 and SAMR1 at diﬀerent ages.
Brain

Aβ (ng/μg)

α-Syn (ng/μg)

Tau (ng/μg)

p-Tau (pg/μg)

α-Syn-Aβ (ng/μg)

α-Syn-tau (ng/μg)

SAMR1 6 m

7 63 ± 3 06

6 22 ± 4 59

7 51 ± 3 10

158 ± 92 2

1 35 ± 1 36

2 08 ± 1 58

∗

∗

∗

SAMP8 6 m

13 5 ± 4 75

15 5 ± 7 73

7 28 ± 2 77

327 ± 118

2 70 ± 1 77

8 74 ± 3 12∗∗

SAMR1 8 m

8 81 ± 3 72

8 54 ± 5 94

13 0 ± 3 6#

123 ± 105

2 81 ± 1 68

1 54 ± 1 04

∗

∗∗∗

SAMP8 8 m

15 5 ± 4 8

0 69 ± 0 42

22 1 ± 6 0

RBCs
SAMR1 6 m

Aβ (ng/mg)
147 ± 48 1

α-Syn (ng/mg)
37 5 ± 25 2

Tau (ng/mg)
14 7 ± 1 59

p-Tau (ng/mg)
0 36 ± 0 09

α-Syn-Aβ (ng/mg)
19 7 ± 13 6

α-Syn-tau (ng/mg)
3 56 ± 2 77

SAMP8 6 m

121 ± 68 6

279 ± 242∗∗∗

12 1 ± 6 95

0 36 ± 0 09

39 9 ± 23 8∗

4 78 ± 6 04

SAMR1 8 m

123 ± 13 5

39 1 ± 47 4

14 0 ± 6 38

0 92 ± 0 74

#

40 7 ± 50 7

3 70 ± 3 57

1 21 ± 1 33

#

103 ± 99 4

8 67 ± 5 45∗ ##

SAMP8 8 m

∗#

213 ± 120

∗∗ ##

∗∗

204 ± 186

∗ ##

∗#

34 4 ± 23 9

397 ± 152

##
##

∗#

0 53 ± 0 50

1 17 ± 1 49###

Values are expressed as mean ± SD. Diﬀerences among the groups were evaluated by a nonparametric analysis (Kruskal-Wallis). ∗ P < 0 05, ∗∗ P < 0 01, and
∗∗∗
P < 0 001 indicate signiﬁcant diﬀerences of SAMR1 versus the age-matched SAMP8. #P < 0 05, ##P < 0 01, and ###P < 0 001 indicate signiﬁcant
diﬀerences between SAMR1 6 m and SAMR1 8 m or between SAMP8 6 m and SAMP8 8 m.

Aβ signiﬁcantly accumulated with age in RBCs from SAMP8
(P = 0 0270, Figure 6(b)). Moreover, SAMP8 animals at 8
months displayed signiﬁcantly higher Aβ RBC levels than
the age-matched SAMR1 (P = 0 0279), consistent with the
data obtained in the brain. By contrast, comparable levels were
noticed in SAMP8 and SAMR1 at 6 months (P = 0 3029,
Figure 6(b)). These data suggest that Aβ accumulated in RBCs
with AD progression, albeit with a slower accumulation kinetics than that observed in the brain.
3.4.2. Tau. Brain levels of total tau (Figure 6(c)) were proven
to increase signiﬁcantly with age either in SAMR1
(P = 0 0293) or in SAMP8 mice (P = 0 0095). Moreover,
SAMP8 animals at 8 months displayed signiﬁcantly higher
brain concentrations of total tau compared to their agematched controls (P = 0 0350). These data conﬁrm that tau
accumulated in the brain along with AD progression in the
SAM experimental model.
Tau concentrations in RBCs increased with age in
SAMP8 only (P = 0 0019; SAMR1: P = 0 7430, Figure 6(d)).

Consistent with the data obtained in the brain, total tau signiﬁcantly accumulated in RBCs of SAMP8 mice at 8 months
compared to control mice (P = 0 00019, Figure 6(d)). These
results suggest that tau accumulation in RBCs in pathological
mice may reﬂect the increase of this protein in the brain.
3.4.3. Phospho-Tau. The levels of p-tau in the brain
(Figure 6(e)) did not diﬀer with mice ages, either in SAMP8
or in SAMR1 (P = 0 4140 and P = 0 5737, respectively,
Figure 6(e)). By contrast, pathological mice displayed significantly higher levels of brain p-tau compared to the agematched controls, either at 6 months or at 8 months
(P = 0 0485 and P = 0 0010, respectively, Figure 6(e)). These
data conﬁrm that tau is hyperphosphorylated in the brain
of the AD animal model.
Interestingly, an age-dependent p-tau accumulation
was observed in RBCs, both in control (P = 0 0011,
Figure 6(f)) and SAMP8 mice (P = 0 0015, Figure 6(f)).
Nevertheless, no signiﬁcant changes in p-tau levels in
RBCs were observed comparing SAMP8 and SAMR1 (6
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Figure 6: Quantitative assay of misfolded protein Aβ, tau, and p-tau in RBCs and brain tissues. The levels of Aβ, tau, and p-tau in brain
tissues (a, c, and e) and RBCs (b, d, and f) from SAMP8 and SAMR1 mice at 6 and 8 months were assessed by speciﬁc immunoenzymatic
assays. Diﬀerences among groups were evaluated by one-way ANOVA. P values were adjusted with Sidak’s multiple comparison test: ∗ P
< 0 05, ∗∗ P < 0 01, and ∗∗∗ P < 0 001 between the indicated subgroups.

months: P = 0 6965; 8 months: P = 0 09401, Figure 6(f)).
These results suggest that phosphorylated tau accumulated
in RBCs both under physiological ageing and AD
progression.

3.4.4. α-Syn. The brain concentrations of total α-syn signiﬁcantly decreased with animals’ age in SAMP8 (P = 0 0095,
Figure 7(a)), but not in control animals (P = 0 5622,
Figure 7(a)), suggesting that total α-syn decreases as the
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disease progresses. Consistent with these data, SAMP8 mice
at 8 months presented signiﬁcantly lower brain concentrations of total α-syn compared to age-matched controls
(P = 0 0022, Figure 7(a)). Surprisingly, the opposite condition was found when comparing animals at 6 months
(P = 0 0240, Figure 7(a)).
Total α-syn in RBCs did not show signiﬁcant variations
with age (SAMR1: P = 0 2643, Figure 7(b)) or AD progression (SAMP8: P = 0 8968, Figure 7(b)). Diﬀerently from the
brain, RBCs from SAMP8 animals showed signiﬁcantly
higher total α-syn concentrations compared to the agematched controls (6 months: P < 0 0001; 8 months: P =
0 0097, Figure 7(b)). Globally, these data suggest a diﬀerent
kinetics of α-syn in peripheral ﬂuids compared to the brain.
3.5. Concentrations of α-Syn Heterocomplexes in Brain
Tissues and RBCs. α-Syn heterocomplexes with Aβ or tau
were measured both in brain tissues and RBCs through a
“homemade” immunoenzymatic assay [11, 22].
3.5.1. α-Syn-Aβ. The levels of α-syn-Aβ in SAMP brains
(Figure 7(c)) showed an interesting trend depending on ageing and progression of the disease. Indeed, the brain concentrations decreased along with age-AD progression in SAMP8
mice (P = 0 0303, Figure 7(c)). Moreover, α-syn-Aβ levels in
the brain decreased in SAMP8 at 8 months compared to agematched controls (P = 0 0101, Figure 7(c)). These data suggest that brain α-syn-Aβ levels may follow the accumulation
kinetics of total α-syn.
Surprisingly, α-syn-Aβ levels in RBCs increased with
age-AD progression in SAMR1 (P = 0 0017, Figure 7(d))
and SAMP8 mice (P = 0 0308). Moreover, such levels in
RBCs were higher in SAMP8 compared to age-matched controls, even if a statistical signiﬁcance was reached at 6 months
only (6 months: P = 0 0168; 8 months. P = 0 1797,
Figure 7(d)). These data suggest that the α-syn-Aβ level in
RBCs has an opposite trend compared to that in the brain.
3.5.2. α-Syn-Tau. The levels of α-syn-tau heterocomplexes in
the brain decreased with the pathological progression in
SAMP8 mice (P = 0 0002, Figure 7(e)). Nevertheless, such
concentrations were signiﬁcantly elevated in SAMP8 compared to SAMR1 at 6 months (P = 0 0012, Figure 7(e)).
Taken together, these data suggest that the α-syn-tau trend
in the brain reﬂects what is elicited by α-syn.
The levels of α-syn-tau heterocomplexes in RBCs did not
signiﬁcantly diﬀer in SAMR1 at diﬀerent ages (P = 1 000,
Figure 7(f)) or between SAMR1 and SAMP8 at 6 months
(P = 0 8907, Figure 7(f)). By contrast, α-syn-tau concentrations increased in SAMP8 mice at 8 months compared to
the age-matched controls (P = 0 0155, Figure 7(f)) or to
SAMP8 at 6 months (P = 0 0025, Figure 7(f)). These data
suggest that the α-syn-tau level in RBCs has an opposite
trend compared to that in the brain.
3.6. Assessment of IL-1β Levels in Brain Tissues and RBCs. In
order to monitor the progress of inﬂammation in the animal
model of AD, IL-1β was chosen as a representative inﬂammatory factor [14] and measured in brain tissues of SAMP8
mice and in their age-matched SAMR1 controls.
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In the cerebral cortex from SAMR1 mice at 6 and 8
months, IL-1β levels accounted for 1 3 ± 0 5 and 3 3 ± 0 4
pg − mg, respectively (Figure 8(a)), suggesting an increase
in interleukin levels with physiological ageing. At 6 months,
SAMP8 mice showed IL-1β levels of 1 8 ± 0 7 pg − mg in
the cerebral cortex (Figure 8(a)), which were comparable to
those detected in the respective age-matched control
(SAMR1) mice. By contrast, IL-1β levels in the cerebral cortex from SAMP8 mice at 8 months were signiﬁcantly
increased (29 6 ± 5 4 pg − mg) compared to the agematched controls (SAMR1) and to SAMP8 mice at 6 months
(Figure 8(a)). These data suggest that brain IL-1β concentrations increased in the AD animal model and that such an
increase became more prominent with age (i.e., with AD progression) in SAMP8 mice compared with aged SAMR1 mice.
In order to check whether brain inﬂammation was associated with an enhancement in peripheral inﬂammatory factors, IL-1β concentration was monitored in RBCs, which are
able to produce cytokines, too [46]. The interleukin signiﬁcantly accumulated with ageing (6 months vs. 8 months) in
RBCs of SAMR1 mice (Figure 8(b)). Surprisingly, an opposite trend was observed in SAMP8 mice (Figure 8(b)), which
displayed the highest IL-1β concentrations at 6 months
(839 7 ± 398 1 pg − mg, Figure 8(b)). The IL-1β concentration in RBCs was signiﬁcantly higher in SAMP8 mice at 6
months compared to the age-matched control (i.e., SAMR1,
6 months, 384 4 ± 72 98 pg − mg); by contrast, comparable
values were obtained in SAMP8 and SAMR1 at 8 months
(538 8 ± 421 2 and 460 9 ± 42 12 pg − mg, Figure 8(b)).
Overall, these data show that the inﬂammatory cytokine is
released maximally in RBCs during the initial phases of AD
development. Moreover, the cytokine accumulation in RBCs
seems to follow a faster accumulation kinetics compared to
that elicited in the cerebral cortex.

4. Discussion
In the present study, the brain accumulation of
neurodegeneration-related proteins such as homo- and heteroaggregates was analysed and compared to the levels of
the same proteins in RBCs, using a validated animal model
of AD at diﬀerent stages of disease progression. Moreover,
the amounts of IL-1β, chosen as a marker of AD-associated
inﬂammation, were analysed both in brain tissues and RBCs.
The main conclusions of this work are as follows: (a) brain
Aβ, tau, and p-tau were elevated in SAMP8 mice compared
to control and increased with AD progression; similar,
although slower, accumulation kinetics were found in RBCs;
(b) α-syn and its heterocomplexes, α-syn-Aβ and α-syn-tau,
showed diﬀerent accumulation kinetics in brain tissues and
RBCs; and (c) both brain and peripheral IL-1β levels were
elevated in SAMP8 mice, but increased earlier in RBCs.
Overall, these results support RBCs as a valuable model to
monitor neurodegeneration, suggesting Aβ, tau, and p-tau
levels as suitable AD biomarkers in peripheral cells, both
for diagnosis and follow-up.
Recent ﬁndings have suggested that each ND is not associated with the misfolding of a single speciﬁc protein, but
rather with a mixed pattern of proteinopathies [4, 5], which
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Figure 7: Quantitative assay of α-syn and misfolded protein’s heterocomplex in both RBCs and in brain tissues. Levels of α-syn, α-syn-Aβ,
and α-syn-tau in brain tissues (a, c, and e) and in RBCs (b, d, and f) from SAMP8 and SAMR1 mice at 6 and 8 months were assessed by
speciﬁc immunoenzymatic assays. Diﬀerence among groups were evaluated by one-way ANOVA. P values were adjusted with Sidak’s
multiple comparison test: ∗ P < 0 05, ∗∗ P < 0 01, and ∗∗∗ P < 0 001 between the indicated subgroups.
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Figure 8: Quantitative detection of IL-1β. IL-1β levels were assessed in brain (a) and RBC (b) tissues from control animals (SAMR1) and
SAMP8 mice at 6 and 8 months of age. Each column represents the mean ± S E M value (n = 8). Diﬀerences among groups were
evaluated by one-way ANOVA. P values were adjusted with Sidak’s multiple comparison test: ∗ P < 0 05 and ∗∗ P < 0 01 between the
indicated subgroups.

reach peripheral compartments even years before the onset
of clinical symptoms. Herein, a validated animal model of
AD, i.e., SAMP8, and its control strain SAMR1 were used
to quantify the accumulation of Aβ, tau, α-syn in brain tissues and RBCs and to compare them at diﬀerent stages of
progress of the disease.
Behavioural tests showed that SAMP8 mice develop an
age-dependent deﬁcit in spatial learning and memory performance, as compared with control SAMR1 mice, endorsing
the validity of this animal model.
Consistent with previous data [1], Aβ was found to accumulate in the brain of AD animals. Similarly, Aβ levels were
augmented in RBCs along with AD progression. This observation is of interest since Aβ levels in RBCs have been shown
to increase with ageing in humans and to decrease upon providing an antioxidant supplement [15]. A noteworthy aspect
we observed is a slower Aβ accumulation kinetics in RBCs
compared to that detected in the brain. In this respect, Aβ
increase in the brain and the onset of NDs have been linked
to blood-derived Aβ, which can enter the brain [47], even
preceding the neuronal and glial pathological alterations of
AD brains [48]. Nevertheless, this “peripheral sink hypothesis” is still a bone of contention because inhibiting the Aβproducing enzyme in the periphery does not alter Aβ accumulation in the CNS [49].
Similarly to what was observed for Aβ, tau and its phosphorylated form accumulated in the brain with ageing and/or
AD progression in the SAM model, as previously reported by
others [50, 51]. In particular, our data are consistent with evidences that tau hyperphosphorylation is an integral part of
ageing and represents an early event in AD animal models
[30, 52]. A similar, albeit quite slower, accumulation kinetics
of tau and p-tau was found in the RBCs of SAMs, suggesting
this protein as a valuable RBC marker reﬂecting brain neuropathology. Consistent with this hypothesis, signiﬁcantly ele-

vated concentrations of p-tau have been shown in the RBCs
of PD patients [11].
Overall, our data allow hypothesising that the increase in
the levels of Aβ, tau, and p-tau in the brain is due to an
enhanced production in neurons associated with the progression of AD. In this respect, the increase of the same proteins
in RBCs might result from an alteration of the blood-brain
barrier (BBB), leading to the subsequent leakage of proteins
from the brain to the blood. Therefore, further investigations
are needed to elucidate the degree of production of these proteins in blood cells and the eﬃciency of proteasome systems
deputed to the degradation of misfolded proteins.
Altered levels of α-syn, a protein commonly associated
with PD, have recently been detected in the brain and CSF
of AD patients [53]. In the present study, α-syn levels in
the brain were found to be higher than those of agematched controls in the early analysed phase of AD progression, consistent with the increase in the expression of α-syn
found in 5-month SAMP8 [52]. Nevertheless, total α-syn
was found to decrease with AD progression and comparatively with controls when 8-month-old mice were examined.
The latter results are consistent with several ﬁndings reporting a signiﬁcant decrease in the total concentration of brain
α-syn in PD [54] and PD with dementia [55]. This partial
controversy in α-syn levels in the early phase of AD suggests
that SAMP8 does not fully reﬂect the human brain pathology
associated with α-syn. Of note, a diﬀerent trend was found
for α-syn in RBCs: indeed, RBCs from SAMP8 showed significantly higher total α-syn concentrations than age-matched
controls. These results are at odds with the data obtained in
human RBCs from PD patients presenting lower levels than
HC [11, 20] and highlight the need for further investigations
to elucidate putative diﬀerences in posttranslational α-syn
modiﬁcations, degradation pathways, and passage through
the BBB [56, 57].
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In addition to homoaggregates, the presence of heterocomplexes of α-syn (α-syn-tau and α-syn-Aβ) has been documented both in cellular models and patients’ brains [5, 8, 9,
11, 58]. On this basis, α-syn heterocomplexes were measured
for the ﬁrst time in this experimental model through “homemade” immunoenzymatic assays. Interestingly, α-syn was
shown to form heterocomplexes with Aβ and tau both in
brain tissues and RBCs of SAM mice, similarly to previous
data reported in human samples [5, 11, 22].
Both α-syn-Aβ and α-syn-tau concentrations in SAM
brains followed the same accumulation kinetics shown for total
α-syn. Indeed, the initial increment was followed by a decrement in the second phase of AD compared to controls and
AD progression. Interestingly, α-syn-Aβ and α-syn-tau levels
in RBCs displayed a similar trend, presenting a signiﬁcant
increase in AD mice compared to controls and along with AD
progression. As observed for brain samples, α-syn heterocomplexes showed the same temporal kinetics of accumulation of
total α-syn in RBCs, too. Consistent with these data, α-syn-Aβ
concentrations in human RBCs were elevated in PD patients
and correlated with the progress of the disease [11]. Surprisingly, our recent ﬁndings have probed a signiﬁcant decrease of
α-syn heterocomplexes in RBCs from AD patients [10]. These
ﬁndings point out the need for further investigations in relation
to the speciﬁc neurodegenerative disease and the ﬂuid compartment in which these proteins are analysed.
With these data at our disposal, the accumulation of αsyn and its heterocomplexes in RBCs does not seem to reﬂect
the brain trend. The discrepancy could be ascribed to the
traﬃcking across the BBB or to the diﬃculty of measuring
appropriately the α-syn oligomeric form [5].
In the present study, the possible relationship between AD
progression and inﬂammation was investigated by assessing
IL-1β levels, as one of the most important inﬂammatory mediators, both in brain tissues and RBCs from SAMP8 and
SAMR1. In this sense, it has to be underlined that peripheral
and central cytokines are released upon inﬂammation [59]
and not strictly related to AD. Nevertheless, IL-1β has been
demonstrated to be signiﬁcantly higher in AD with respect to
controls in both humans and animals [27–29] and can be considered as a good marker of inﬂammation in an animal model
of this disease. In our hands, brain IL-1β levels increased in
an AD animal model at 8 months and in age-matched control,
as previously reported by others in the hippocampus [26]. Interestingly, IL-1β concentrations were higher in RBCs than in the
brain. However, not surprisingly, RBCs have been identiﬁed
recently as a reservoir for cytokines, with a median concentration 12-fold higher than plasma [18]. RBC IL-1β levels were signiﬁcantly elevated in the pathological animals, consistent with
the greater level of oxidative stress found in RBCs from SAMP8
[60]. These changes were particularly evident at 6 months, suggesting that the cytokine accumulation in RBCs seems to follow
a faster kinetics compared to the cerebral cortex, and thus it
could represent an early diagnostic for its early stage. In this
respect, recent ﬁndings have highlighted a close link between
peripheral inﬂammation and accumulation of misfolded proteins [11, 61]. For instance, inﬂammation has been shown to
augment Aβ levels through an increased production in the
brain, an increased inﬂux, and a decreased eﬄux, due to alter-
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ations of the BBB [62]. Recently, peripheral inﬂammation has
been shown to modulate the amyloid phenotype in mice by regulating blood-derived and local brain inﬂammatory cell populations involved in Aβ clearance [63]. On the other side, in animal
models, in AD and in aged brains, accumulation of Aβ seems to
trigger inﬂammatory responses with an enhanced production
of inﬂammatory factors, which have been localised in brain plaques [64]. Besides the inﬂammasome pathway, amyloid ﬁbrils
have been proven to induce the secretion of proinﬂammatory
cytokines through the activation of the Toll-like receptor 2
[65]. Future studies will investigate the involvement of this
innate immune receptor in immune responses associated to
amyloidosis in an AD animal model. Among the limitations
of our study, it should be underlined that the available immunoenzymatic assays cannot distinguish the oligomeric or monomeric nature of ND-related proteins, both in brain tissues and
blood. Further studies will conﬁrm the multiaggregation status
of these proteins.
In conclusion, we proved in the present study that Aβ, tau,
and p-tau kinetics of accumulation in RBCs from SAMP8
followed similar patterns to those in the brain, suggesting these
proteins as putative peripheral biomarkers of AD. Future studies will be needed to conﬁrm our preliminary data.
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Amyloidosis is a group of diseases characterized by protein misfolding and aggregation to form amyloid ﬁbrils and subsequent
deposition within various tissues. Previous studies have indicated that amyloidosis is often associated with oxidative stress.
However, it is not clear whether oxidative stress is involved in the progression of amyloidosis. We administered the oxidative
stress inhibitors tempol and apocynin via drinking water to the R1.P1-Apoa2c mouse strain induced to develop mouse
apolipoprotein A-II (AApoAII) amyloidosis and found that treatment with oxidative stress inhibitors led to reduction in
AApoAII amyloidosis progression compared to an untreated group after 12 weeks, especially in the skin, stomach, and liver.
There was no eﬀect on ApoA-II plasma levels or expression of Apoa2 mRNA. Detection of the lipid peroxidation markers
4-hydroxynonenal (4-HNE) and malondialdehyde (MDA) revealed that the antioxidative eﬀects of the treatments were
most obvious in the skin, stomach, and liver, which contained higher levels of basal oxidative stress. Moreover, the unfolded
protein response was reduced in the liver and was associated with a decrease in oxidative stress and amyloid deposition. These
results suggest that antioxidants can suppress the progression of AApoAII amyloid deposition in the improved
microenvironment of tissues and that the eﬀect may be related to the levels of oxidative stress in local tissues. This ﬁnding
provides insights for antioxidative stress treatment strategies for amyloidosis.

1. Introduction
Amyloidosis is a group of diseases in which abnormal protein
aggregates, known as amyloid ﬁbrils, build up in the brains of
patients with Alzheimer’s disease (AD), as well as in various
organs in cases of amyloid light-chain (AL) amyloidosis,
transthyretin (ATTR) amyloidosis, and mouse apolipoprotein A-II (AApoAII) amyloidosis [1–3]. Amyloidosis is a
serious health problem that can lead to life-threatening organ
failure. Aggregation of amyloid proteins proceeds via

structurally unstable amyloid proteins or precursor proteins
under certain conditions, such as overproduction of amyloid
proteins, mutation, enzymatic cleavage of precursor proteins,
low pH, and aging, resulting in a transition to an unstable
protein state [2, 4–7]. Recent evidence suggests that oxidative
modiﬁcation of amyloid proteins may also be one of these
factors that may lead to an increase in aggregation propensity
[8–10]. Amyloid ﬁbril formation is a gradual process that
involves conformationally modiﬁed monomers, oligomers,
and protoﬁbrils. Most of the intermediates have been shown
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to be cytotoxic and stimulate stress and immune responses in
the cells around the areas of deposition [11–13]. Increased
levels of oxidative stress around the amyloid deposits have
been detected in a variety of amyloid diseases [12–16].
Apolipoprotein A-II (ApoA-II) is the second most abundant protein in high-density lipoprotein (HDL) particles and
is involved in lipid metabolism [17]. However, the exact
functions of ApoA-II protein remain unclear. Some studies
have found that ApoA-II protein is related to lipid transport
from peripheral organs to the liver and binding of plasma
proteins with HDL [17–19]. In a previous study, we found
that ApoA-II modiﬁes the binding of the plasma acute phase
inﬂammatory response protein serum amyloid A (SAA) with
plasma lipoproteins and plays a role in regulating the
inﬂammatory response and AA amyloid ﬁbril formation
[20]. We found that ApoA-II proteins form amyloid ﬁbrils
(AApoAII) and deposit extracellularly in a number of
organs (except the brain) and are associated with aging
in senescence-accelerated mouse prone-1 (SAMP1) strains
of mice. We later identiﬁed AApoAII deposits in various
strains of mice [3, 21]. We demonstrated that there are seven
ApoA-II alleles among various strains of mice. Among them,
amyloidogenic C-type ApoA-II protein (APOA2C) was
found to form AApoAII amyloid ﬁbrils in mice associated
with earlier aging than the other types of ApoA-II [22]. A
congenic strain of mice with the amyloidogenic Apoa2c allele
on the genetic background of the senescence-accelerated
resistant mouse 1 (SAMR1) strain was developed and named
R1.P1-Apoa2c mice [3]. Our previous research revealed that
AApoAII amyloidosis is transmitted in a prion-like manner
and is induced by the intake of amyloid ﬁbrils through feces,
saliva, breast milk, and blood [23–25]. R1.P1-Apoa2c mice
rarely exhibit spontaneous AApoAII amyloidosis under
speciﬁc pathogen-free (SPF) conditions, but intravenous
injection of a small amount of AApoAII amyloid ﬁbrils
induces AApoAII amyloidosis at high reproducibility [3].
In amyloidosis studies, amyloid deposition induced rising oxidative stress in surrounding cells and tissues and led
to subsequent cell dysfunction and elevation of apoptosis
markers [12–15], which is considered to be a major aspect
of organ impairment associated with amyloidosis. There is
suﬃcient experimental evidence from Alzheimer’s disease
research suggesting that nerve cell degeneration is mainly
due to damage caused by oxidative stress, both in animals
and in humans [26, 27]. Our previous studies also found that
AApoAII amyloid deposition induced both unfolded protein
response (UPR) and endoplasmic reticulum (ER) stress in
the liver and kidney, leading to an increase of apoptotic cells
[28]. On the other hand, studies of localized amyloidosis
found that increases in oxidative stress preceded Aβ deposition, which may promote subsequent protein aggregation
[29, 30]. In other studies, it was hypothesized that oxidative
stress induces protein aggregation [7–9]. It was reported that
TTR protein treated with oxynitride exhibited higher aggregation activity in vitro, which may be caused by structural
instability of the modiﬁed amyloid protein [9]. However, satisfactory evidence does not exist to prove the role that oxidative stress plays in the process of amyloid deposition,
especially in systemic amyloidosis.
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Aging is a strong common feature of amyloidosis, except
for early-onset amyloidosis caused by genetic mutations or
overproduction of amyloid protein by acute phase immune
reaction and cancer [31, 32]. Considering the important role
of oxidative stress in various age-related diseases, we hypothesized that age-associated oxidative stress is also involved in
the pathogenesis of AApoAII amyloidosis. Our recent study
found that following caloric restriction, the degree of amyloid
deposition in mice decreased signiﬁcantly and was accompanied by downregulation of expression of genes associated
with both oxidative stress and aging in the liver [33]. It is
not clear whether the decline in oxidative stress levels caused
the suppression in AApoAII amyloidosis.
Although the importance of oxidative stress during the
progression of amyloidosis has been recognized, it needs to
be determined whether oxidative stress is the cause or the
consequence of amyloid deposition. To address this critical
knowledge gap, we examined the eﬀect of the nonspeciﬁc
reactive oxygen species (ROS) scavenger tempol and the
NADPH oxidase inhibitor apocynin on the process of systemic amyloidosis using our unique amyloid analyzing system of mouse AApoAII amyloidosis.

2. Materials and Methods
2.1. Animals. We used female R1.P1-Apoa2c congenic mice,
which carry the amyloidogenic type c allele (Apoa2c) from
the AApoAII amyloidosis-susceptible SAMP1 strain on a
genetic background of the SAMR1 strain. R1.P1-Apoa2c mice
exhibit normal aging and do not develop AApoAII amyloidosis under speciﬁc pathogen-free (SPF) conditions,
whereas they develop accelerated AApoAII amyloidosis
by oral or intravenous administration of AApoAII ﬁbrils
[3]. R1.P1-Apoa2c mice were maintained in our laboratory.
Mice were raised under SPF conditions at 24 ± 2° C with
a light-controlled regimen (12-hour light/dark cycle, lights
on at 9:00 and oﬀ at 21:00) in the Division of Animal
Research, Research Center for Supports to Advanced Science, Shinshu University. Mice were raised on a commercial
diet (MF, Oriental Yeast, Tokyo, Japan) and tap water. Three
to 6 female mice housed in a single cage were used for experiments to avoid the anticipated adverse impacts due to ﬁghting among male mice housed in the same cage.
Mice were sacriﬁced by cardiac puncture under deep
sevoﬂurane anesthesia. For biochemical analysis, plasma
and a portion of the organs were snap-frozen by liquid nitrogen and stored at -80°C. For histochemical analysis, the
remaining organs were ﬁxed in 10% neutral buﬀered formalin followed by embedding in paraﬃn. All experiments were
performed with the approval of the Committee for Animal
Experiments of Shinshu University (Approval No. 280086).
2.2. Experimental Design
2.2.1. Drug Administration. Two-month-old female R1.P1Apoa2c mice were divided into 4 groups: control (Con), no
treatment (A-NT), tempol (Tem), and apocynin (Apo).
AApoAII amyloidosis was induced in mice in the A-NT,
Tem, and Apo groups by injection with 1 μg AApoAII ﬁbrils
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Figure 1: Experimental design. (a) Two-month-old female R1.P1-Apoa2c mice were divided into 4 groups: control (Con), no treatment
(A-NT), tempol (Tem), and apocynin (Apo). AApoAII amyloidosis was induced in the mice in the A-NT, Tem, and Apo groups by
injection with 1 μg AApoAII ﬁbrils in the tail vein; the Con group was injected with distilled water instead of AApoAII ﬁbrils.
Concomitantly, the Tem and Apo group mice were treated with either tempol (1 mM) or apocynin (1.5 mM) in drinking water for
8 or 12 weeks (N = 3–7 per group). (b) In the high-dose series, the experiment was repeated with double doses of tempol (2 mM)
or apocynin (3 mM) and the experimental period was 12 and 16 weeks (N = 4 or 5 per group).

in the tail vein; the Con group was injected with distilled
water (DW) instead of AApoAII ﬁbrils (Figure 1(a)). Concomitantly, the Tem and Apo group mice were treated with
either the free radical scavenger tempol (1 mM) or the
NADPH oxidase inhibitor apocynin (1.5 mM) in drinking
water for 8 or 12 weeks (N = 3-7 mice per group). For the
high-dose experimental series, R1.P1-Apoa2c mice were
treated with 2 mM tempol or 3 mM apocynin in drinking
water for 12 or 16 weeks (N = 4 or 5 mice per group)
(Figure 1(b)). Doses of apocynin and tempol were chosen
in accordance with previous reports [34–36]. The drug solution was prepared prior to use. Tempol (Cat No. 176141) and
apocynin (Cat No. w508454) were purchased from SigmaAldrich (Tokyo, Japan).
2.2.2. Induction of AApoAII Amyloidosis. We isolated
AApoAII amyloid ﬁbrils using Pras’ method [37] from the
liver of a 14-month-old R1.P1-Apoa2c mouse having heavy
amyloid deposits and injected 1 μg amyloid ﬁbrils in each

mouse to induce AApoAII amyloidosis followed the protocols of Li et al. [33]. Before injection, the ﬁbril samples were
sonicated (Fig. S1) and used immediately as described previously [20].
2.3. Histology
2.3.1. Amyloid Fibril Detection. Amyloid deposits were
detected as apple-green birefringence in organ sections
stained with a saturated solution of 1% Congo red dye under
polarizing light microscopy (LM) (Axioskop 2, Carl Zeiss,
Tokyo, Japan). An amyloid score (from 0 to 4) in each organ
was determined semiquantitatively as described previously
[21]. Two observers having no information of the tissue evaluated the grade of amyloid deposition in Congo red stained
tissue. The degree of amyloid deposition in each mouse was
represented by an amyloid index (AI) which is the average
of the amyloid scores in seven organs (heart, liver, spleen,
stomach, small intestine, tongue, and skin) [21, 33, 38].
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2.3.2. Immunohistochemistry. AApoAII and AA ﬁbrils were
also detected by immunohistochemistry (IHC) with speciﬁc
rabbit antiserum against mouse ApoA-II or mouse AA,
which were produced against guanidine hydrochloridedenatured AApoAII or AA ﬁbrils in our laboratory [20, 21,
33, 38]. Four-micron (4 μm) thick sections of ﬁxed organs
were treated with 3% H2O2 in methanol for 30 minutes
(min) to inactivate endogenous peroxidase and were blocked
with 5% bovine serum albumin in PBS. The sections were
incubated overnight at 4°C with rabbit antisera against
mouse ApoA-II (1 : 3000) and AA (1 : 3000) prepared in our
laboratory [39] or 4-hydroxynonenal (4-HNE) (1 : 300,
Abcam plc, Cambridge, UK), followed by incubation with
the biotinylated secondary antibody (Abcam plc). Target
proteins were identiﬁed by the horseradish peroxidaselabeled streptavidin-biotin method (DAKO, Glostrup,
Denmark). In a negative control section, the ﬁrst antibody
was omitted to conﬁrm the speciﬁcity of staining. To analyze the positive area in each organ quantitatively, the
ratios of the positively stained area to a whole organ in
randomly captured 5 areas under ×200 or ×400 magniﬁcation were measured using image processing program (NIH
ImageJ software, version 1.61) [33].
2.3.3. Semiquantiﬁcation of Oxidative Stress. Two blinded
observers, who had no information regarding the tissue,
observed 4-HNE stain intensity in tissue specimens of IHC.
We evaluated the stain intensity in every organ. The stain
intensity was scored as follows: 0 (absent), 1 (few), 2 (mild),
3 (middle), and 4 (severe). The average of these scores by
two observers represented the ﬁnal 4-HNE evaluations for
statistical analyses by the Steel-Dwass test.
2.4. Biochemical Analysis
2.4.1. Malondialdehyde (MDA). Lipid peroxidation was analyzed using a Lipid Peroxidation Colorimetric/Fluorometric
Assay Kit (BioVision, San Francisco CA, USA) by means of
malondialdehyde (MDA) content in accordance with the
instructions provided by the manufacturer. The 10 mg liver
stored at -80°C was homogenized to detect the MDA concentration followed by the methods as described previously [40].
Three technical replicates were conducted for each sample.
The MDA content is calculated by comparing the measured
values to a calibration curve prepared using an MDA standard (BioVision). The coeﬃcient of variation (r2 ) for the calibration curve was 0.99.
2.4.2. High-Density Lipoprotein (HDL). We determined the
HDL-cholesterol levels in the plasma using quantitative
assay kits (HDL-cholesterol E test, Wako, Osaka, Japan)
[33, 38, 41].
2.5. Immunoblot Analysis. We followed the methods as
described previously [33, 42, 43] to determine the level of
plasma apolipoproteins. Plasma samples were separated on
Tris-Tricine/SDS–16.5% polyacrylamide gels electrophoresis
(PAGE) as follows: 0.5 μL plasma for ApoA-I or ApoE and
1 μL plasma for ApoA-II. After electrophoresis, proteins
were transferred to a polyvinylidene diﬂuoride membrane
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(Immobilon, 0.2 μm pore, Millipore Corp., MA, USA).
The membrane was incubated with primary antibody solution, polyclonal rabbit anti-mouse ApoA-I antiserum produced in our laboratory [41, 42] (diluted 1 : 4000), or the
ApoA-II antiserum (diluted 1 : 3000) or ApoE antibody
(1 : 500, Santa Cruz, San Francisco, CA, USA) for 1 hour
at room temperature and then overnight at 4°C. Next,
the horseradish peroxidase-conjugated anti-rabbit IgG
(Code #7074, Cell Signaling Technology Inc., Danvers
MA, USA) (1 : 3000) was used for 1-hour incubation at
room temperature. ApoA-I, ApoA-II, and ApoE were
detected with the enhanced chemiluminescence (ECL)
method, and the target protein levels were analyzed using
the NIH ImageJ software.
2.6. Gene Expression Analysis. We followed a previously
described method to analyze the mRNA expression [33, 44].
Quantitative real-time PCR analysis was carried out using
an ABI PRISM 7500 Sequence Detection system (Applied
Biosystems) with SYBR Green (TaKaRa Bio, Tokyo, Japan).
The β-actin gene was used to normalize gene expression.
The forward and reverse primer sequences for real-time
PCR are listed in Table S1. Chemical reagents in the
experiments, unless otherwise speciﬁed, were obtained from
Wako Pure Chemical Industries Ltd. (Osaka, Japan).
2.7. Statistical Analyses. All data are presented as the
mean ± S D. For the comparison of the parametrical data,
one-way analysis of variance (ANOVA) with key’s test
was performed using the SPSS 25.0 software package
(Abacus Concepts, Berkley, CA USA). For the comparison
of the nonparametrical data, the Kruskal-Wallis test with the
Steel-Dwass test was performed. p values less than 0.05 were
considered to be statistically signiﬁcant.

3. Results
3.1. AApoAII Amyloidosis Signiﬁcantly Declined in the 12Week Intake Groups, Especially in the Stomach, Skin, and
Liver. To examine whether oxidative stress contributes to
the process of AApoAII amyloidosis, R1.P1-Apoa2c mice
were administered the ROS scavenger tempol (1 mM) or
the NADPH oxidase inhibitor apocynin (1.5 mM) in drinking water for 8 or 12 weeks beginning at 8 weeks of age. At
7 weeks old, we measured the body weight, food intake, and
water consumption of the mice and monitored abnormal
conditions of the mice for one week. At 8 weeks old, we
divided the mice into 4 groups and conﬁrmed that these data
were not diﬀerent among the 4 groups and that no obvious
abnormal performance was observed in any of the mice.
The Con group, which had no induction of AApoAII amyloidosis, nor drug intervention, was used as a control group
to provide baseline data. The A-NT, Tem, and Apo groups
were injected with 1 μg of AApoAII amyloid ﬁbrils through
the tail vein at 8 weeks of age to induce AApoAII amyloidosis. Concomitantly, the Tem and Apo groups were administered the respective drugs in drinking water (Figure 1(a)).
There was no diﬀerence in body weight, food intake, and
water consumption among the 4 groups during the
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experiments (Fig. S2). To observe the eﬀect of drug dose on
the experimental results, a high-dose (twice the initial dose)
experiment was repeated, and the time points were determined at 12 weeks and 16 weeks (Figure 1(b)).
After 8 weeks, we collected several organs (heart, liver,
spleen, stomach, small intestine, tongue, skin, lung, and kidney) for the evaluation of amyloid deposits. First, the amyloid
deposits were graded by the presence of apple-green color
birefringence in Congo red-stained tissue under polarized
LM. Small green birefringence signals were observed in the
heart, small intestine, tongue, stomach, and lung, but not in
the liver, spleen, skin, or kidney (Fig. S3a). However, the
degree of amyloid deposition was not signiﬁcantly diﬀerent
among the 3 induced groups (Fig. S3b). At 12 weeks postinjection, amyloid protein deposition was found in all seven
organs, except the spleen (Fig. S4), and the amyloid indices
(AIs) were signiﬁcantly lower in the Tem and Apo groups
than in the A-NT group (Figure 2(a)). We then analyzed
the degree of amyloid deposition in each organ and found
that the eﬀect of oxidative stress inhibitors was inconsistent
among the diﬀerent organs and that signiﬁcant inhibitory
eﬀects appeared in the stomach and skin compared with
the A-NT group (Figures 2(b)–2(f)), with apocynin exhibiting a stronger inhibitory eﬀect than tempol. IHC was used
to conﬁrm the type of amyloid protein with anti-ApoA-II
and anti-AA antiserum (Figure 2(e) and Fig. S5) and for
quantitative analysis of AApoAII amyloid load in the skin
using an image processing program (Figure 2(f)). Results
showed a signiﬁcant suppression of AApoAII amyloid deposition in the skin following 12-week supplementation with
oxidative stress inhibitors. Although the amyloid scores of
the livers in the 3 induced groups were nearly identical, we
found that the oxidative stress inhibitors showed signiﬁcant
inhibitory eﬀects in amyloid deposition in the liver by calculating the ApoA-II positive area (Figures 2(g) and 2(h)).
3.2. Decrease in Oxidative Stress Levels following
Supplementation with Oxidative Stress Inhibitors. To verify
whether tempol or apocynin suppressed oxidative stress
levels in vivo, we detected lipid peroxidation marker 4-HNE
in various organs using IHC. The results showed that 4HNE was slightly increased in the A-NT group compared
with the Con group and that intake of oxidative stress inhibitors reduced oxidative stress in the liver, stomach, and skin,
in which higher basal values of 4-HNE were observed
(Figures 3(a) and 3(b)). Based on the grading of the staining
intensity, the eﬀects of oxidative stress inhibitors showed a
trend towards a decline in the liver and a signiﬁcant decline
in the skin (Fig. S6). Moreover, we found that another oxidative stress marker in the liver, namely, MDA, increased in the
A-NT group, but not in the Tem and Apo groups. These
results suggest that oxidative stress levels may have increased
more in the A-NT group than in the Con group in the liver,
stomach, and skin and that this change was inhibited upon
intake of oxidative stress inhibitors (Figure 3(c)). To conﬁrm
the rise in oxidative stress at the gene level, we also determined expression levels of the oxidative stress-related genes
Ncf1 and Ncf2, which code for the subunit of NADPH oxidase [45] and SOD2, respectively, in the liver. Figure 3(d)
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shows that Sod2 expression was suppressed by supplementation with apocynin but that there was no change in Ncf1
and Ncf2.
3.3. Eﬀects on Plasma ApoA-II Protein and HDL
Concentrations and Liver Apoa2 mRNA Expression
following Intake of Oxidative Stress Inhibitors. To investigate
whether oxidative stress inhibitors directly decrease plasma
concentrations of precursor ApoA-II protein or HDL and
result in suppression of AApoAII amyloid deposition, we
used immunoblotting of the plasma to detect levels of
ApoA-II, ApoA-I, and ApoE (Figures 4(a)–4(c)). Results
showed that tempol and apocynin had no eﬀect on plasma
concentrations of ApoA-II and ApoA-I. However, we found
that ApoE levels increased signiﬁcantly in the induced
groups. Moreover, plasma HDL levels were similar across
groups (Figure 4(d)). As both ApoA-I and ApoA-II are produced in the liver, we also detected the expression of Apoa2
and Apoa1 mRNA levels in the liver by real-time PCR and
found that Apoa1 expression was upregulated in the induced
group (Apo) compared with the Con group, but no diﬀerence
was observed between the induced groups. The Apoa2 gene
did not diﬀer signiﬁcantly among all groups (Figure 4(e)).
3.4. Antioxidative Treatment Downregulates Gene Expression
of ER Stress in the Liver and May Improve the
Microenvironment. To further investigate the eﬀects of oxidative stress inhibitors on the microenvironment of tissues,
we determined the mRNA levels of genes involved in ER
stress (Hspa5 and Atf4) in the liver (Figure 5). The mRNA
levels of Hspa5 were increased in the A-NT group, but were
suppressed in the Apo group; levels of Atf4 were signiﬁcantly
decreased in the Tem and Apo groups compared with the
Con and A-NT groups. We also determined the expression
levels of the mitochondrial function-related factors Ppargc1α
and Idh2, macrophage marker Adgre1 (F4/80), and
autophagy-related factor Atg5. The levels of these genes were
not diﬀerent among any of the groups, except for upregulated
levels of Ppargc1a in the Tem group.
3.5. The High-Dose Series Exhibited a Consistent Preventive
Eﬀect on Amyloid Deposition. To determine the eﬀect of
diﬀerent drug doses of oxidative stress inhibitors on amyloidosis progression, the drug dose was doubled and the
experiment was repeated with modiﬁed incubation times
(i.e., 12 and 16 weeks after induction of amyloidosis).
Consistent with the initial-dose series, a signiﬁcant suppression of amyloid deposition also occurred after 12-week
intake of oxidative stress inhibitors, based on both AI and
skin amyloid scores (Figure 6(a) and Fig. S7a). ApoA-II
IHC was subsequently performed, and decreased levels
were observed in the liver and skin of treated animals compared to the A-NT group, in both the 12-week and 16-week
groups (Figures 6(b)–6(d) and Fig. S8b-d). However, following the increase in the degree of deposition, we did
not observe signiﬁcant decreases in AI among the induced
groups after 16-week intake (Fig. S7b and Fig. S8a).
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Figure 2: AApoAII amyloidosis signiﬁcantly declined in the 12-week-intake groups. (a) Amyloid index (AI) of the 12-week groups. (b)
Amyloid score of the 12-week groups in the stomach. (c) Representative LM images of AApoAII deposits in the stomach in induced mice.
Amyloid deposits (red arrows) were identiﬁed by green birefringence in Congo red-stained sections using polarized LM. Each scale bar
indicates 100 μm. (d) Amyloid score of the 12-week groups in the skin. (e) Representative LM and IHC images of AApoAII deposits in
the skin in induced mice. AApoAII deposits were conﬁrmed by IHC with anti-ApoA-II antiserum. Amyloid deposits are indicated by red
arrows. Each scale bar indicates 100 μm. Comparisons of positive areas of amyloid deposits in the (f) skin and (g) liver. (h) Representative
LM and IHC images of AApoAII deposits in the liver in induced mice. Amyloid deposits are indicated by red arrows. Each scale bar
indicates 50 μm. N = 6 (Con and A-NT) and 7 (Tem and Apo). Results are shown as box and whisker plots, where a box extends from the
25th to the 75th percentile with the median shown as a line in the middle and whiskers indicate the smallest and largest values (a). Each
dot represents an individual mouse (a, b, d). Each symbol and bar represent the mean ± S D (f, g). ∗ p < 0 05, ∗∗ p < 0 01, and ∗∗∗ p < 0 001,
the Kruskal-Wallis test with the Steel-Dwass test for the amyloid index and amyloid score (a, b, d). The Tukey-Kramer method for the
multiple comparison of the IHC-positive area (f, g).
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Figure 3: Detection of oxidative stress levels following daily supplementation with oxidative stress inhibitors for 12 weeks. (a) The schema of
grades of 4-HNE in every organ following IHC detection. Each column represents the mean of the grade. (b) Representative images of 4-HNE
IHC of the liver, stomach, and skin. The grades of each section are shown on the upper-right of the image. Each scale bar indicates 50 μm. (c)
MDA levels in the liver. (d) mRNA expression levels of genes related to oxidative stress response in the liver. Histograms show the fold change
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∗
p < 0 05 and ∗∗∗ p < 0 001, the Tukey-Kramer method for multiple comparison.

4. Discussion
4.1. Oxidative Stress Is Involved in AApoAII Amyloid
Formation. With aging, the balance between production
and removal of ROS is altered and levels of oxidative stress
gradually increase to cause oxidative damage to lipids,
proteins, and DNA, leading to cellular dysfunction and
various age-related diseases [46, 47]. Numerous studies
have investigated the relationship between oxidative stress
and pathogenesis of amyloidosis, especially on localized
brain amyloidosis and amyloid-related neurodegenerative
diseases: Alzheimer’s disease, cerebral amyloid angiopathy
(CAA), amyotrophic lateral sclerosis (ALS), etc. [8, 11,
13, 16, 34, 36, 48–50]. However, a clear understanding of
the speciﬁc mechanism responsible for the acceleration of
amyloidosis and neurodegeneration caused by oxidative

stress remains elusive. Unfortunately, there are still insuﬃcient reports supporting the contribution of oxidative
stress to the pathogenesis of systemic amyloidosis and
related adverse eﬀects on tissues [51].
In this study, supplementation with oxidative stress
inhibitors for 12 weeks led to decreases in mouse AApoAII
amyloidosis and demonstrated that inhibition of oxidative
stress was eﬀective at suppressing systemic amyloid deposition in vivo. Meanwhile, our results suggest that the eﬀect
of antioxidants varied depending on the speciﬁc organs. In
the amyloid-induced groups, amyloid scores in the stomach
and skin were signiﬁcantly decreased by supplementation
with tempol and apocynin, with the preventive eﬀect being
most distinct in the skin (Figure 2). Although the amyloid
scores evaluating the grading of amyloid deposition in the
liver were not signiﬁcantly diﬀerent between groups with

8

Oxidative Medicine and Cellular Longevity
ApoA-II

ApoA-I
P

Con

A-NT

Tem

Con

Apo

Tem

Apo

P

Con

Relative protein level

1.5
1
0.5

3.5

1.5
1
0.5

3

Con
A-NT

⁎⁎
⁎⁎

2
1
0.5
0

Con A-NT Tem Apo

Tem

Con

Tem

Con

Tem

Apo

A-NT

Apo

A-NT

Apo

(a)

(b)

(c)

2.5

80
70

Relative mRNA levels

HDL concentration (mg/dl)

Apo

1.5

Con A-NT Tem Apo

Con A-NT Tem Apo

Tem

2.5

0

0

A-NT

⁎⁎

2

2
Relative protein level

A-NT

Relative protein level

P

ApoE

60
50
40
30
20

⁎

2
1.5
1
0.5

10
0

0
Con A-NT Tem

Apo

Apoa2

Apoa1

Con

Tem

Con

Tem

A-NT

Apo

A-NT

Apo

(d)

(e)

Figure 4: Eﬀects of daily supplementation with oxidative stress inhibitors on plasma lipoproteins. (a–c) Concentrations of ApoA-II, ApoA-I,
and ApoE proteins in the plasma were determined by densitometry of Western blot after SDS-PAGE of the plasma. The representative results
of Western blot are shown above the ﬁgures. There was no diﬀerence in ApoA-II or ApoA-I plasma concentrations; however, the
concentration of ApoE increased signiﬁcantly in the 3 amyloidosis-induced groups. Histograms show fold changes relative to the Con
group and represent the means ± S D. P indicates, the pooled plasmas of female R1.P1-Apoa2c mice at 2 months of age (N = 4) that did
not have AApoAII amyloid deposits, as the positive control of these proteins. (d) HDL plasma concentration was determined using
quantitative assay kits. (e) mRNA expression levels of ApoA-II and ApoA-I in the liver were determined by quantitative real-time PCR
and shown by fold changes relative to the Con group. N = 6 (Con and A-NT) and 7 (Tem and Apo). ∗ p < 0 05 and ∗∗ p < 0 01, the TukeyKramer method for multiple comparison.

and without oxidative stress inhibitors, quantitatively measuring the positive area of ApoA-II deposition in IHC demonstrated a signiﬁcant preventive eﬀect of oxidative stress
inhibitors against amyloid deposition in the liver. We did
not observe this change in other organs, including the heart,
spleen, small intestine, tongue, lung, and kidney.
Our recent study found that following caloric restriction, the degree of amyloid deposition in almost all organs
(except for the stomach) was signiﬁcantly decreased [33].
These results suggest that caloric restriction may prevent
amyloid deposition, not only via the same pathway as that
of oxidative stress inhibitors but also via other mechanisms
as well. The two oxidative stress inhibitors investigated in

the present study exhibited diﬀerent degrees of inhibition.
Apocynin showed a relatively stronger preventive eﬀect
against amyloid deposition in the stomach and skin than
tempol (Figures 2(a), 2(b), 2(d), and 2(f)), although the
preventive eﬀects of the two inhibitors were nearly identical in the liver (Figure 2(g)). By measuring the degree of
oxidative stress using 4-HNE and MDA as markers, we
identiﬁed relatively high baseline levels of oxidative stress
in the liver, stomach, and skin and found that apocynin
reduced oxidative stress more strongly in the stomach
and skin compared with tempol (Figure 3(a)), but to similar degrees in the liver (Figure 3(c)). These diﬀerences
may be due to diﬀerences in the main sources of oxidative
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stress within each organ [46, 47, 52–54]. We considered
that these organs are susceptible to induction of oxidative
stress by external inﬂuences depending on their function
[52–54] and that relatively high levels of baseline oxidative
stress may be related to the antiamyloidogenic eﬀects of
the antioxidants. In a study of CAA, antioxidants were
found to reduce amyloid deposition, improve vascular conditions, and reduce the occurrence of complications, but the
same changes did not appear in the amyloid deposits of the
brain parenchyma [36]. Further experiments are needed to
conﬁrm our hypothesis that the eﬀect of antioxidant treatments on amyloidosis depends on the oxidative stress state
of the target organs and may provide support for the use of
antioxidant treatments in the clinic.
We repeated the second experiment with a higher antioxidant dose to conﬁrm the results of the ﬁrst experiment and
to determine dose eﬀects on the inhibition of amyloidosis.
Because amyloid deposits were not been observed in the liver
and skin in the 8-week groups of the initial dose experiment,
we chose a longer incubation time and sacriﬁced mice at 12
weeks and 16 weeks after induction of amyloidosis in the second high-dose series. Results were similar to those of the
initial-dose experiment and suggest that 1.0 mM tempol
and 1.5 mM apocynin are suﬃcient to show signiﬁcant preventive eﬀects.
4.2. Oxidative Stress May Suppress Amyloid Deposition by
Aﬀecting Protein Stability. Considering that various factors
aﬀect AApoAII amyloid deposition, we investigated whether
oxidative stress inhibitors directly aﬀect levels of precursor
ApoA-II protein and HDL. Results showed that neither levels
of Apoa2 mRNA expression in the liver nor plasma levels of
ApoA-II protein were signiﬁcantly changed by supplementation with oxidative stress inhibitors. In our previous study,
we showed that one possible mechanism of suppression of
amyloid deposition by caloric reduction is a reduction in
plasma concentrations of ApoA-II and ApoA-II/ApoA-I

ratios [33]. These ﬁndings suggest that oxidative stress inhibitors suppress AApoAII amyloid deposition, not by reducing
plasma concentrations or synthesis of ApoA-II, but by a
pathway distinct from that of caloric reduction.
We considered the second possibility for reducing amyloid deposition by increasing amyloid protein stability. During the pathogenesis of amyloidosis, oxidative modiﬁcation
of amyloid proteins may play a key role. Oxidative conditions
could modify the proteins and alter the structure to one with
a higher aggregation propensity [8–10, 55–57]. Several experiments conﬁrmed that antioxidants help to maintain protein
stability and can reduce amyloid formation in vivo [36, 51,
58]. Low pH states cause protein instability and promote
amyloid ﬁbril formation of Aβ, TTR, and ApoA-II in vitro
[29, 38, 59]. Results of these previous studies suggest that
increased levels of oxidative stress may induce a change in
the local microenvironment to an acidic pH [60]. Reports
by Saito et al. have shown that tissues exhibiting TTR amyloid deposition were under oxidative stress and that both
the Val30Met mutant and wild-type TTR proteins had higher
ratios of S-nitrosylation, with the ability to form amyloid
ﬁbrils in vitro [9]. Polyphenolic compounds such as curcumin are known to exhibit antioxidative eﬀects and prevent
ﬁbril formation by binding to amyloid proteins [61–63].
Thus, preventing the destabilization of amyloid proteins
may oﬀer a target of oxidative stress inhibitors, such as tempol and apocynin. Future experiments allowing for the accurate measurement of the oxidation state of AApoAII amyloid
protein in vivo should provide greater insight into the relationship between amyloidosis and oxidative stress.
4.3. Decreased Oxidative Stress May Improve the
Microenvironment Involved in Amyloid Fibril Formation.
Real-time PCR results suggest a signiﬁcant decline in the
degree of UPR and ER stress in the liver by supplementation
with oxidative stress inhibitors (Figure 5). Our previous studies have shown that ER stress in the liver and kidney
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Figure 6: High-dose supplementation exhibits a consistent preventive eﬀect against amyloidosis with the initial dose. (a) The amyloid index
was signiﬁcantly lower in the Tem and Apo groups compared with the A-NT group after 12-week-supplementation. Comparison of IHCpositive areas showed decreased amyloid deposition in the Tem and Apo groups in the (b) skin and (c) liver. (d) Representative polarized
LM and IHC images of AApoAII deposits (red arrows) in the liver in induced mice. Results are shown as box and whisker plots, where a
box extends from the 25th to the 75th percentile with the median shown as a line in the middle and whiskers indicate the smallest and
largest values. Each dot represents an individual mouse (a). Each scale bar indicates 50 μm (d). Each column and bar represents the
mean ± S D. (b, c) N = 4 (Con) and 5 (A-NT, Tem, and Apo). ∗ p < 0 05, the Kruskal-Wallis test with the Steel-Dwass test (a). ∗∗ p < 0 01,
the Tukey-Kramer method for multiple comparison (b, c).

increased with the appearance and progression of AApoAII
amyloidosis [28]. Thus, the decreased amyloid deposition
caused by oxidative stress inhibitors may reduce Hspa5
expression. Expression levels of Atf4, a transcription factor
involved in various intracellular stress signaling pathways
(e.g., ER stress and mitochondrial stress [64, 65]), were
decreased by oxidative stress inhibitors. Mitochondrial dysfunction caused by amyloid deposition is considered to be
the most important cause of subsequent cell dysfunction
and death. In our previous report, we demonstrated that
caloric reduction improved mitochondrial function and
reduced AApoAII amyloid deposition [33]. However, in the
present study, the expression of Ppargc1α and Idh2 did not
change with amyloid deposition and the presence of oxidative stress inhibitors. Moreover, macrophage (Adgre1) and
autophagy (Atg5) markers also did not change with amyloid
deposition and antioxidant treatment. Further studies are
needed to clarify the relevant molecular mechanisms by

which treatment with antioxidants can improve the microenvironment involved in amyloid ﬁbril deposition.
4.4. Plasma ApoE Is Increased in the Early Stages of ApoA-II
Amyloidosis. ApoE is a chaperone protein that is widely
found to be associated with various amyloid depositions
and is considered a risk factor for the onset of amyloidosis
[66–68]. In Alzheimer’s disease, diﬀerent isoforms of ApoE
play diﬀerent roles in the pathogenesis of amyloidosis:
ApoE4 has been shown to promote or inhibit the assembly
of Aβ protein into ﬁlaments in both in vitro and in vivo
mouse models [69, 70]. Our recent studies have shown that
AApoAII amyloid fractions isolated from the liver exhibited
a large number of codeposited amyloid-associated proteins,
which may contribute to the progression of amyloid deposition [71]. Plasma concentrations of ApoE, which is the
most abundant amyloid-associated protein, were gradually
decreased and associated with an increasing degree of
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amyloid deposition [71]. Interestingly, plasma concentrations of ApoE signiﬁcantly increased in the amyloidosisinduced groups compared with the Con group in the present study. These results suggest that amyloid deposition
may stimulate the upregulation of ApoE protein in the
early stages of amyloidosis and provide new evidence that
ApoE is closely involved in the pathogenesis of amyloidosis. Supplementation with antioxidants did not have an
eﬀect on increasing ApoE plasma levels.

5. Conclusion
Taken together, our results provide evidence that oxidative stress is involved in the progression of amyloidosis.
The formation and deposition of amyloid ﬁbrils are the
result of a combination of various factors. Although the
application of oxidative stress inhibitors has a certain inhibitory eﬀect on amyloid deposition, it is not enough to
completely block the progression of amyloidosis. Results of
the present study suggest that antioxidants mainly reduce
the levels of oxidative stress, can help to maintain protein
stability, and may improve the cellular microenvironment.
Oxidative stress inhibitors oﬀer a therapeutic strategy that
should be considered for the future treatment of
amyloidosis.
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Supplementary Materials
Figure S1: detection of AApoAII amyloid ﬁbrils for injection.
Abundant AApoAII amyloid ﬁbrils were observed in the
injected solution. Scale bar is 50 nm. Figure S2: body weight,
food intake, and water consumption were measured weekly.
(a) Body weight of 8-week groups and 12-week groups. Each
column and bar represent the mean ± S D (N = 3-7). (b)
Food intake and (c) water consumption of each cage were
measured weekly. Data are represented in g/mouse/d (food
intake) and mL/mouse/d (water consumption). Figure S3:
no signiﬁcant diﬀerences were observed in amyloid deposition among the three induced groups in the 8-week groups.
(a) Amyloid scores of the 8-week groups in each organ. Each
column represents the mean. (b) Amyloid indices of the 8week groups. Amyloid indices were not signiﬁcantly diﬀerent
among the three induced groups. The amyloid index (AI)
was calculated as the average of the amyloid scores in seven
organs (heart, liver, spleen, tongue, stomach, small intestine,
and skin). Results are shown as box and whisker plots, where
a box extends from the 25th to the 75th percentile with the
median shown as a line in the middle and whiskers indicate
the smallest and largest values. Each dot represents an individual mouse. (c) 4-HNE grade in each organ. Each column
represents the mean. N = 3. The Kruskal-Wallis test with
the Steel-Dwass test for the amyloid index and amyloid score.
Figure S4: amyloid scores of the 12-week groups in each
organ. The amyloid index (AI) was calculated as the average
of the amyloid scores in seven organs (heart, liver, spleen,
tongue, stomach, small intestine, and skin). Each column
represents the mean. N = 6 or 7. Figure S5: no AA amyloid
deposition was detected in this experiment. Representative
IHCs with anti-ApoA-II or AA antisera in the intestine, liver,
and tongue of amyloidosis-induced mice. No detectable AA
staining was observed in any organ. Each scale bar indicates
100 μm. Figure S6: statistical analysis of 4-HNE grade in
12-week groups. (a) 4-HNE grade in the liver, (b) stomach,
and (c) skin. Results are shown as box and whisker plots,
where a box extends from the 25th to the 75th percentile with
the median shown as a line in the middle and whiskers indicate the smallest and largest values. Each dot represents an
individual mouse. ∗ p < 0 05 vs. Con, the Kruskal-Wallis test
with the Steel-Dwass test for 4-HNE grade. N = 6 (Con and
A-NT) or 7 (Tem and Apo). Figure S7: amyloid scores of
high-dose 12-week and 16-week groups in each organ. The
amyloid index (AI) was calculated as the average of the amyloid scores in seven organs (heart, liver, spleen, tongue, stomach, small intestine, and skin). Each column represents the
mean. N = 4 or 5. Figure S8: the high-dose oxidative stress
inhibitors exhibited the same level of an antiamyloid eﬀect
on R1.P1-Apoa2c mice for 16 weeks. (a) Amyloid indices of
the high-dose 16-week groups. Comparison of positive areas
of amyloid deposition in the skin (b) and liver (c). (d) Representative IHC images of AApoAII deposits in the liver of
induced mice. Results are shown as box and whisker plots,
where a box extends from the 25th to the 75th percentile with
the median shown as a line in the middle and whiskers indicate the smallest and largest values. Each dot represents an
individual mouse (a). Each column and bar represent the
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mean ± S D (b, c). Each scale bar indicates 100 μm. N = 4
(Con, A-NT, and Tem) and 5 (Apo). ∗ p < 0 05, ∗∗ p < 0 01,
and ∗∗∗ p < 0 001, the Tukey-Kramer method for multiple
comparison of an IHC-positive area. Table S1: the speciﬁc
primers for real-time PCR. (Supplementary Materials)
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Toll-like receptors (TLRs) sense the presence of pathogen-associated molecular patterns. Nevertheless, the mechanisms modulating
TLR-triggered innate immune responses are not yet fully understood. Complex regulatory systems exist to appropriately direct
immune responses against foreign or self-nucleic acids, and a critical role of hepatocyte growth factor-regulated tyrosine kinase
substrate (HRS), endosomal sorting complex required for transportation-0 (ESCRT-0) subunit, has recently been implicated in
the endolysosomal transportation of TLR7 and TLR9. We investigated the involvement of Syk, Hrs, and STAM in the regulation
of the TLR3 signaling pathway in a murine astrocyte cell line C8-D1A following cell stimulation with a viral dsRNA mimetic.
Our data uncover a relationship between TLR3 and ESCRT-0, point out Syk as dsRNA-activated kinase, and suggest the role for
Syk in mediating TLR3 signaling in murine astrocytes. We show molecular events that occur shortly after dsRNA stimulation of
astrocytes and result in Syk Tyr-342 phosphorylation. Further, TLR3 undergoes proteolytic processing; the resulting TLR3
N-terminal form interacts with Hrs. The knockdown of Syk and Hrs enhances TLR3-mediated antiviral response in the form of
IFN-β, IL-6, and CXCL8 secretion. Understanding the role of Syk and Hrs in TLR3 immune responses is of high importance
since activation and precise execution of the TLR3 signaling pathway in the brain seem to be particularly signiﬁcant in
mounting an eﬀective antiviral defense. Infection of the brain with herpes simplex type 1 virus may increase the secretion of
amyloid-β by neurons and astrocytes and be a causal factor in degenerative diseases such as Alzheimer’s disease. Errors in TLR3
signaling, especially related to the precise regulation of the receptor transportation and degradation, need careful observation as
they may disclose foundations to identify novel or sustain known therapeutic targets.

1. Introduction
Astrocytes constitute 19-40% of brain glial cells and are
the key component responsible for homeostasis and
immune and oxidative stress defense in the CNS [1, 2].
By participating in the biogenesis and transport of a wide
range of neuroactive substances, they aﬀect neurons and

other glial cells and thus regulate many physiological and
pathophysiological processes [3]. In neuropathological
conditions, immunologically silent astrocytes often undergo
reactive reprogramming [4].
Recent reports reveal astrocytes as cells that play a substantial role in the pathogenesis of Alzheimer’s disease
(AD), the most frequent type of brain amyloidosis and the
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most common type of dementia in humans [5]. Amyloid-β
(Aβ) plaques, AD’s hallmark, activate cerebral glial cells
and cause neuroinﬂammation resulting in neuronal cell
death [6]. Such a process is decisive for the progression of
AD. An increase in the number of reactive astrocytes that
surround and may phagocytose Aβ plaques is observed in
the neuronal vicinity [7]. However, following reactive reprogramming, astrocytes exhibit high concentrations of the
amyloid precursor protein (APP) and β- and γ-secretase that
enable formulation of the Aβ plaques [6]. Interestingly, during reactive gliosis, about 50% of the altered gene expression
in astrocytes is signiﬁcantly dependent on the initiating brain
injury [8]. One of the factors leading to neuroinﬂammation,
which may contribute to astrocyte reprogramming and
enhanced astrocytic secretion of Aβ, is herpes simplex type
1 virus (HSV-1) infection in the brain. Aβ accumulates in
HSV-1-infected cell cultures, while viral particles, as well as
viral nucleic acid were found in the vicinity of amyloid plaques in the brains of mice and humans [9]. Toll-like receptor
3 (TLR3) plays an essential role in the innate immune control
of cerebral HSV-1 infection. Therefore, it is likely that
infected astrocytes detect the virus through TLR3, thus activating them and contributing to production of Aβ.
Substantial expression of TLR3 occurs in neurons and
astrocytes, oligodendrocytes, and microglia, of which expression in astrocytes is the most abundant [10, 11]. An increase
in the TLR3 expression in CNS-resident cells is usually associated with the development of neuroinﬂammation [12]. Stimulated glial cells and macrophages are responsible for the
removal of microorganisms and injured cells. In addition to
the production of various growth factors, chemokines and
cytokines such as IL-1β, TNF-α, IL-6, and glial cells secrete
oxides that may become neurotoxic during brain injuries or
neurological diseases and exacerbate CNS dysfunction [13, 14].
Toll-like receptors (TLRs) are important contributors
to activation of the innate immune response in the brain during infection, injury, or degeneration [15–18]. TLR3 is an
evolutionarily conserved protein which recognizes doublestranded RNA (dsRNA) in endosomes. Double-stranded
RNA may constitute a viral nucleic acid or an intermediate product formed during replication of viruses such as
HSV-1 and HSV-2. Patients, especially children with deﬁciencies in TLR3 or single-gene errors in components of the
TLR3 signaling pathway, are more susceptible to HSV-1
and HSV-2 infections, which may be the cause of a devastating human disease—herpes simplex encephalitis (HSE)
[19–22]. Being one of the most common viral brain diseases
in the world, HSE entails many deleterious outcomes. The
accession of external factors into the central nervous system
(CNS) and the CNS immune response are precisely controlled; however, due to the neuronal latency of HSV, inﬂammation in the brain may last for years and have a recurrent
character [23]. The length of inﬂammatory response in
CNS and disease progression is aﬀected by the balance
between pro- and anti-inﬂammatory signals in the neuronal
environment [24]. Sustainability of the inﬂammatory process
or deﬁciencies in distribution of suppressive mechanisms
may lead to pathological repercussions and inﬂuence the
outcome of disease.
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Prior to launching the signaling cascade, nucleic acidsensingTLRs such as TLR3, TLR7, and TLR9 enter the
UNC93B1-dependent secretory pathway from the endoplasmic
reticulum (ER) through the trans-Golgi network (TGN) to
endosomes. However, receptors are subject to diﬀerential
UNC93B1-related sorting mechanisms [25]. Furthermore,
the endosomal sorting complex required for transport-0
(ESCRT-0), composed of hepatocyte growth factor-regulated
tyrosine kinase substrate (Hrs) and signal transducing
adaptor molecule (STAM), was recently implicated in postGolgi traﬃcking by sorting ubiquitinated TLR7 and TLR9
to endosomes [26], and silencing of Hrs reduced signaling
through TLR7 and TLR9 [27]. Chiang et al. [27] indicated
that Hrs binds directly to particular TLRs and that the interaction of Hrs with TLR9 was much stronger than that with
cell-surface-expressed TLR2. STAM, similar to Hrs, may
demonstrate endosomal localization and display a potent
sorting eﬃciency due to multiple ubiquitin-binding domains
(UBDs). Moreover, it was demonstrated that STAM localizes
prominently to early endocytic vesicles and decidedly regulates morphology of the Golgi apparatus [28], the site where
TLRs are packaged en route to endosomes.
In addition to TLR traﬃcking aimed at ligand recognition, ESCRT-0-mediated sorting of receptors may direct
them for recycling or degradation. Regardless of ligand stimulation, IL-2 receptor β and IL-4 receptor α were consistently
internalized and delivered to late endosomes (LE) in an
ESCRT-dependent manner by association with Hrs [29].
Following activation, receptors such as EGFR, PDGF, or
TLR4 were endocytosed and targeted via the ESCRT pathway
for lysosomal degradation [30–32]. The formation of the
endosomal sorting machinery and its ability to target EGFR
were regulated in this case by modulation of Hrs protein
level, phosphorylation, and ubiquitination [33]. Furthermore, deﬁciencies and overexpression of ESCRT machinery
components led to reduced EGFR degradation [34]. Because
EGFR is responsible for TLR3 phosphorylation, posttranslational modiﬁcations, as well as alterations in the expression
of ESCRT-0 subunits could aﬀect TLR3 signaling.
During HSV infection, release of viral dsRNA from the
cells at the site of brain injury entails TLR3 activation. Upon
phosphorylation by Bruton tyrosine kinase (Btk), c-terminal
Src kinase (c-Src), and epidermal growth factor receptor
(EGFR), the receptor triggers signaling in a pathway that
enrolls transcription factors such as nuclear factor kappa B
(NF-κB), interferon regulatory factor 3 (IRF3), and interferon
regulatory factor 7 (IRF7), responsible for the development of
inﬂammatory response [35–37] (Figure 1). Compared to other
endosomal TLRs, TLR3 engages a diﬀerent adaptor protein
(Toll/interleukin 1 receptor domain-containing adaptor protein inducing IFN-β (TRIF)) for initiation of IRF3 and
NF-κB signaling. Spleen tyrosine kinase (Syk) has been
shown to phosphorylate tyrosine residues of TRIF, the
TLR3 adaptor protein. Such a process leads to the TRIF proteasomal degradation and entails downregulation of the TLR
signaling [38]. Furthermore, Syk signiﬁcantly regulates Hrs
phosphorylation and ubiquitination, as well as its membrane/cytosol localization [39]. Syk is known to function at the
plasma membrane, but also in cytoplasmic and nuclear
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Figure 1: TLR3 signaling in astrocytes. Upon dsRNA recognition in the endosomal compartment, TLR3 undergoes dimerization and
interacts with the TRIF adaptor molecule. TRIF activation is followed by TRAF6 and TRAF3 recruitment. TRAF6 conducts the signal
via RIP-1 and RIP-3 kinases which facilitate NEMO, IKK-α, and IKK-β complex formation, followed by NF-κB phosphorylation and
translocation into the nucleus. TRAF3 engages TBK1 and IKK-i/Ɛ for IRF3 and IRF7 activation, followed by their dimerization and
translocation into the nucleus. This leads to the induction of type I IFNs and proinﬂammatory cytokine gene expression. The dotted
arrows highlight possible roles of ESCRT-0 in TLR3 transport from the ER to the endosome, as well as the role of Hrs and Syk in
TLR3 degradation.

compartments of the cells [40], while Hrs may interact with
Golgi proteins or reside in membranes of early endosomes
and mediate delivery of protein cargo to multivesicular bodies (MVBs) for the subsequent degradation [41]. Consequently, Hrs serves as an important traﬃcking regulator
and both Syk and Hrs may be critical controllers of protein
entry into lysosomes for degradation. However, inﬂuence of
these proteins on TLR3 signaling in CNS cells remains
largely unexplored. The impact of Syk and ESCRT-0 on activation of the immune response may be receptor- and
pathway-speciﬁc. It may be distinctively regulated in various
cellular compartments and types of cells or tissues, as the
ESCRT-0 target proteins may fulﬁll their function in the
endosomes or on the cell surface.
Progression of the antiviral defense is guided by increased
levels of type I interferons (IFNs) (IFNα, IFNβ), cytokines
(IL-1β, IL-6, and TNFα), chemokines (CXCL8, CCL5, and

CXCL10), and other molecules, such as 2′5′OAS. The ground
for the clinical signs of HSE is as follows: impaired but not
abolished IFNα/β and IFNγ production in response to
TLR3 stimulation [42]. Because HSE is manifested in CNS,
attention should be paid to discovering and characterizing
immunological engagement in HSV-1 and HSV-2 control,
particularly related to TLR3 transportation, activation, and
degradation in CNS-resident cells.
In this research, we investigated the involvement of
Syk, Hrs, and STAM in the regulation of the TLR3 signaling pathway in the C8-D1A cell line. Our studies identify
molecular events in murine astrocytes such as phosphorylation of Syk and Hrs and interaction of Syk and Hrs that occur
shortly after TLR3 stimulation. We also show that the receptor undergoes ligand-induced proteolytic processing and
that the N-terminal form of TLR3 exclusively interacts with
Hrs. Finally, we demonstrate that silencing of Syk or Hrs in
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Table 1: Primary antibodies used in the western blot assay.

Antibody
TLR3
TLR3
TLR3
Hrs
Hrs
Hrs
STAM
STAM
STAM
Syk
Syk
PDI
Phospho-Syk
Phosphotyrosine
Phosphotyrosine
IRF3
NF-ĸB p65
IRF7
PARP
Ubiquitin
Ubiquitin
GAPDH

Clone/ID

Isotype

Source

Concentration

PA5-23105a
MA5-16184a
TLR3.7b
15087a
M-79a
C-7a
13053a
H-175a
B-2a
N-19a
4D10a
RL77b
I120-722b
4G10a
61-5800a
4302a
8242a
PA1-12810a
9532a
P4D1a
3933a
MA5-15738a

Polyclonal rabbit
Monoclonal mouse
Monoclonal mouse
Monoclonal rabbit
Polyclonal rabbit
Monoclonal mouse
Polyclonal rabbit
Polyclonal rabbit
Monoclonal mouse
Polyclonal rabbit
Monoclonal mouse
Monoclonal mouse
Monoclonal mouse
Monoclonal mouse
Polyclonal rabbit
Monoclonal rabbit
Monoclonal rabbit
Polyclonal rabbit
Monoclonal rabbit
Monoclonal mouse
Polyclonal rabbit
Monoclonal mouse

Thermo Fisher Scientiﬁc
Thermo Fisher Scientiﬁc
OriGene Technologies GmbH
CST
Santa Cruz Biotechnology
Santa Cruz Biotechnology
CST
Santa Cruz Biotechnology
Santa Cruz Biotechnology
Santa Cruz Biotechnology
Santa Cruz Biotechnology
Thermo Fisher Scientiﬁc
Becton Dickinson Biosciences
Merck
Thermo Fisher Scientiﬁc
CST
CST
Thermo Fisher Scientiﬁc
CST
Santa Cruz Biotechnology
CST
Thermo Fisher Scientiﬁc

2 μg/ml
2 μg/ml
2 μg/ml
1 : 1000
1 : 200
1 : 200
1 : 200
1 : 100
1 : 200
1 : 200
1 : 200
1 : 100
1 : 500
1 : 1000
1 : 1000
1 : 1000
1 : 1000
2 μg/mL
1 : 1000
1 : 200
1 : 1000
1 : 1000

a

Manufacturer’s antibody identiﬁcation. bClone

astrocytes signiﬁcantly upregulates TLR3-directed signaling,
indicating these proteins as targets for modulating TLR3
immune responses.

2. Materials and Methods
2.1. Cell Culture. Murine astrocytes from the C8-D1A cell
line (ATCC® CRL-2541, Manassas, VA, USA) were used in
all experiments. Cells were cultured in DMEM with high glucose and supplemented with 4.0 mM L-glutamine medium
(Sigma-Aldrich, St. Louis, MO, USA), 10% heat-inactivated
FBS (Sigma-Aldrich), and 1% solution of penicillin G, streptomycin, and amphotericin B (Sigma-Aldrich), in a humidiﬁed 5% CO2 incubator at 37°C. Astrocytes were subcultured
according to the protocol described by Freshney [43].
Trypsin-EDTA solution (0.25%, Sigma-Aldrich) was used
to dissociate the C8-D1A cells. Cells from passage 2-15 were
used for the experiments.
2.2. Stimulation of Astrocytes with the TLR3 Agonist. Twenty-four-hour cultures of C8-D1A cells were treated with a
TLR3 agonist, viral dsRNA substitute—poly(I:C) (InvivoGen, San Diego, CA, USA)—or RIG-I/MDA-5 agonist as a
control—poly(I:C)/LyoVec (InvivoGen). At the time of treatment, the culture medium was replaced with fresh medium
containing poly(I:C) or poly(I:C)/LyoVec. The 10 μg/ml
poly(I:C) and 1 μg/ml poly(I:C)/LyoVec concentrations were
determined empirically for further experiments.

2.3. Antibodies and siRNAs. Primary antibodies used in
the study are listed in Table 1. Secondary antibodies used
in the study were goat anti-mouse HRP-conjugated IgG
(1 : 5000, Santa Cruz Biotechnology), goat anti-rabbit HRPconjugated IgG (1 : 5000, Santa Cruz Biotechnology), donkey
anti-goat HRP-conjugated IgG (1 : 5000, Santa Cruz Biotechnology), horse anti-mouse HRP-conjugated IgG (1 : 3000,
CST), and goat anti-rabbit HRP-conjugated IgG (1 : 3000,
CST). siRNAs against TLR3, Syk, Hrs, and STAM were purchased from Santa Cruz Biotechnology together with their
negative control, siRNA-A.
2.4. Western Blot Analysis. At the indicated times or concentrations, astrocytes were processed for protein assays.
Cells were lysed with radioimmunoprecipitation assay (RIPA)
buﬀer (Thermo Fisher Scientiﬁc, Waltham, MA, USA) supplemented with 1% protease and phosphatase inhibitor cocktail
(Thermo Fisher Scientiﬁc), and protein concentration was
determined with the Pierce BCA Protein Assay Kit (Thermo
Fisher Scientiﬁc) and spectrophotometry on an Epoch BioTek
spectrophotometer. Proteins (20 μg/well) from the cells were
separated by SDS-PAGE and electrotransferred onto PVDF
membranes using the Bolt® System (Thermo Fisher Scientiﬁc). After blocking for 2 h in phosphate-buﬀered saline with
Tween (PBST) containing 5% nonfat milk, the blots were
incubated overnight at 4°C with primary antibodies. Subsequently, membranes were washed 3 times after which they
were probed with secondary anti-goat or anti-mouse antibodies conjugated to horseradish peroxidase (HRP) (CST,

Oxidative Medicine and Cellular Longevity
Boston, MA, USA) for 1 h at room temperature and
washed 3 times. The Pierce ECL Western Blotting Substrate
(Thermo Fisher Scientiﬁc) was used to develop, and autoradiography to visualize the protein bands. The intensity of
bands was then analyzed using ImageJ software (NIH,
Bethesda, MD, USA) and was normalized to GAPDH.
2.5. siRNA Transfection. Twenty-four hours prior to transfection with TLR3, Syk, Hrs, and STAM siRNA, 2 × 105
astrocytes per well were seeded in a 6-well plate in the
antibiotic-free normal growth medium. For each transfection, 40 or 80 pmol of the speciﬁc siRNA was added to 8 μl
of the Transfection Reagent (Santa Cruz Biotechnology) to
obtain Transfection Reagent mixture according to the manufacturer’s instructions. Following 45 min incubation of the
mixture at room temperature, cells were washed with Transfection Medium (Santa Cruz Biotechnology) and then the
Transfection Reagent mixture was overlaid onto the washed
cells. After 7 h incubation, a normal growth medium containing 2 times the normal serum was added to the cells without
removing the transfection mixture. Astrocytes were cultured
for 48 h or 72 h from the beginning of the transfection, and
the eﬃciency of each of the siRNA transfection was aﬃrmed
by western blotting (see Figures 2(d), 3(e), and 4(d)).
2.6. Immunostaining and Fluorescence Microscopy. Astrocytes were cultured on 22 mm glass cell culture coverslips in
24-well plates. Untreated or poly(I:C)-treated cells were ﬁxed
for 15 min in phosphate-buﬀered saline (PBS) with 4% paraformaldehyde (Sigma-Aldrich). After washing, cells were
permeabilized with 0.5% Triton X-100 (Sigma-Aldrich) in
PBS and blocked with 3% bovine serum albumin (SigmaAldrich) with 0.1% Triton X-100. Subsequently, cells were
incubated for 1 h with anti-TLR3 or anti-STAM or anti-Syk
or anti-Hrs antibodies (1 : 50, Thermo Fisher Scientiﬁc) and
washed with 0.1% Triton X-100 in PBS. Then, astrocytes
were incubated with secondary antibodies conjugated with
rhodamine Red-X (1 : 100, Jackson ImmunoResearch Laboratories Inc., West Grove, PA, USA) for 1 h. In double
immunoﬂuorescence experiments, cells were incubated for
1 h with the mixture of anti-TLR3 and anti-PDI antibodies
or anti-STAM and anti-PDI antibodies. Next, after washing, cells were incubated for 1 h with a mixture of secondary antibodies conjugated with rhodamine Red-X or FITC
(Jackson ImmunoResearch Laboratories). The cells were
then washed and stained with Hoechst 33342 (SigmaAldrich) for 10 min. Finally, after washing with PBS, the coverslips were mounted in ProLong Gold Antifade Reagent
(Thermo Fisher Scientiﬁc). Fluorescence microscopy was
performed with an Olympus BX60 ﬂuorescence microscope
and analyzed with Cell^F software (Soft Imaging System)
(Olympus, Tokyo, Japan).
2.7. Immunoprecipitation. C8-D1A cells were cultured in a
6-well plate to reach 80-100% conﬂuence. Cells were stimulated with poly(I:C) or poly(I:C)/LyoVec at the indicated
times. If the transfection with speciﬁc siRNA was required,
astrocytes were pretransfected and 48 or 72 h posttransfection stimulated with poly(I:C) or poly(I:C)/LyoVec as
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described in Section 2.2. Subsequently, the cells were lysed
with IP lysis buﬀer (Thermo Fisher Scientiﬁc) supplemented with protease and phosphatase inhibitor cocktail
(Thermo Fisher Scientiﬁc). Syk, Hrs, STAM, and TLR3 were
immunoprecipitated using Catch and Release® v2.0 Reversible Immunoprecipitation System (Merck) according to the
manufacturer’s protocol and subjected for immunoblotting.
Normal mouse IgG (Santa Cruz Biotechnology) was used as
negative control for immunoprecipitation experiments.
2.8. Enzyme-Linked Immunosorbent Assay (ELISA). For the
evaluation of IFNβ, IL-6, and CXCL8 secretion, C8-D1A
cells were seeded in a 6-well plate and transfected with speciﬁc siRNA (for TLR3, Hrs, STAM, or Syk) or siRNA-A as
a negative control. The subsequent concentration of siRNA
and duration of the transfection were based on the result,
which corresponded to the best knockdown eﬃciency of
the speciﬁc protein (see Section 2.4). Following the transfection, cells were detached and seeded in a 24-well plate at a
density of 3 × 105 cells per well in a 0.5 ml normal growth
medium and treated with polyI:C or poly(I:C)/LyoVec or
not treated. After 24 h, the cell supernatants were harvested after centrifugation at 1000 xg for 5 min and stored
at -80°C until analysis in ELISA assays. The tested proteins
were measured with mouse IFN-beta ELISA Kit (R&D
Systems, Minneapolis, MN, USA), mouse IL-6 ELISA Kit
(Thermo Fisher Scientiﬁc), and mouse CXCL8 ELISA Kit
(MyBioSource, San Diego, CA, USA), following the manufacturer’s instructions. The measurements of optical densities
(OD) were done in a microplate reader (Epoch spectrophotometer, BioTek Instruments Inc., Winooski, VT, USA).
Quantiﬁcation of each cytokine concentration in cell supernatants was determined by reading ODs on a linear calibration curve generated for each protein.
2.9. Cell Fractionation. C8-D1A cells were untreated or
treated with poly(I:C) or poly(I:C)/LyoVec for 5, 8, 12, 15,
30, and 60 min. Subsequently, cells were collected and fractionated using NE-PER Nuclear and Cytoplasmic Extraction
Reagents (Thermo Fisher Scientiﬁc) according to the manufacturer’s protocol. Nuclear and cytoplasmic extracts’ protein
concentration was determined using BCA Protein Assay kit
(Thermo Fisher Scientiﬁc). Next, nuclear and cytoplasmic
extracts were subjected to western blot analysis.
2.10. Statistical Analysis. Quantitative data are presented as
mean ± standard deviation (SD) from at least three independent biological experiments (unless otherwise indicated). All
data were analyzed in STATISTICA software (StatSoft,
Poland). Comparisons were made using Student’s t-test. A
p value ≤0.05 (∗ ) or ≤0.01 (∗∗ ) was considered statistically
signiﬁcant.

3. Results
3.1. TLR3 Undergoes Cleavage upon Poly(I:C) Stimulation of
Murine Astrocytes. TLR3 belongs to the subfamily of TLRs
that reside in endosomes. Maintaining appropriate conditions in the interior of these structures not only serves for
appropriate ligand recognition by TLR3 [44] but also enables
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Figure 2: Poly(I:C) treatment of murine astrocytes induces Syk and Hrs phosphorylation and Syk-Hrs interaction. Hrs interacts with the
N-terminal cleaved form of TLR3. (a) After poly(I:C) or poly(I:C)/LyoVec stimulation for 1, 2, 5, 10, and 15 min, the phosphorylation of
Syk was analyzed by Western blot. The density level of phosphorylated Syk was normalized to GAPDH. Data was obtained from three
independent experiments and presented as mean ± SD. ∗ p ≤ 0 05 and ∗∗ p ≤ 0 01. (b) After poly(I:C) or poly(I:C)/LyoVec stimulation for 5,
8, 12, and 15 min, C8-D1A cells were lysed and Hrs was immunoprecipitated using the anti-Hrs antibody. Phosphotyrosine (P-Tyr), Syk,
and TLR3 were then detected by Western blot. (c) Following transfection with Syk siRNA, cells were stimulated with poly(I:C) for 5, 8, 12,
and 15 min and lysed and Hrs was immunoprecipitated using the anti-Hrs antibody. Phosphotyrosine (P-Tyr) was detected by Western
blot. For all immunoprecipitation experiments, 0 min presents untreated cells and mouse IgG were used as a negative control. EL:
immunoprecipitation eluate; FT: immunoprecipitation ﬂow-through; CN: control cell lysate. GAPDH was used as protein loading control.
(d) Syk silencing eﬃciency was visualized by immunoblotting with anti-Syk antibodies.

cleavage by pH-dependent cysteine proteases—cathepsins B,
H, L, and/or S [45, 46]. To evaluate whether astrocytic TLR3
responds to poly(I:C) treatment and undergoes proteolytic
processing, we treated cells with poly(I:C) at diﬀerent concentrations or with poly(I:C)/LyoVec (10 μg/ml) for various
time intervals and performed western blot analysis with the
antibodies directed against amino acid fragment localized
at the N-terminus of the TLR3 protein. Figures 5(a)–5(d)
show that in C8-D1A cells, the receptor occurs in
full-length (TLR3 FL) and N-terminal (TLR3 N) progeny
form. Demonstration of the TLR3 N was possible due to
the use of the monoclonal TLR3 antibody recognizing amino
acids 55-70 of the TLR3 protein. Further, the cleavage of
TLR3 is dose-dependent (Figure 5(a)) and time-dependent
(Figure 5(c)) upon stimulation with poly(I:C). A similar outcome was not observed in the case of astrocytes treated with
poly(I:C)/LyoVec, where the dose (Figure 5(b)) and the time
of stimulation (Figure 5(d)) did not aﬀect the expression
levels of both FL and N forms of TLR3. Western blot data
largely agreed with the densitometric data showing statistically
signiﬁcant (p ≤ 0 05) diﬀerences in amounts of cleaved TLR3
depending on dose (Figure 5(a)) and time (Figure 5(c)) of
exposure of cells to the TLR3 agonist.
3.2. Expression of Syk and Hrs Is Upregulated upon
Stimulation of Murine Astrocytes with Poly(I:C). Recent studies have reported that Syk may be an important controller of
the immune receptor transportation and signaling [38, 47,
48] and that Hrs participates in the regulation of responses
of multiple TLRs [27, 49]. Importantly, Hrs may contribute
to protein cargo sorting as the HRS-STAM heteromer,
homotypic hexamer [50], or in combination with subunits
from other ESCRT complexes, e.g., with tumor susceptibility
gene 101 (TSG101), the ESCRT-I component [51]. Therefore, we investigated if stimulation of astrocytes with the
TLR3 ligand entails changes in the level of Syk, Hrs, and
STAM expression, which could point to the potential role
of these proteins in TLR3 immune modulation. Following
TLR3 stimulation, Syk and Hrs expression was

upregulated in a time-dependent manner (Figure 6(a)),
and densitometric measurements showed highly statistically
signiﬁcant (p ≤ 0 01) diﬀerence for Hrs. Similarly, following
poly(I:C)/LyoVec treatment, the Hrs expression level also
increased, but not to such a high level as following
poly(I:C) treatment (Figure 6(b)). On the contrary, expression of Syk and STAM remained at a similar level throughout
all stimulation time intervals with poly(I:C)/LyoVec
(Figure 6(b)). We also observed a signiﬁcant increase in the
expression of Syk in response to treatment with increasing
concentrations of poly(I:C), in contrast to Hrs (Figure 6(c)).
All the studied proteins exhibited reduced expression level
when astrocytes were treated with poly(I:C)/LyoVec at concentrations of 2 and 5 μg/ml, which could indicate that these
proteins may not participate in MDA5 signaling in murine
C8-D1A cells (Figure 6(d)). Interestingly, no signiﬁcant differences in STAM expression were observed, either after
poly(I:C) treatment of astrocytes with various concentrations or at diﬀerent time courses (Figures 6(a) and 6(c)).
Similar results were observed in STAM expression, after
stimulation of cells with poly(I:C)/LyoVec (Figures 6(b)
and 6(d)).
3.3. Distribution of TLR3 and STAM Is Altered upon Poly(I:C)
Stimulation of Murine Astrocytes. To study whether the
observed changes have a reﬂection in protein distribution at
the cellular level following stimulation and thus better understand the connection between TLR3, ESCRT-0, and Syk in
astrocytes, we examined the localization of TLR3, Syk, Hrs,
and STAM in C8-D1A cells stimulated with poly(I:C)
(10 μg/ml) for 5 min, 4 h, and 24 h. We chose such a time
scale to show that the posttranslational modiﬁcations of Syk
and Hrs that occur within the ﬁrst half hour after TLR3
stimulation are not signiﬁcantly related to the change in their
distribution. Consequently, noticeable modiﬁcation in the
arrangement of TLR3 and STAM was found at 4 h and 24 h
after the addition of poly(I:C) (Figures 7(a) and 7(b)). Our
ﬁndings indicate that TLR3, STAM, Syk, and Hrs are highly
expressed in murine astrocytes (Figures 7(a)–7(d)). To
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Figure 3: NF-κB nuclear translocation is downregulated in poly(I:C)-treated astrocytes with silenced Syk and Hrs. C8-D1A cells were
untreated or treated with poly(I:C) or poly(I:C)/LyoVec for 5 min, 8 min, 12 min, 15 min, 30 min, and 60 min. In advance to the
stimulation, astrocytes were not transfected (a) or transfected with siRNA pools for TLR3 (b), Syk (c), and Hrs (d). Following poly(I:C) or
poly(I:C)/LyoVec treatment, cytoplasmic and nuclear extracts were immunoblotted with anti-NF-κB p65, -IRF3, -IRF7, -GAPDH, and
-PARP antibodies. (e) TLR3 and Hrs silencing eﬃciency was visualized by immunoblotting with anti-TLR3 and -Hrs antibodies.
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Figure 4: Knockdown of Syk and Hrs expression by siRNA upregulates poly(I:C)-induced IFN-β, IL-6, and CXCL-8 production. C8-D1A
cells were transfected with control siRNA-A or siRNA pools for TLR3, Syk, Hrs, and STAM. Following the transfection, astrocytes were
treated with poly(I:C) (10 μg/ml) for 24 h. IFN-β (a), IL-6 (b), and CXCL-8 (c) were measured in culture supernatants by ELISA. Because
Syk transfection lasted 48 h, in each experiment, supernatants from untreated (not treated (Syk)), poly(I:C)-treated (poly(I:C) (Syk)), and
poly(I:C)-treated cells with silenced Syk (siRNA Syk) were tested in the group independent from cells with silenced TLR3, Hrs, and
STAM, where transfection lasted 72 h. (d) STAM silencing eﬃciency was visualized by immunoblotting with anti-STAM antibodies. Data
was obtained from three (IFN-β, CXCL-8) or ﬁve (IL-6) independent experiments and presented as mean ± SD. ∗ p ≤ 0 05 and ∗∗ p ≤ 0 01.

validate the colocalization of TLR3 and STAM with ER,
we performed staining of the ER with the anti-protein disulﬁde isomerase (anti-PDI) antibody (Figures 7(e) and 7(f)).
TLR3 and STAM exhibited distinct distribution patterns in

indicated time courses of poly(I:C) stimulation. In nontreated
cells (resting cells), TLR3 was localized near the cell nucleus,
most likely in the ER, whereas after stimulation it gradually
dispersed until it was evenly distributed throughout the cell
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Figure 5: TLR3 of murine astrocytes is cleaved upon stimulation of cells with poly(I:C). Representative western blots of TLR3 expression in
C8D1A cells treated with various concentrations of poly(I:C) (0, 0.1, 1, 2, 5, and 10 μg/ml) (a) or poly(I:C)-LyoVec (0, 0.1, 1, 2, and 5 μg/ml)
(b) and lysed 24 h after stimulation. TLR3 expression was also analyzed in cells treated with poly(I:C) at concentration 10 μg/ml (c), or with
poly(I:C)-LyoVecat concentration 1 μg/ml (d), and lysed at various times of stimulation (0, 30 min, 1 h, 2 h, 4 h, 8 h, and 24 h). TLR3 FL:
full-length TLR3; TLR3 N: cleaved N-terminal TLR3 form; GAPDH: protein loading control. Densitometry analysis of TLR3 forms was
performed in cells treated with indicated poly(I:C) concentrations for 24 h (a), indicated poly(I:C)/LyoVecconcentrations for 24 h (b),
10 μg/ml poly(I:C) for indicated time points (c), or 1 μg/ml poly(I:C)/LyoVec for indicated time points (d). The density level of each
protein was normalized to GAPDH. Data was obtained from three independent experiments and presented as mean ± SD. ∗ p ≤ 0 05 and
∗∗
p ≤ 0 01.
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Figure 6: Stimulation of murine astrocytes with poly(I:C) leads to the time-dependent increase in Syk and Hrs expression, while the
expression of STAM does not signiﬁcantly change after stimulation of cells with the TLR3 ligand. Representative western blots of Hrs,
Syk, and STAM expression in C8D1A cells treated with various concentrations of poly(I:C) (0, 0.1, 1, 2, 5, and 10 μg/ml) (a), or
poly(I:C)-LyoVec (0, 0.1, 1, 2, and 5 μg/ml) (b), and lysed 24 h after stimulation. Hrs, Syk, and STAM expression was also analyzed
in cells treated with poly(I:C) at concentration 10 μg/ml (c), or with poly(I:C)-LyoVecat concentration 1 μg/ml (d), and lysed at
various times of stimulation (0, 30 min, 1 h, 2 h, 4 h, 8 h, and 24 h). GAPDH was used for evaluating protein loading control. Densitometry
analysis of Hrs, Syk, and STAM was performed in cells treated with indicated poly(I:C) concentrations for 24 h (a), indicated
poly(I:C)/LyoVecconcentrations for 24 h (b), 10 μg/ml poly(I:C) for indicated time points (c), or 1 μg/ml poly(I:C)/LyoVec for indicated
time points (d). The density level of each protein was normalized to GAPDH. Data was obtained from three independent experiments and
presented as mean ± SD. ∗ p ≤ 0 05 and ∗∗ p ≤ 0 01.
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Figure 7: Immunostains of TLR3, Syk, Hrs, and STAM expression and localization in C8D1A cells after treatment with poly(I:C). C8-D1A
murine astrocytes were not treated or treated with poly(I:C) (10 μg/ml) for 5 min, 4 h, and 24 h, ﬁxed and immunostained with speciﬁc
antibodies. Selected images present intracellular distribution of TLR3 (a), Syk (b), Hrs (c), and STAM (d) (red ﬂuorescence). To visualize
colocalization of ER with TLR3 or STAM, following poly(I:C) stimulation at the indicated time points, cells were double stained with
anti-TLR3 (red) and anti-PDI (green) antibodies (e), or with anti-STAM (red) and anti-PDI (green) antibodies (f). Nuclear DNA was
stained with Hoechst 33342 (blue ﬂuorescence). Scale bar = 10 μm, N.T. = no treatment.

following 24 h of poly(I:C) treatment (Figures 7(a) and 7(e)).
Similarly, the majority of STAM was present in the perinuclear region in untreated cells, whereas in poly(I:C)-stimulated
cells, the longer the duration of stimulation, the larger the
dispersion and abundance of the protein vesicles was
observed (Figures 7(b) and 7(f)). We observed a similar distribution of Syk and Hrs in untreated cells and cells stimulated with poly(I:C) (Figures 7(c) and 7(d)); most of the
proteins were located near the nucleus, while part was dispersed in the cytoplasm.
3.4. Stimulation of Cells with the TLR3 Ligand Promotes
Syk Activation and Leads to Syk-Hrs Interaction, Tyrosine
Phosphorylation of Hrs, and Hrs Interaction with the
N-Terminal Cleaved Form of TLR3. Knowledge regarding
factors that contribute to the activation of Syk in TLR

signaling still needs to be broadened; however, it has been
indicated that TLR ligands are capable of inducing Syk activation [52]. Furthermore, it has been demonstrated that
Hrs is the target of Syk activity during high-aﬃnity IgE
receptor (FcεRI) endocytosis and that Syk orchestrates
Hrs intracellular localization—cytosolic Hrs is ubiquitinated, while Hrs phosphorylation leads to the transfer of
Hrs to the membrane compartments [39]. Here, we demonstrate that poly(I:C) stimulation of astrocytes leads to rapid
phosphorylation of Syk, which appears at 1 min and peaks
at 2-5 min following TLR3 stimulation (Figure 2(a)). Western blot data corresponded with the densitometric analysis
where the highest level of Syk phosphorylation was observed
1-2 min after the addition of poly(I:C) (Figure 2(a)). Such a
result is consistent with the work of Cao et al. [53], where
phosphorylation of the Tyr-346 residue of Syk was detected
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at 1 min, and a maximal Syk phosphorylation increase was
observed at 5 min poststimulation of FcεRI in MCP5 cells.
We have not observed Syk phosphorylation after the addition
of poly(I:C)/LyoVec to the cells (Figure 2(a)). To investigate
whether Syk could associate with Hrs, lysates from astrocytes
stimulated or unstimulated with poly(I:C) for the indicated
time points were subjected to immunoprecipitation with
anti-Hrs antibody and probed with anti-Syk antibody. In
the ﬁfth minute after the addition of the TLR3 ligand, we
detected an interaction of Syk and Hrs (Figure 2(b)), which
peaked between 5 and 12 min and decreased within 15 min of
stimulation, whereas such interaction did not occur after the
addition poly(I:C)/LyoVec to the cells (Figure 2(b)). A similar result was observed after FcεRI activation, where the
Syk-Hrs interaction was maximal at 5 min and decreased
to near-baselinewithin 20 min of stimulation [39]. Next, we
evaluated whether Hrs may serve as a substrate for
Syk-mediated phosphorylation. Lysates from unstimulated
or poly(I:C)-stimulated astrocytes were subjected to immunoprecipitation with anti-Hrs antibody and probed with
anti-phosphotyrosine antibody. Stimulation of cells with
poly(I:C) resulted in tyrosine phosphorylation of Hrs
(Figure 2(b)). Importantly, Hrs phosphorylation peaked
at 5-12 min following the addition of poly(I:C), which is
consistent with the peak of the Syk-Hrs interaction. Hrs
phosphorylation was undetectable in cells stimulated with
poly(I:C)/LyoVec (Figure 2(b)). We did not observe phosphorylation of Hrs after the addition of poly(I:C) to the cells
treated with siRNA against Syk (Figure 2(c)), indicating that
Syk may be the crucial kinase responsible for Hrs modiﬁcation. Furthermore, following immunoprecipitation of astrocytic lysates with anti-Hrs antibody and immunoblotting
with antibody recognizing amino acids at the N-terminal
part of TLR3, we observed that the TLR3 N-terminal progeny form interacts in increasing amounts with Hrs following
poly(I:C) stimulation (Figure 2(b)).
3.5. Poly(I:C) Treatment of Murine Astrocytes Induces TLR3
Tyrosine Phosphorylation and Promotes Interaction with
Hrs. Previous studies have identiﬁed Hrs as the protein that
directly interacts with TLRs such as TLR2, TLR4, TLR7,
and TLR9 [27, 32, 49]. To investigate whether Hrs associates
with TLR3, lysates from astrocytes unstimulated or stimulated with poly(I:C) were subjected to immunoprecipitation with anti-TLR3 antibody. Probing of the immunoblot
with anti-Hrs antibody showed that Hrs bound to TLR3 in
nonstimulated cells. However, an increasing proportion of
Hrs associated with TLR3 in a time-dependent manner
(Figure 8(a)) in poly(I:C) stimulated cells. A similar result
was observed in the case of TLR4, the receptor constitutively
associated with Hrs, and the interaction increased after
TLR4 stimulation [32]. Following poly(I:C)/LyoVec cell
stimulation, only a small amount of Hrs was associated with
TLR3 (Figure 8(a)). Similarly, following TLR3 immunoprecipitation, we probed immunoblots with anti-STAM antibody and determined whether the second ESCRT-0 subunit
interacts with TLR3. Interestingly, we did not observe any
interaction between TLR3 and STAM, either following
poly(I:C) or poly(I:C)/LyoVec stimulation of astrocytes
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(Figure 8(a)). Furthermore, we wanted to address if poly(I:C)
induces TLR3 ubiquitination. By probing western blots of
immunoprecipitated TLR3 with anti-ubiquitin antibody, we
showed that TLR3 is similarly ubiquitinated in C8-D1A cells
treated with poly(I:C) or poly(I:C)/LyoVec (Figure 8(b)).
Such modiﬁcation of TLR3 may condition the interaction
with ubiquitin-binding molecules, e.g., Hrs. Because
ubiquitin ligases are known to interact with tyrosinephosphorylated proteins, we examined the level of TLR3
phosphorylation in nonstimulated and poly(I:C)-stimulated
cells. Phosphorylation of the receptor was observed 8 min
after the addition of poly(I:C) and later (Figure 8(a)), which
may indicate that TLR3 modiﬁcation such as ubiquitination
is not fully dependent on the receptor’s phosphorylation.
Finally, we investigated whether Hrs-STAM interaction
may be promoted by stimulation of cells with poly(I:C).
While the majority of the Hrs cellular pool remained unassociated with STAM, the greater part of STAM interacted with
Hrs in a time-dependent manner following TLR3 stimulation
(Figure 8(c)). Such a result indicates that Hrs may not reside
in the same cellular localization as STAM; however, the
addition of poly(I:C) may foster interaction between these
proteins.
3.6. Changes in the Intracellular Localization of NF-κB,
IRF3, and IRF7 in TLR3-, Syk-, and Hrs-Depleted Astrocytes
following TLR3 Stimulation. After describing molecular
interactions between Syk and Hrs, as well as TLR3, Syk,
and Hrs posttranslational modiﬁcations following poly(I:C)
stimulation of C8-D1A cells, we investigated the role of Syk
and Hrs in poly(I:C)-induced NF-κB, IRF3, and IRF7 nuclear
translocation. Following the addition of poly(I:C) to the
control cells, we observed translocation of NF-κB and IRF3
to the nucleus (Figure 3(a)). In contrast, NF-κB and IRF3
did not accumulate in the nucleus of TLR3-depleted cells
stimulated with poly(I:C) (Figure 3(b)). Furthermore, NF-κB
nuclear translocation was downregulated in poly(I:C)-treated
astrocytes with knocked-down Syk, and shortage of Syk
also appeared to minimally aﬀect nuclear translocation of
IRF3 in C8-D1A cells (Figure 3(c)). In Hrs-depleted cells
NF-κB activation was reduced to a certain extent after
stimulation with poly(I:C), whereas translocation of IRF3 to
the nucleus remained intact in comparison to the control
cells (Figure 3(d)). Interestingly, the amount of IRF7 localized in the nucleus was similar throughout the duration of
poly(I:C) or poly(I:C)/LyoVec stimulation, and its physiological level was also observed in the nontreated cells (0 min
time point, Figures 3(a)–3(d)).
3.7. A Role for Syk, Hrs, and STAM in the Regulation of TLR3
Signaling. To verify the inﬂuence of Syk, Hrs, and STAM
knockdown on the response of C8-D1A cells to TLR3 ligand
stimulation, we transfected astrocytes with the speciﬁc siRNAs and subsequently activated the cells with poly(I:C). Following cell stimulation, secreted IFNβ, IL-6, and CXCL8
were quantiﬁed by ELISA. In Syk-knockdown cells, poly(I:C)
signiﬁcantly increased secretion of IFNβ (p ≤ 0 05), IL-6
(p ≤ 0 01), and CXCL8 (p ≤ 0 05) compared to poly(I:C)-stimulated cells without Syk depletion (Figures 4(a)–4(c)).
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Figure 8: Poly(I:C) treatment of murine astrocytes induces TLR3 tyrosine phosphorylation and promotes interaction with Hrs. (a) After
poly(I:C) or poly(I:C)/LyoVec stimulation for 5, 8, 12, 15, and 30 min, C8-D1A cells were lysed and TLR3 was immunoprecipitated using
the anti-TLR3 antibody. Phosphotyrosine (P-Tyr), Hrs, and STAM were then detected by Western blot. (b) Following poly(I:C) or
poly(I:C)/LyoVec stimulation for 5, 8, 12, andn 15 min, C8-D1A cells were lysed and TLR3 was immunoprecipitated using the anti-TLR3
antibody. Ubiquitin was detected by Western blot. Blue arrows indicate ubiquitinated TLR3. (c) Following poly(I:C) stimulation for 5, 8,
12, and 15 min, murine astrocytes were lysed and STAM and Hrs were immunoprecipitated using anti-STAM and anti-Hrs antibodies,
respectively. Hrs and STAM were detected by Western blot. For all immunoprecipitation experiments, 0 min presents untreated cells and
mouse IgG were used as a negative control. EL: immunoprecipitation eluate; FT: immunoprecipitation ﬂow through; CN: control cell
lysate. GAPDH was used as protein loading control.

Knockdown of Hrs in C8-D1A cells signiﬁcantly enhanced
poly(I:C)-dependent induction of IFN-β, IL-6, and CXCL8
secretion (p ≤ 0 05), while levels of IFNβ and CXCL8 in
STAM-depleted cells stimulated with poly(I:C) were not signiﬁcantly diﬀerent from those in poly(I:C)-treated controls,
apart from IL-6 (p ≤ 0 05) (Figures 4(a)–4(c)). Collectively,
these results indicate that Syk and Hrs are involved in TLR3mediated signaling events. Because Syk and Hrs knockdown
results in the increase of IFN-β, IL-6, and CXCL8 secretion,
Syk and Hrs may serve to regulate TLR3-mediated immune
response in intact astrocytes.

4. Discussion
In our study, we reveal that astrocytic TLR3 undergoes proteolytic processing and that the expression of TLR3 N
increases in proportion to the poly(I:C) dose and length of
exposure. Presentation of TLR3 in such a manner may modulate the level of response to viral dsRNA, especially in CNS
cells. For example, such TLR3 form may constitute a negative
regulator of signaling, as found for TLR9 [54], but this
requires further investigation. TLR3 present in mammalian
cells has a size of approximately 110 kDa; however, cleaved
TLR3 molecules have been shown to remain associated and
are also capable of binding the TLR3 ligand [55, 56]. Such
TLR3 conﬁguration may represent the primary form of the
receptor, and it is possible that the cleavage is aimed at actuating the novel receptor attributes, other than separation of
the two progeny fragments. Conclusions from previous studies on the role of TLR3 cleavage are ambiguous. Proteolytic
processing of TLR7 or 9 by cathepsins is required for signaling; however, TLR3 cleavage may not determine the

activation of the immune response [57]. The addition of the
cathepsin inhibitor or mutation at the TLR3 cleavage site
did not inﬂuence TLR3 response to poly(I:C) in 4 cell lines,
although inhibition of cleavage decreased the abundance of
the receptor to be degraded in lysosomes [46]. On the other
hand, TLR3 cleavage was indispensable for the receptor activation in murine RAW cells [58]. Zhang et al. [59] linked
mutation situated in the region of the TLR3 cleavage and
critical for dsRNA binding (P554S) in a patient suﬀering
from HSE with the loss of TLR3 function in CNS cells and
increased penetrance of the disease through insuﬃcient antiviral response. This highlights the importance of proper
TLR3 cleavage and its possible inﬂuence on ligand recognition and activation of the signaling pathway.
Hrs and STAM are components of the ESCRT-0 transportation complex; however, they also function as separate
proteins, e.g., Hrs bound in the membrane occurs partly as
a monomer and partly as a form associated with STAM
[50]. Hrs appears to be only partially involved in cooperation
with STAM in C8-D1A cells not stimulated or stimulated
with poly(I:C) (Figure 8(c)), and we did not observe any signiﬁcant diﬀerences in the TLR3-mediated immune response
level following STAM depletion (Figures 4(a)–4(c)). This
indicates that after TLR3 activation in astrocytes, Hrs may
interact with proteins from complexes other than ESCRT-0.
ESCRT-0 subunits, alone or in combination with other proteins, may moonlight in manifold activities; e.g., Hrs in cooperation with the product of tumor susceptibility gene 101
(TSG101), an ESCRT-I subunit, leads to the endocytic downregulation of EGFR [51]. This protein is a tyrosine kinase
responsible for the phosphorylation of Tyr858 of TLR3,
a modiﬁcation indispensable for the recruitment of TRIF
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[36]. Silencing of Hrs, resulting in the reduced degradation of
EGFR and concomitantly increased activatory inﬂuence on
TLR3, could manifest in an increase of TLR3-mediated
innate response to poly(I:C) and possibly viral dsRNA. Furthermore, we have demonstrated that TLR3 interacts with
Hrs, which may have a direct inﬂuence on the fate of the
receptor. Hrs may be involved in directing TLR3 N to the
degradative pathway, as is the case with various cell membrane receptors. This, particularly, appears likely because
IFNβ, IL-6, and CXCL8 secretion following knockdown of
Hrs was higher compared to cells with intact Hrs. In the noncanonical ESCRT-0 pathway, which does not engage MVBs
or lysosomes, Hrs has been implicated in targeting of ubiquitinated TLR9 and TLR7 to endosomes for ligand recognition.
Furthermore, Hrs silencing blocked the nuclear transportation of NF-κB p65 and reduced the level of TNFα and
IFNα secretion following TLR9 stimulation [27]. We performed a similar experiment to examine NF-κB activation
in the astrocytes with the knockdown of Hrs. Following
TLR3 stimulation, NF-κB exhibited reduced but not abolished transportation to the cell nucleus. However, we did
not observe a signiﬁcant inﬂuence of Hrs knockdown on
the nuclear accumulation of IRF-3 or IRF-7, suggesting that
Hrs neither is a key moderator nor participates in signaling
steps leading to the intracellular transfer of these transcription factors. Furthermore, knockdown of Syk and Hrs in
C8-D1A cells increased TLR3-dependent IFNβ, IL-6, and
CXCL8 secretion following stimulation with poly(I:C). This
suggests that Syk and Hrs participate in TLR3-mediated
innate response to dsRNA; however, it is likely that Hrs
potentially engages in the signaling events not related to
TLR3 endosomal traﬃcking aimed at ligand detection, as
in the case of TLR7 and TLR9. Syk may play a dual role in
TLR4 activation by promoting the signaling through mediation of endocytosis or inhibiting signaling from the plasma
membrane [60], similar to Hrs, which supports contradictory cellular events leading to degradation or recycling of
numerous receptors. Following LPS sensing, ubiquitinated
TLR4 interacts with Hrs on the way to degradation in lysosomes and it is possible that other cell surface TLRs are trafﬁcked in the analogous manner [32]. It should be noted
that although we were unable to acquire complete silencing
of Syk, the knockdown achieved was adequate to aﬀect
Hrs phosphorylation, NF-κB nuclear translocation, or IFNβ,
IL-6, and CXCL8 secretion. We speculate that deprivation of
the cells of the vast majority of Syk is suﬃcient to prevent Hrs
phosphorylation, which may indicate Syk as the key protein
responsible for Hrs activation. Therefore, the shortage in
Syk followed by lack of Hrs phosphorylation may be reﬂected
in subsequent cellular events associated with TLR3 signaling.
Posttranslational modiﬁcations play important roles in
the regulation of Hrs activity, and Hrs phosphorylation has
been proven to correlate with EGFR degradation [33]. Interestingly, astrocytes exhibited phosphorylation of a small proportion of the cellular pool of Hrs (Figure 2(b)), which is
consistent with the Hrs phosphorylation level observed
downstream of EGFR activation by Stern et al. [33]. If Hrs
was implicated in retaining of degradative transportation of
TLR3, the depletion of Syk and Hrs would open the
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possibility of prolonged TLR3 recruitment in the signaling
cycle. It is highly probable that following viral
dsRNA-mediated stimulation of astrocytes, concurrent with
endosomal traﬃcking, ligand recognition, and execution of
the TLR3 signaling cascade, a process leading to
ligand-induced degradation of the receptor is initiated with
the aim of modulating and maintaining the proinﬂammatory
response at an adequate level.
Indirect immunoﬂuorescence analysis revealed that
TLR3 and STAM exhibited distinct staining patterns at different time courses after poly(I:C) stimulation (Figures 7(a)
and 7(b)). STAM was found to colocalize with ER, Golgi,
and endosomal markers and participate in the reconstruction
and restoration of the Golgi structure [28]. Owing to the VHS
domain, STAM may interact with the Golgi-localizing proteins and participate in protein sorting at the trans-Golgi
network [61, 62]. Thus, the distribution pattern of STAM
observed after poly(I:C) stimulation may reﬂect its functions related to intracellular TLR3 traﬃcking; however, this
requires further investigation. Another unique attribute of
STAM is the diphosphorylated immune tyrosine activation
motif (ITAM) [63], the distinctive sequence found in the
cytoplasmic subunits of B and T cell receptors, as well as Fc
receptors. Upon phosphorylation, ITAM serves as a ligand
for SH2 domains of various cytoplasmic tyrosine kinases,
e.g., Syk. Following docking at ITAM, kinase undergoes conformational changes, resulting in autophosphorylation of the
Syk catalytic domain. Such an event increases Syk enzymatic
activity and leads to propagation of downstream signaling
[64, 65]. We used speciﬁc anti-Syk mouse (pY342) antibodies
to conﬁrm that conserved tyrosine Y-342 in the Syk SH-2
linker region was phosphorylated following TLR3 activation
(Figure 2(a)). Mutation of this particular tyrosine residue
alone was found to diminish Syk ability to interact with other
proteins, while a concomitant mutation in Y-346 induced a
signiﬁcant reduction in FcεRI-mediated signaling [66]. Lin
et al. [52] conﬁrmed that stimulation with poly(I:C) led to
the activation of Syk in bone marrow-derived macrophages
(BMDM) and RAW.264.7 macrophages; however, phosphorylation of the kinase was detected 15 min after stimulation of the cells. We have shown that Syk undergoes rapid
phosphorylation and associates with Hrs after poly(I:C)
stimulation of astrocytes (Figures 2(a) and 2(b)); however,
it cannot be precluded that such interaction occurs with
the participation of other proteins. Further, studies are necessary to conﬁrm whether STAM may associate with the phosphorylated SH-2 domain of the Syk via its ITAM region,
although the ITAM-independent pathway may underlay
Syk-Hrs interaction.
The possibilities where Syk may aﬀect TLR responses
are manifold; in this work, we addressed the ways in which
Syk could inﬂuence TLR3 signaling and cytokine responses
in cells of brain origin. Syk may play reverse roles in mediating TLR-dependent responses by opposingly regulating the
ubiquitination of TRAF3 or TRAF6 [60]. Furthermore,
Syk might inhibit MyD88-dependent production of proinﬂammatory cytokines and augment the TRIF-dependent
expression of IFN-dependent genes. Despite the fact that
Syk-mediated TRIF phosphorylation leads to TRIF
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proteasomal degradation resulting in downregulation of TLR
signaling [38], phosphorylation of this adaptor protein is
critical for the activation of the type I IFN pathway [67].
Thus, the observed restriction of NF-κB nuclear localization
in the absence of Syk (Figure 3(c)) appears to correspond
with insuﬃcient activatory inﬂuence on the TRIF phosphorylation [67]. Most recently, preclinical and clinical studies
highlight pharmacological inhibitors of Syk as promising
drug targets, due to their inhibitory inﬂuence on the
inﬂammatory responses [52, 68, 69]. Nevertheless, some
studies present contradictory ﬁndings—Syk deﬁcient cells
exhibit higher proinﬂammatory response than do wild-type
cells [70, 71], and such a relationship has been pointed out
for Syk-dependent inhibition of TLR signaling [38]. Our data
distinguish Syk as the balancing component in
TLR3-mediated immune response, intended to avoid
unstrained production of inﬂammatory factors.
TLR3 expression may be modulated by proinﬂammatory
molecules that are upregulated in various neurodegenerative
disorders [72]. Recently, the essential role of astrocytes was
highlighted in the course of such neurodegenerative diseases
as multiple sclerosis (MS), amyotrophic lateral sclerosis
(ALS), AD, Parkinson’s disease (PD), and HIV-1 associated
dementia (HAD) [73–77].
Importantly, recent reports explore and conﬁrm the possible role of HSV-1 infection in the pathogenesis of the most
common form of dementia—AD [78, 79]. Therapies targeting glial cells might beneﬁt the cells aﬀected by neurodegenerative disorders. There is good support for the hypothesis
that Aβ secreted by cells may constitute an antimicrobial
protein (AMP) and astrocytes may produce it as an essential
defensive component of the innate immunity [80]. Furthermore, inﬂammatory agents that appear during both acute
and chronic brain infections may upregulate amyloid precursor protein levels in both astrocytes of murine and human
brain [81]. During H3N2 and H1N1 inﬂuenza A viruses
(IAV) or HSV-1 infections, Aβ may play a protective role
against these pathogens and constitute a host response to
infection, e.g., reduce virus replication in neurons or prevent
viral entry into the cells [82, 83]. On the other hand, HSE,
and particularly recurrent or persistent HSV-1 infections in
the brain, may be the determining factors that increase the
risk of AD development. The extent to which HSV-1 infection may contribute to the deposition of Aβ in the brain
was analyzed by Wozniak et al. [9]. In brains of people suﬀering from AD, HSV-1 nucleic acid was found in 90% of Aβ
plaques, while over 70% of viral DNA was associated with
the plaques. These data indicate HSV-1’s presence in the
brain as one of the initiating factors in the formation of Aβ
plaques in the brain, as well as an important factor that
may lead to the onset of AD. Knowledge regarding TLR3
biology in brain cells is signiﬁcant since the receptor is crucial in combating HSV-1 infection. Results obtained in this
work contribute to the understanding of TLR3 functioning
in astrocytes.
A functional TLR3 reveals as an essential component
of natural immunity to HSV-1 in the brain, while impaired
innate immunity to HSV-1 may increase susceptibility to
HSE in children and adults. Here, we point out Syk and
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Hrs as immune factors which inﬂuence TLR3 signaling that
may aﬀect inﬂammatory-mediated encephalitic responses
during HSE. Details regarding how Syk and Hrs inﬂuence
TLR3-mediated antiviral response call attention to novel
elements which may require careful examination when
analyzing the TLR3 activity in CNS, such as the role of posttranslational modiﬁcations of these proteins, or contribution
of TLR3 N-terminal form in mounting the eﬀective antiviral
defense. Precise regulation of the TLR3 transportation and
degradation, most likely related to Syk and Hrs, is essential
for maintaining the adequate level of an active receptor and
generating an eﬀective immune response.

5. Conclusions
Endosomal TLR3 undergoes cleavage upon poly(I:C) stimulation of murine astrocytes in a dose- and time-dependent
manner. Stimulation of murine astrocytes with poly(I:C)
upregulates the expression of Syk and Hrs in a timedependent manner and additionally in a dose-dependent
manner for Syk, while the expression of STAM is not
aﬀected. Distribution of TLR3 and STAM is altered, from a
perinuclear location in nonstimulated cells to a much dispersed arrangement upon poly(I:C) stimulation of astrocytes.
The increased expression of Syk appears to orchestrate its
activation and eventual interaction with Hrs followed by
tyrosine phosphorylation of Hrs, which in turn interacts with
the N-terminal form of TLR3. Knockdown of TLR3, Syk, or
Hrs followed by TLR3 stimulation of astrocytes leads to perturbations in nuclear translocation of NF-κB and IRF3, while
IRF7 is not inﬂuenced. Moreover, Syk and Hrs knockdown
results in the increase of IFNβ, IL-6, and CXCL8 secretion.
These results suggest that Syk and Hrs have a regulatory role
in signaling through TLR3 in murine astrocytes.
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Herpes simplex virus type 1 (HSV-1) has the ability to replicate in neurons and glial cells and to produce encephalitis leading to
neurodegeneration. Accumulated evidence suggests that nitric oxide (NO) is a key molecule in the pathogenesis of neurotropic
virus infections. NO can exert both cytoprotective as well as cytotoxic eﬀects in the central nervous system (CNS) depending on
its concentration, time course exposure, and site of action. In this study, we used an in vitro model of HSV-1-infected primary
neuronal and mixed glial cultures as well as an intranasal model of HSV-1 in BALB/c mice to elucidate the role of NO and
nonapoptotic Fas signalling in neuroinﬂammation and neurodegeneration. We found that low, nontoxic concentration of NO
decreased HSV-1 replication in neuronal cultures together with production of IFN-alpha and proinﬂammatory chemokines.
However, in HSV-1-infected glial cultures, low concentrations of NO supported virus replication and production of IFN-alpha
and proinﬂammatory chemokines. HSV-1-infected microglia downregulated Fas expression and upregulated its ligand, FasL.
Fas signalling led to production of proinﬂammatory cytokines and chemokines as well as induced iNOS in uninfected bystander
glial cells. On the contrary, NO reduced production of IFN-alpha and CXCL10 through nonapoptotic Fas signalling in
HSV-1-infected neuronal cultures. Here, we also observed colocalization of NO production with the accumulation of β-amyloid
peptide in HSV-1-infected neurons both in vitro and in vivo. Low levels of the NO donor increased accumulation of β-amyloid
in uninfected primary neuronal cultures, while the NO inhibitor decreased its accumulation in HSV-1-infected neuronal
cultures. This study shows for the ﬁrst time the existence of a link between NO and Fas signalling during HSV-1-induced
neuroinﬂammation and neurodegeneration.

1. Introduction
Herpes simplex virus type 1 (HSV-1) causes a contagious
infection that aﬀects approximately 60% to 95% of adults
worldwide. HSV-1 is associated mainly with infections of
the mouth, pharynx, face, eye, and central nervous system
(CNS). The virus persists in the body by becoming latent in
the cell bodies of nerves after the primary infection. People
infected with HSV-1 can expect to have several (typically four
or ﬁve) outbreaks (symptomatic recurrences) within a year.
HSV-1 has the ability to replicate in neurons and glial cells
and to produce acute focal, necrotizing encephalitis localized
in the temporal and subfrontal regions of the brain [1, 2].
Herpes simplex encephalitis (HSE) predominantly aﬀects

children and the elderly, is one of the most common forms
of viral encephalitis, and has remarkably poor outcomes
despite the availability of good antiviral therapy [3–5].
Pathogen-induced neurodegeneration occurs by both
direct eﬀects on brain cells and indirect inﬂammatory and
oxidative eﬀects. Mounting evidence suggests that HSV-1
exposure to neuronal cells results in cellular production of
β-amyloid proteins (Aβ). Mouse brains infected with HSV-1
showed increases in Aβ42 ﬁve days postintranasal infection
compared to uninfected controls [6]. In HSV-1-infected
human neuroblastoma cells, experimentally induced oxidative stress was found to signiﬁcantly enhance the accumulation of intracellular Aβ and to inhibit Aβ secretion [7].
HSV-1 interactions with oxidative stress are signiﬁcant
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because oxidative damage is thought to occur early in the
pathogenesis of Alzheimer disease (AD) [8].
Microglia and astroglia are consistently found surrounding amyloid plaques in AD brains [9]. Aβ deposition causes a
microglial-mediated inﬂammatory response [10]. Proinﬂammatory molecules have been shown to be involved in
pathways of neuronal apoptosis [11]. Aβ-stimulated microglia secrete TNF-α and glutamate in vitro, resulting in simultaneous activation of neuronal TNF-α and N-methyl-Daspartate (NMDA) receptors and subsequent neuronal
apoptosis [11]. Additional neurotoxic compounds produced
by activated microglia include superoxide, hydrogen peroxide, and nitric oxide. Fas and other receptors from the tumor
necrosis factor (TNF) receptor family upon interaction with
their ligands (e.g., FasL) trigger the so-called death receptor
pathway of apoptosis [12]. Fas is not expressed in the adult
brain under physiological conditions, but it has been detected
in the brains of patients with AD, in human malignant astrocytic brain tumors, during ischemic injury, in multiple sclerosis (MS), and in HIV encephalopathy (HIVE) [13, 14],
while FasL expression during neuroinﬂammation is detected
mainly on inﬁltrating myeloid cells or on the activated
microglia [15, 16].
Nitric oxide (NO) is a signalling molecule synthesized
from the amino acid L-arginine via enzymes called NOsynthases (NOS) [16]. There are three diﬀerent kinds of
NOS [16]. NOS is induced in a variety of experimental virus
infections in rats and mice, including neuroviruses, such as
Borna disease virus, herpes simplex virus type 1, and rabies
virus [17–19]. Viral or synthetic dsRNA, also in conjunction
with interferon gamma (IFN-γ), increases the expression
and activity of NF-κB, which further induces iNOS expression [20].
Previous studies have shown that HSV-1 is susceptible to
the eﬀects of NO in vivo in mice and rats [19]. Despite its
antiviral activity, NO is not always beneﬁcial, as it can promote the pathogenesis of HSV-1 by damaging cells in host
tissues [19]. In a prooxidant environment, NO reacts with
superoxide anion to generate peroxynitrite (ONOO−), a
highly reactive anion [21, 22]. Peroxynitrite has been shown
to induce lipid peroxidation, as well as functional alterations
to proteins through tyrosine nitration (nitrotyrosination)
[21, 22]. These modiﬁcations are molecular markers of
AD [21, 22].
It was suggested that increased expression of all NOS
forms in astrocytes and neurons contributes to the synthesis
of peroxynitrite which leads to generation of nitrotyrosine,
which can be detected in blood and cerebrospinal ﬂuid
(CSF) of AD patients [21]. Also, aberrant expression of
nNOS in cortical pyramidal cells colocalized with nitrotyrosine in the brains of AD patients and it correlated with the
cognitive impairment [21, 22].
We have previously shown that the lack of the Fasdependent pathway of apoptosis plays an important role in
the elimination of the inﬂammation surrounding the HSV2-infected sites and regulation of monocyte-induced inﬂammation during HSV infection [23]. Here, we hypothesize
that both the NO and Fas/FasL pathways are involved in
HSV-1 induced neuroinﬂammation and neurodegeneration
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during HSV-1 infection. The Fas/FasL pathway leads to
increased levels of NO observed during both in vitro and
in vivo HSV-1 infection, which in turn can contribute to
Aβ aggregation.

2. Materials and Methods
2.1. Cell Lines and Virus. Murine astrocyte C8-D1A and
African green monkey kidney (Vero) cell lines were purchased from the American Type Culture Collection (ATCC®
CRL-2541™ and ATCC® CCL-81™, respectively). C8-D1A
cells were grown in Dulbecco’s modiﬁed essential medium
(D-MEM), supplemented with 10% fetal bovine serum
(FBS), 4 mM L-glutamine, 1 mM sodium pyruvate (Gibco
by Thermo Fisher Scientiﬁc, Carlsbad, CA, USA), 5 g/l
glucose, 100 U/ml penicillin, 100 μg/ml streptomycin, and
0.25 μg/ml amphotericin B (Thermo Fisher Scientiﬁc) in
standard conditions. Vero cells were grown in Eagle’s
minimum essential medium, supplemented with 10% FBS,
100 U/ml penicillin, 100 μg/ml streptomycin, and 0.25 μg/ml
amphotericin B (Thermo Fisher Scientiﬁc).
HSV-1 strain McKrae [24] was grown (PFU/ml) in
African green monkey kidney (Vero) cells. Virus titers were
determined by plaque assay on Vero cells.
2.2. Primary Neuronal Cultures and Mixed Glial Cultures.
BALB/c mice were used to establish primary culture of
murine neurons, as described before [25]. Neuronal cells
were cultured in B-27 Neuron Plating Medium consisting of neurobasal medium, B-27 supplement, glutamine
(200 mM), glutamate (10 mM), antibiotics (penicillin and
streptomycin), 10% FBS, and horse serum (Thermo Fisher
Scientiﬁc) in standard conditions. At day 3, 1 μM AraC
(cytosine β-D-arabinofuranoside) for 24 hrs was added.
Four days after plating, the medium was removed and
replaced with Neuron Feeding Medium (B-27 Neuron
Plating Medium without glutamate). In this medium,
murine neurons were maintained for the next 6 days, prior
to treatment.
Mixed glial cultures were obtained as described by
Draheim et al. [26]. In brief, whole brains of neonatal BALB/c
mice were taken and blood vessel and meninges were
carefully removed. Then, the whole brains of ﬁve mice were
pooled together and digested with 0.25% trypsin/Hanks’
balanced salt solution for 10 minutes. Next, the homogenate
was ﬁltered through a 70 μm cell strainer (BD Biosciences)
into a 50 ml conical tube. After rinsing the ﬁlter with PBS,
the resulting cell suspension was centrifuged again at 300 g
for 5 min at room temperature. The pellet was dissolved in
Dulbecco’s modiﬁed Eagle’s/F12 medium with GlutaMAX
(DMEM/F12) supplemented with 10% FBS, 100 units/ml
penicillin, 100 μg/ml streptomycin (Thermo Fisher Scientiﬁc), and 5 ng/ml murine recombinant granulocyte and
macrophage colony stimulating factor (GM-CSF) (SigmaAldrich, St. Luis, MO, USA). Medium was changed every
72 h, and the mixed glial cells were used for experiments after
two weeks of culture. The cultures consisted of 40% CD11b+
cells and 60% GFAP+ cells as assessed by ﬂow cytometry
(details below).
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Both neuronal and mixed glial cultures were infected
with HSV-1 at MOI = 1 for 24 h and subjected to treatment
with the NO donor—sodium nitroprusside (SNP) (1000,
500, 100, 50, and 10 μM)—and the inhibitor of iNOS—
aminoguanidine (AMG, 50 μM).
2.3. Intranasal HSV-1 Infection. Six- to 10-week-old male
mice were anesthetized with isoﬂurane (Geulincx), and 106
PFU (plaque-forming units) of the puriﬁed HSV-1 contained
in 10 μl was inhaled by the mice. The control mice inhaled
PBS. The mouse colonies and all of the experimental procedures were performed according to the institutional animal
care and use guidelines. From 24 h before infection up to 5
days of infection, mice received aminoguanidine sulphate
(100 mg/kg body weight, intraperitoneally) (Sigma-Aldrich)
dissolved in physiological saline. Five days later, mice of both
treated groups were sacriﬁced and their trigeminal ganglia as
well as brains were collected for further assays. The brains
were ﬁxed in 4% paraformaldehyde (PFA) in PBS, then
saturated with 30% sucrose, frozen in liquid nitrogen, and
used to prepare cryostat sections.
2.4. Virus Titration. Total DNA was isolated from trigeminal
ganglia and brains preserved in RNA later (Thermo Fisher
Scientiﬁc, MA, USA) using RNA/DNA Extracol kit (EURx,
Gdansk, Poland). HSV-1 was detected using a HSV-1 probe
labeled with FAM in a real-time PCR instrument Stratagene
MX4000 Real-Time qPCR System (Agilent Technologies,
USA) as described by Namvar et al. [27] and Orłowski et al.
[28]. A plasmid vector pCR 2.1 containing an envelope glycoprotein (gB) gene fragment was constructed and puriﬁed by
the Institute of Biochemistry and Biophysics Polish Academy
of Sciences (Warsaw, Poland). Standard curve analysis was
based on Ct values and serial of 10-fold dilutions of the plasmid standard with an initial concentration of 2 62 × 106
HSV-1 genome copy numbers per reaction. A standard curve
was included in each PCR run. The ampliﬁcation eﬃciency
E was calculated from the standard curves, using the
formula E = 10 −1/a − 1, where a is the slope. Data are
expressed as the HSV-1 copy number per ng of the total
DNA in the tissue.
2.5. Flow Cytometry Analysis. Cell suspensions prepared
from cell cultures by the use of trypsin were pretreated with
the Fc receptor block rat anti-CD16/32 antibody (2.4G2)
(BD Biosciences, Franklin Lakes, NJ, USA) according to the
manufacturer’s protocol. Astrocytes were detected by antiGFAP-FITC or APC-conjugated antibody (GA5, eBioscience),
and microglia were stained with rat anti-CD11b-APC
(M1/70, BD Biosciences). For detection of Fas and FasL,
cells were washed in 1% FBS/PBS, and then, FITCconjugated hamster anti-mouse Fas antibody (Jo2, BD Biosciences) and PE-conjugated hamster anti-mouse FasL
antibody were used (MFL3, BD Biosciences). For all
staining, rat IgG2a, rat IgG2b, and hamster IgG1 isotype
antibodies conjugated with appropriate ﬂuorochromes were
used (BD Biosciences). Apoptosis in single cell suspensions
was detected using Annexin V- APC Apoptosis detection kit
(BD Biosciences), according to the manufacturer’s protocol.
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The annexin V+ and propidium iodide (-) cells were scored
as apoptotic, while annexin V+/propidium iodide (+) cells
as secondary necrotic and annexin V (-)/propidium iodide
(+) cells as necrotic. Apoptotic/secondary-, apoptotic/
necrotic CD11b+-, or GFAP+-positive cells were detected
by prestaining with anti-CD11b-FITC (M1/70, BD Biosciences) and anti-GFAP-FITC (GA5, eBioscience) antibodies.
Intracellular antigens were detected using Cytoﬁx/Cytoperm
ﬁxation/permeabilization kit (BD Biosciences) according to
the manufacturer’s protocol and by using anti-iNOS-PE antibody (CXNFT, eBioscience). The stained cell suspensions
were analyzed in FACS Calibur for the percentage of positively
stained cells or the mean ﬂuorescence intensity.
2.6. Immunoﬂuorescent Staining and Microscopy Analysis.
Primary murine neurons or mixed glial cultures seeded on
glass coverslips in a 6-well plate were infected with HSV-1.
At 24 h p.i. (hour post infection), neuronal cells were washed
twice in PBS (Sigma-Aldrich) and ﬁxed in 3.7% paraformaldehyde/PBS (Sigma-Aldrich) for 10 min at room temperature (RT), and then, permeabilization with 0.5% Triton
X-100 (Sigma-Aldrich) solution in PBS was performed.
Before staining, slides with cell cultures or brain cryosections
were blocked with PBS containing 1% bovine serum albumin
(BSA) and 0.5% saponin (Sigma-Aldrich) for 30 min at RT.
For immunophenotypic characterization and identiﬁcation
of iNOS, Fas, FasL, and Aβ, slides were stained by means of
immunoﬂuorescence with appropriate antibodies: antiCD11b-APC (M1/70, BD Biosciences) and anti-GFAP-APC
(GA5, eBioscience), anti-Fas-APC (Jo2, BD Biosciences),
biotinylated anti-FasL (MFL3, BD Biosciences), anti-iNOSPE (CXNFT, eBioscience), anti-NeuN-biotin (A60, Sigma),
and anti-β-Amyloid (NAB228; Thermo Fisher Scientiﬁc)
antibodies (dilution 1 : 100, overnight). After several washes
with PBS, slides were incubated with secondary antibodies:
Alexa 647 goat anti-mouse IgG (dilution 1 : 1000, 1 h, RT)
and Streptavidin-Alexa 647 (dilution 1 : 200, 1 h, RT). The
presence of viral antigen was detected by using rabbit mAb
anti-HSV (dilution 1 : 250, 1 h, RT) and anti-rabbit FITC
(dilution 1 : 200, 1 h, 37°C). Slides were mounted in ProLong
Gold Antifade Reagent (Thermo Fisher Scientiﬁc) with
DAPI. Noninfected cell cultures or uninfected brains served
as negative control. Images were acquired using Leica SP8
resonant scanning confocal system (Leica Microsystem, Wetzlar, Germany). Stacks of confocal 8-bit images with a pixel
size of 0.186 μm and a 0.5 μm Z step were acquired using
40x oil immersion objective (NA 1.30).
2.7. Western Blot Analysis. Cultured neuronal cells prepared
as described before were ﬁrst washed with ice-cold PBS and
lysed in N-PER Neuronal Protein Extraction Reagent
(Thermo Fisher Scientiﬁc) containing protease and phosphatase inhibitors (Halt Phosphatase Inhibitor Cocktail and Halt
Protease Inhibitor Cocktail; Thermo Fisher Scientiﬁc), for
20 min on ice. The lysates were clariﬁed by centrifugation
for 15 min at 4°C. Quantitation of the protein content in
lysates was performed with Micro BCA Protein Assay Kit
(Thermo Fisher Scientiﬁc) and spectrophotometry on an
Epoch BioTek spectrophotometer. Samples containing
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20 μg of protein were incubated with Laemmli sample buﬀer
containing β-ME (Bio-Rad; Hercules, CA, USA) for 5 min at
95°C. Subsequently, the samples and protein markers were
electrophoresed on a 10% polyacrylamide Bis-Tris Plus gel
with MES running buﬀer and transferred onto a PVDF membrane. The membrane was blocked with 5% BSA in TBST
and incubated overnight with primary mAb Aβ (NAB228;
Thermo Fisher Scientiﬁc). After several washes in 0.1%
Tris-buﬀered saline (TBS) Tween 20, blots were incubated
with HRP-conjugated secondary antibodies for 1 h at RT
and developed using enhanced chemiluminescence (Clarity
Western ECL Substrate; Bio-Rad). The protein bands were
visualized by ChemiDoc™ MP Imaging System (Bio-Rad).

upregulation of HSV-1 replication (p ≤ 0 05) (Figure 1(c)),
while 1000 μM SNP inhibited HSV-1 replication (p = 0 045).
AMG had no eﬀect upon HSV-1 replication in C8-1A
astrocytes, while it signiﬁcantly inhibited HSV-1 replication
in mixed glial cells (p = 0 02) (Figure 1(b)). Furthermore,
AMG showed diﬀerent eﬀects upon HSV-1 replication in
the mouse model of neuroinfection (Figure 1(d)). At day 5
post infection (p.i.), HSV-1 DNA copies in mice treated
with AMG were signiﬁcantly higher in trigeminal ganglia
(TG) in comparison to those in untreated mice (p ≤ 0 01)
(Figure 1(d)). However, treatment with AMG led to signiﬁcantly lower HSV-1 titers in the whole brain tissue
(p ≤ 0 01) (Figure 1(d)).

2.8. Quantitative Reverse Transcriptase-Polymerase Chain
Reaction for Cytokines and Chemokines. Total RNA was
isolated from cells using Universal RNA Puriﬁcation Kit
(Eurx). Transcripts of IFN-α, CXCL9, CXCL10, TNF-α,
and GADPH were quantiﬁed using TaqMan® Gene Expression Assays (Thermo Fisher Scientiﬁc). All PCR reactions
were carried out with QuantiFast Probe RT-PCR Kit
(QIAGEN, Hilden, Germany) using a real-time PCR instrument Stratagene MX4000 Real-Time qPCR System (Agilent
Technologies) according to the manufacturer’s protocol.
The 2−ΔΔCt method was used in calculating the relative ratio
to control uninfected tissue.

3.2. Nitric Oxide Protects Infected Microglial Cells from Cell
Death. The main sources of NO in HSV-1-infected primary
neuronal and glial cell cultures were microglial cells and only
a small proportion of astrocytes (Figures 2(a) and 2(b)). Flow
cytometric analysis of mixed glial cultures for the percentage
of iNOS+ cells showed that 23 ± 1 5% of CD11b+ were
positive for iNOS, while 1 9 ± 0 54% of GFAP+ astrocyte
cells were positive for iNOS (Figure 2(c)). In the brains of
HSV-1-infected mice, HSV-1-positive cells were detected in
the cerebellum, brain stem, midbrain, and tissue lining the
lateral ventricles. Not only CD11b+-positive cells surrounding HSV-1-infected sites were positive for iNOS (Figure 3)
but also single GFAP+ astrocytes positive for iNOS were
found (Figure 3). The increased staining for iNOS was not
associated with HSV-1 staining or staining for neurons
(NeuN+) (Figure 3).
Infected neuronal cultures showed no apoptosis upon
HSV-1 infection (data not shown), while primary glial cells,
consisting of astrocytes and microglia, showed upregulation
of apoptosis and secondary necrosis (Figure 4(a)). Upon
HSV-1 infection, only CD11b+ microglial cells show significant increase in apoptosis and secondary necrosis induction (p ≤ 0 05) (Figure 4(a)). Interestingly, while the nitric
oxide donor caused increase in apoptosis induction in control, uninfected cells (p ≤ 0 05) (Figure 4(a)), it protected
HSV-1-infected microglial cells from secondary necrosis
(p ≤ 0 05) (Figure 4(a)). Both infected and uninfected neuronal cultures are not susceptible to Fas-induced apoptosis by
cytotoxic recombinant sFasL (data not shown). Similarly,
uninfected and infected mixed glial cultures also did not
respond by apoptosis to stimulation of Fas receptor by sFasL
(data not shown). Fas stimulation led to signiﬁcant upregulation of iNOS expression not only in HSV-1-infected glial cells
but also in uninfected cells from infected and control mixed
glial cultures (Figure 4(b)).

2.9. Statistical Methods. Data are presented as the mean ±
standard error of the mean (SEM) from at least three
independent experiments. Data were analyzed using a twotailed paired Student’s t-test (normal distribution) or with
nonparametric Kruskal-Wallis, and Wilcoxon tests were
applied using BioStat 2009 software. In every analysis, values
of p ≤ 0 05 were considered signiﬁcant.

3. Results
3.1. Inﬂuence of NO upon HSV-1 Replication Depends on the
Cell and Organ Type. To ascertain the susceptibility of HSV-1
replication in cell cultures to NO, sodium nitroprusside
(SNP) was used as an exogenous NO donor at the concentration range of 1000-50 μM and aminoguanidine sulphate
(AMG) at the concentration of 50 μM was used as an inhibitor of inducible nitric oxide synthase (iNOS). The SNP
concentration ≤ 100 μM and AMG concentration ≤ 50 μM
have been shown in the literature as nontoxic to neuronal cultures, while for glial cells, toxic doses of SNP are ≥1000 μM
[29, 30]. As indicated in Figure 1(a), the whole range of SNP
concentrations inhibited HSV-1 replication in primary neuron cultures, while inhibition of iNOS caused no signiﬁcant
upregulation of HSV-1 replication (p ≤ 0 01) (Figure 1(a)).
The primary glial culture consisting of microglia and
astrocytes showed a dose-dependent eﬀect of NO upon
HSV-1 replication (Figure 1(b)). Concentrations of SNP ≥
500 μM caused a signiﬁcant inhibition of HSV-1 replication (p ≤ 0 01) (Figure 1(b)), while SNP concentrations ≤
100 μM signiﬁcantly stimulated HSV-1 replication (p ≤ 0 05)
(Figure 1(b)). The astrocyte C8-D1A cell line showed a
similar eﬀect: SNP at ≤100 μM led to the signiﬁcant

3.3. Nitric Oxide Inﬂuences Production of Cytokines and
Chemokines. To determine how NO can inﬂuence local
inﬂammation during HSV-1, we measured expression levels
of selected cytokines and chemokines in primary neuronal
and mixed glial cultures at 24 p.i. We found that while no
expression of cytokines or chemokines was detected in
uninfected neuronal cultures, HSV-1 infection upregulated
mRNA expression levels for IFN-alpha, TNF-alpha, CXCL9,
and CXCL10 (Table 1). The NO donor—SNP—signiﬁcantly
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Figure 1: Nitric oxide inﬂuences HSV-1 replication. (a) Primary neuronal cultures and (b) primary glial cultures and (c) C8-D1A astrocyte
cell line were subjected to treatment with the NO donor (SNP) or the inhibitor of iNOS (AMG) for 24 h and harvested for determination of
HSV-1 DNA copies by PCR. (d) Numbers of HSV-1 DNA copies in the trigeminal ganglia (TG) and brains obtained at day 5 post intranasal
infection with HSV-1 with or without treatment with AMG (100 mg/kg) were assessed by PCR. Means are expressed as mean ± SEM
for n = 7; ∗ signiﬁcant diﬀerences with p ≤ 0 05, while ∗∗ p ≤ 0 01 in comparison to infected controls.

downregulated expression of IFN-alpha, TNF-alpha, and
CXCL10 in HSV-1-infected neuronal culture (p ≤ 0 05)
(Table 1). Addition of sFasL to uninfected neuronal cultures
led to upregulation of TNF-alpha and CXCL10 expression
(Table 1). Furthermore, sFasL signiﬁcantly induced expression of CXCL10 and reduced expression of TNF-alpha in
HSV-1-infected cultures (p ≤ 0 05), while when coadded with
the NO donor, it downregulated TNF-alpha and CXCL10
expression and upregulated CXCL9 expression (p ≤ 0 05)
(Table 1). Upon HSV-1 infection, mixed glial cultures upregulated INF-alpha, TNF-alpha, CXCL9, and CXCL10 mRNA
expression levels (p ≤ 0 01) (Table 2). The NO donor signiﬁcantly upregulated mRNA expression levels for TNF-alpha,
while it downregulated mRNA expression levels for IFNalpha, CXCL9, and CXCL10 in HSV-1-infected mixed glial
cultures (p ≤ 0 05) (Table 2). AMG signiﬁcantly upregulated INF-alpha expression in comparison to HSV-1infected cultures (p = 0 002) (Table 2). Addition of sFasL

in uninfected mixed glial cultures led to upregulation of
TNF-alpha, IFN-alpha, and CXCL9 expression levels
(p ≤ 0 05) (Table 2).
However, sFasL downregulated TNF-alpha expression in
HSV-1-infected glial cultures (p = 0 45) (Table 2). On the
contrary, sFasL signiﬁcantly upregulated CXC9 and CXCL10
expression levels in HSV-1-infected glial cultures (p ≤ 0 05)
(Table 2). Coaddition of sFasL and the NO donor signiﬁcantly downregulated TNF-alpha, CXCL9, and CXCL10
mRNA expression levels (p ≤ 0 05) (Table 2).
3.4. Fas and FasL Expression Can Be Regulated by Nitric
Oxide. HSV-1 infection of mixed glial primary cultures led
to signiﬁcant downregulation of Fas expression on microglial
cells (p ≤ 0 05) (Figure 5(a)) in comparison to uninfected
cells, while it had no inﬂuence upon Fas expression on
astrocytes (p ≥ 0 05) (Figure 5(a)). The NO donor—SNP—
signiﬁcantly downregulated Fas expression both on infected
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Figure 2: Cells positive for iNOS in HSV-1-infected mixed cultures. Representative confocal images of mixed glial cultures uninfected (a) or
HSV-1 infected (b) at 24 h p.i. and stained for HSV-1, astrocytes (GFAP+), microglia (CD11b+), and iNOS (inducible NOS). Nuclei were
counterstained with DAPI. (c) Percentage of CD11b+ and GFAP+ cells positive for iNOS accessed by ﬂow cytometry in HSV-1-infected
and control uninfected mixed glial cultures. Means are expressed as mean ± SEM for n = 3; ∗ signiﬁcant diﬀerences with p ≤ 0 05, while
∗∗
p ≤ 0 01.
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Figure 3: Microglia are the main source of iNOS in HSV-1-infected brains. Representative confocal images of brain stems obtained at day 5
p.i. with HSV-1. Neurons were identiﬁed as NeuN+-positive cells, while astrocytes as GFAP+ and microglia as CD11b+ and costained for
iNOS and HSV-1. Nuclei were counterstained with DAPI.

astrocytes and microglial cells (p ≤ 0 05) (Figure 5(a)) in
comparison to uninfected control (p ≤ 0 05) (Figure 5(a)).
AMG added to HSV-1-infected primary glial cultures
upregulated Fas expression to the levels observed in control,
uninfected cells (Figure 5(a)). SNP signiﬁcantly increased
FasL expression on microglial and astrocyte cells from uninfected primary cell cultures (p ≤ 0 05) (Figure 5(b)). HSV-1

infection led to signiﬁcant upregulation of FasL expression
only on microglia, while either SNP or AMG had no inﬂuence upon FasL expression in HSV-1-infected mixed glial
cultures (Figure 5(b)). In HSV-1-infected mixed glial cultures, FasL-positive cells were identiﬁed as surrounding the
infected cells, but also on infected cells. No Fas expression
was detected on infected glial cells (Figure 5(c)).
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Figure 4: Nitric oxide protects microglia from cell death, while Fas signalling stimulates iNOS expression. (a) Percentage of apoptotic
(annexin V+/propidium iodide -), secondary necrotic (annexin V+/propidium iodide+), and necrotic (annexin V-/propidium iodide+)
CD11b+ cells in mixed glial cultures subjected to HSV-1 infection and treatment with the NO donor (SNP, 100 μM) and the inhibitor of
iNOS (AMG, 50 μM) for 24 h. (b) Percentage of iNOS+ cells in mixed glial cultures infected with HSV-1 for 24 h. Means are expressed
as mean ± SEM for n = 3; ∗ signiﬁcant diﬀerences with p ≤ 0 05, while ∗∗ p ≤ 0 01 in comparison to uninfected control, † represents a
signiﬁcant diﬀerence with p ≤ 0 05 in comparison to HSV-1-infected cells.
Table 1: Cytokine and chemokine expression in neuronal primary cultures.
TNF-alpha

IFN-alpha

CXCL9

CXCL10

Control + NO donor

n.d.

n.d.

n.d.

n.d.

Control + iNOS inhibitor

n.d.

n.d.

n.d.

n.d.

sFasL

3 37 ± 0 8

n.d.

n.d.

52 22 ± 6 7

HSV-1

30 225 ± 5 1

24 25 ± 4 5

0 29 ± 0 2

109 13 ± 21 3

HSV − 1 + NO donor

10 69 ± 3 4∗

2 78 ± 0 9∗

n.d.

17 26±5 6∗∗

n.d.

n.d.

n.d.

n.d.

HSV − 1 + iNOS inhibitor
HSV − 1 + sFasL

8 59 ± 1 11∗

n.d.

n.d.

137 93 ± 3 1∗

HSV − 1 + NO donor + sFasL

3 86±0 9∗∗

n.d.

3 1∗ ± 0 5

53 2 ± 3 33∗

Cytokine and chemokine expression changes in the neuronal cultures at 24 h p.i. with HSV-1. Neuronal cultures were subjected to treatment with the NO
donor—SNP (100 μM)—and the inhibitor of iNOS—AMG (50 μM)—and sFasL (0.1 μg/ml). mRNA levels of IFN-alpha, TNF-alpha, CXCL9, and CXCL10
are shown as expression relative to control on the basis of the 2−ΔΔCt method. mRNA levels were counted from three PCR reactions for each sample.
∗
p ≤ 0 05 and ∗∗ p ≤ 0 01 versus HSV-1-infected control. n.d. means not detected.

Table 2: Cytokine and chemokine expression in mixed glial primary cultures.
TNF-alpha

IFN-alpha

CXCL9

CXCL10

Control + NO donor

0 71 ± 0 03

0 45 ± 0 01

0 94 ± 0 02

1 27 ± 0 34

Control + iNOS inhibitor

1 01 ± 0 02

1 1 ± 0 45

0 17 ± 0 04

1 1 ± 0 03

†

†

††

sFasL

8 88 ± 1 89

4 5±0 7

HSV-1

86 ± 9 1††

7422 ± 892††

152 ± 29††

424 ± 39††

HSV − 1 + NO donor

189±35∗∗

1247±299∗∗

95 ± 23∗

146±49∗∗

79 ± 12

10401±501∗∗

294±51∗∗

215±61∗∗

5673 ± 1329

445±91

∗∗

552 ± 59∗∗

6427 ± 987

110 ± 23∗

150±45∗∗

HSV − 1 + iNOS inhibitor
HSV − 1 + sFasL
HSV − 1 + NO donor + sFasL

43 ± 5

∗

49 ± 6 6∗

45 2 ± 0 54

n.d.

Cytokine and chemokine expression changes in the mixed glial cultures at 24 h p.i. with HSV-1. Mixed glial cultures were subjected to treatment with the NO
donor—SNP (100 μM)—or the inhibitor of iNOS—AMG (50 μM). mRNA levels of IFN-alpha, TNF-alpha, CXCL9, and CXCL10 are shown as expression
relative to control on the basis of the 2−ΔΔCt method. mRNA levels were counted from three PCR reactions for each sample. ∗ p ≤ 0 05 and ∗∗ p ≤ 0 01 versus
HSV-1-infected control and † p ≤ 0 05 and †† p ≤ 0 01 versus uninfected control. n.d. means not detected.
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Figure 5: Nitric oxide regulates Fas/FasL expression on glial cells. Percentage of Fas-positive (a) and FasL-positive (b) microglial (CD11b+)
and astrocyte (GFAP+) cells in mixed glial cultures subjected to HSV-1 infection and treatment with the NO donor (SNP 100 μM) and the
inhibitor of iNOS (AMG 50 μM) for 24 h. (c) Representative confocal images of mixed glial cultures infected with HSV-1 for 24 h and stained
for Fas, FasL, iNOS, and HSV-1. Means are expressed as mean ± SEM for n = 3; ∗ signiﬁcant diﬀerences with p ≤ 0 05, while ∗∗ p ≤ 0 01 in
comparison to uninfected control.

In the brains of HSV-1-infected BALB/c mice, FasLpositive cells were identiﬁed mostly as infected and uninfected CD11b+ cells surrounding HSV-1-infected sites, while
only single FasL-positive GFAP+ cells were identiﬁed within
the infected sites (Figure 6). Fas expression was detected in
uninfected controls, while very little or no Fas expression
was detected in HSV-1-infected brains (Figure 6). While
we could detect cells positive for Fas expression in the uninfected control animals around neuronal cells, the infected
area showed decreased Fas expression on the surrounding
cells (Figure 6).
3.5. Nitric Oxide Production during HSV-1 Infection Adds to
Aβ Accumulation. We performed tests to determine whether
HSV-1 infection and NO production modulate amyloid
precursor protein (APP) proteolysis processing into Aβ.
It has been previously shown that HSV-1 causes the accumulation of intracellular Aβ in human neuroblastoma cells
[6]. As a ﬁrst step, the Aβ presence in cultured neurons
and in the brains of HSV-1-infected mice was examined
by immunoﬂuorescence (Figures 7(a) and 7(b)). Intracellular
or extracellular Aβ was barely detectable in uninfected cells.
In contrast, HSV-1 infection induced a strong elevation of

Aβ at 24 h p.i., both in neuronal culture and in the brains
of HSV-1-infected mice (Figures 7(a) and 7(b)). Aβ was
accumulated extracellularly around the HSV-1-infected
neurons in the brains of HSV-1-infected mice at 5 d p.i.
within the midbrain, brain stem, and hypothalamus
(Figure 7(a)). Aβ also colocalized with HSV-1 antigens
(Figures 7(a) and 7(b)). In primary neuronal cultures,
Aβ was found mostly in the perikaryons of infected cells
but also colocalized with HSV-1 antigens within processes
(Figure 7(b)). In addition, we demonstrated colocalization
of iNOS-positive cells at HSV-1-infected sites with accumulated Aβ (Figure 7(a)).
To conﬁrm that not only HSV-1 infection but also NO
production led to signiﬁcant upregulation of Aβ levels, we
incubated cultured neurons with the NO donor—SNP
(100 μM)—or the inhibitor of iNOS—AMG (50 μM). Using
Western blot analysis, we found that the NO donor signiﬁcantly upregulated Aβ levels in both noninfected (positive
control with NO donor) and HSV-1-infected neurons,
in comparison to negative control (without NO donor)
(Figures 7(c) and 7(d)). Furthermore, treatment with the
inhibitor of iNOS caused downregulation of Aβ levels
in infected neurons (Figures 7(c) and 7(d)).
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Figure 6: Microglia are the main source of FasL in HSV-1-infected brains. Representative confocal images of the brains obtained at day 5 p.i.
with HSV-1. Tissue sections from brain stems were stained for microglia (CD11b+), astrocytes (GFAP+), neurons (NeuN), Fas, and FasL.
Nuclei were counterstained with DAPI.

4. Discussion
There is a growing body of evidence that nitric oxide (NO), a
ubiquitous gaseous cellular messenger, plays signiﬁcant roles
in a variety of neurobiological processes. Several functions of
this regulatory molecule have been identiﬁed in the nervous
system, such as vasodilatation, neurotransmission, and host

defence mechanisms [31, 32]. However, NO can exert both
cytoprotective and cytotoxic eﬀects in the central nervous
system (CNS) [33, 34], depending on its concentration, time
course exposure, and presence/absence of ROS at particular
levels and cells. NO is a neuroprotectant at low levels, while
it might behave as a toxicant at higher concentrations [35].
Overproduction of NO is caused by inducible NO synthase
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Figure 7: Nitric oxide production during HSV-1 infection adds to Aβ accumulation. (a) Representative confocal images of brains obtained at
day 5 p.i. with HSV-1, with the hypothalamus and midbrains stained for HSV-1, Aβ, NeuN (neuronal marker), and iNOS. (b) Neuronal
culture positive for Aβ and HSV-1. (c, d) Western blot analysis of Aβ in HSV-1-infected and control uninfected neuronal cultures
subjected to treatment with the NO donor SNP (100 μM) or the inhibitor of iNOS AMG (50 μM) for 24 h. Means are expressed as the
mean densitometric value ± SEM for n = 3. ∗ Signiﬁcant diﬀerences with p ≤ 0 05. Nuclei were counterstained with DAPI.
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(iNOS), which is usually expressed by inﬂammatory phagocytic cells and other types of cells (e.g., epithelial and glial
cells), and it has a defence function against bacteria, fungi,
and parasites [36]. iNOS produces a much larger amounts
of NO for a longer time than the other two constitutive
enzymes, neuronal NOS and endothelial NOS [37].
NOS is induced in a variety of experimental virus infections in rats and mice, including Borna disease virus, herpes
simplex virus type 1, and rabies virus, and in human diseases
caused by human immunodeﬁciency virus-1 (HIV-1) and
hepatitis B virus (HBV) [17, 18, 38, 39]. Furthermore, its
induction in virus infection can be mediated indirectly by
proinﬂammatory cytokines such as interferon-γ (IFN-γ)
[40] and directly, by virus components, for example, an
envelope glycoprotein of HIV, gp41, triggers iNOS expression in human astrocytes and murine cortical brain cells
in culture [41]. Evidence suggests that localized production
of NO early during HSV brain infection may be responsible
for decreased neuronal infection [42, 43]. In this study, we
found that antiviral eﬀects of NO actually depended upon
the type of HSV-1-infected cells and the concentration of
the NO donor. In primary neuronal cultures, NO caused
signiﬁcant reduction of HSV-1 replication irrespectively of
the used concentration, while in astrocytes, the NO donor
supported HSV-1 replication if used at ≤100 μM, while at
higher concentrations, it blocked HSV-1 replication. Inhibition of iNOS activity in HSV-1-infected BALB/c mice led to
upregulation of virus replication in trigeminal ganglia, but
it had an opposite eﬀect upon the brain infection. The
results obtained here for trigeminal ganglia are consistent
with papers published by Gamba et al. and Benencia
et al., showing that the iNOS inhibitor, aminoguanidine,
increased HSV-1 replication upon ocular and intranasal
infection outside the CNS, respectively [42, 43]. The main
sources of NO in HSV-infected trigeminal ganglia are dendritic cells (DCs) and monocytes/macrophages (Mo/Mϕ),
which, together with type I IFNs, are essential for the early
immune response against HSV [44]. Therefore, we may conclude that high levels of NO produced by macrophages and
dendritic cells can block early stages of HSV infection in
the peripheral nervous system, while low concentrations of
NO actually provide advantageous eﬀect for HSV replication
in astrocytes. This may explain why the iNOS inhibitor—
AMG—blocked replication of the virus in the brain later
during infection.
There are reports showing that treatment of infected
animals with the nonselective NOS inhibitor L-NMMA
resulted in signiﬁcantly improved survival rates, despite no
decrease in viral titers [19, 45]. Similarly, experimental inhibition of NO during neuronal infection with West Nile virus
(WNV) attenuated disease and prolonged survival [46].
During WNV encephalitis, more than 70% of the inﬂammatory monocyte-derived macrophages in the WNV-infected
brain produced NO. Importantly, whereas inhibition of NO
with AMG during the entire course of infection had no eﬀect
on the disease outcome, late inhibition resulted in enhanced
survival of WNV-infected mice [46].
The main sources of NO in the brain during herpes
encephalitis are microglia, as shown by Marques et al. [47].
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In this study, we identiﬁed microglia and only a small portion
of astrocytes in vitro as the main sources of NO in
HSV-1-infected primary mixed glial cultures. Similarly, the
brains of HSV-1-infected BALB/c mice indicated microglia
as the main NO producers, rather than astrocytes, as shown
previously [47].
Upon HSV-1 infection, microglia undergo activation,
which is necessary for host defence, and are the source of
proinﬂammatory cytokines and chemokines, such as tumor
necrosis factor- (TNF-) α, interleukin- (IL-) 1β, CXCL10
[48], and NO [47]. However, the activated state of this cell
type has also been linked to neurotoxicity, neurodegeneration, and chronic neuroinﬂammation in several disorders including Alzheimer’s disease, Parkinson’s disease,
amyotrophic lateral sclerosis, and HIV-associated dementia
[9, 10, 15]. Here, we found that NO inﬂuenced production
of proinﬂammatory cytokines by primary neuronal cultures
and mixed glial cultures.
In neuronal cultures, infection with HSV-1 upregulated
IFN-alpha, TNF-alpha, CXCL9, and CXCL10, while addition
of NO downregulated all tested cytokines and chemokines.
Upon stress, neurons can release multiple cytokines and
chemokines: interleukin 3 (IL-3), TNF-alpha, CXCL9, VEGF,
L-selectin, IL-4, GM-CSF, IL-10, IL-1Ra, MIP, and CCL20
[49]. CXC-type chemokines, including CXCL9 and CXCL10,
are potent chemoattractants for activated T cells, NK cells,
monocytes, dendritic cells, and B cells [49, 50], while type I
interferons (IFN-alpha and IFN-beta) are important in
limiting viral replication and spread in vitro, but also
in vivo at the periphery during initial HSV infection and
virus reactivation [51]. Therefore, while NO produced by
microglial cells helps to reduce viral replication in the
infected neurons but not in astrocytes, it also downregulates
cytokines important for antiviral response in the neuronal
microenvironment. At the same time, NO may induce
production of inﬂammatory TNF-alpha cytokine in the local
site of HSV-1 infection. Therefore, prolonged or strong local
production of NO may further add to HSV-1 local spread
and further pathology by limiting the speciﬁc antiviral
immune response. It has been previously suggested that NO
aﬀects the polarized Th1/Th2 response by a suppressive
eﬀect on Th1 subpopulations [52].
Upon HSV-1 infection, microglial cells undergo an
abortive infection and induce a burst of proinﬂammatory
cytokine and chemokine production. Following the HSV-1
infection, microglia also undergo a cell death—apoptosis
and necrosis, while HSV-1-infected astrocytes suppress
apoptosis. Here, we found that the NO donor at low levels
protected HSV-1-infected microglia from secondary necrosis
but it had no inﬂuence upon apoptosis. Taking into account
that secondary necrotic cells are actually apoptotic cells,
which did not undergo phagocytosis in vitro and microglia
undergo abortive infection, we may conclude that NO protected microglia in HSV-1-infected glial cultures from early
apoptosis following the virus entry.
Antiapoptotic actions of low levels of NO are numerous, ranging from an immediate interference with proapoptotic signalling cascades to long-lasting eﬀects based
on expression of cell protective proteins and the ability
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of NO to block caspases by S-nitrosylation/S-nitrosation
[53]. Thus, we may conclude that NO exerts a doubleedged role during HSV-1 infection. While it inhibits
HSV-1 replication in neurons, NO contributes to microglia- and astroglia-induced chronic neuroinﬂammation and
virus replication.
The extrinsic apoptotic pathway is initiated by ligand
binding to the cell surface death receptor (tumor necrosis
factor receptor) superfamily (e.g., Fas/CD95, tumor necrosis
factor, and tumor necrosis factor-related apoptosis-inducing
ligand- (TRAIL-) R1 and TRAIL-R2) [54]. However, emerging evidence accumulates on Fas as a mediator of apoptosisindependent processes including proliferation, angiogenesis,
ﬁbrosis, and inﬂammation. Cullen et al. observed that
Fas-induced apoptosis of HeLa cells was associated with the
production of an array of cytokines and chemokines, including IL-6, IL-8, CXCL1, MCP-1, and GM-CSF. Fas-induced
production of MCP-1 and IL-8 promoted chemotaxis of
phagocytes toward apoptotic cells, suggesting that these factors serve as “ﬁnd-me” signals [55]. Furthermore, Fas/FasL
death receptors activate apoptosis-independent inﬂammatory or proliferative signalling via the prototypic proinﬂammatory transcription factor NF-κB or the mitogen-activated
protein kinase (MAPK) family of kinases [56]. Krzyzowska
et al. have previously shown that the Fas/FasL-dependent
apoptotic pathway was a crucial mechanism for elimination
of the inﬂammatory cells present in the HSV-2-infected sites
within the vaginal epithelium during herpes genitalis [57].
Furthermore, Fas/FasL-dependent apoptosis of monocytes
led to development of the local chemokine and cytokine
milieu, necessary for mounting proper antiviral response
[23, 57]. HSV-2-infected monocytes upregulated FasL during the whole tested period of HSV-2 infection, but Fas
expression was elevated only early during infection to later
decrease [57].
Here, we found that upon HSV-1 infection, both microglia and astrocytes were resistant to Fas-induced apoptosis. In
addition, stimulation of Fas through soluble FasL led to
signiﬁcant upregulation of TNF-alpha and CXCL10 in
uninfected and CXCL10 in HSV-1-infected neuronal cultures, while coaddition of the NO donor and sFasL reduced
TNF-alpha and CXCL10 to the levels observed in untreated
infected cultures. Only for CXCL9, coaddition of sFasL and
the NO donor to HSV-1-infected culture showed a cumulative eﬀect of a high expression level. The results obtained
for CXCL9 follow those obtained previously for HSV-2infected monocytes [57], which after Fas-stimulation upregulated both CXCL9 and TNF-alpha [57]. Similarly, as for
HSV-2-infected mouse monocytes [57], HSV-1-infected
microglia downregulate Fas expression and upregulate its
ligand, FasL. Production of cytokines and chemokines
together with NO through the Fas/FasL pathway has a
primary role not only in reduction of replication and in
attraction of cytotoxic T cells but also in reduction of inﬂammation. However, HSV-1 infection disturbs this natural
antiviral mechanism—lack of Fas—or NO-induced cell death
of microglia leads to excessive NO production and inﬂammatory reaction. Therefore, depending on the concentration,
time course, and place, Fas/FasL together with NO can
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regulate a delicate balance between protection from HSV-1
neuroinfection and neuroinﬂammation (Figure 8).
Previously published studies have shown that both acute
and latent HSV-1 brain infections are associated with oxidative damage [7, 9]. Recently, it has been shown that HSV
infection-induced formation of reactive nitrogen and reactive
oxygen species (RNS and ROS) leads to damage within the
virus-infected brain. Ball [58] pointed out that the brain
regions most frequently involved in herpes encephalitis are
also the earliest and most severely involved targets of the neurodegenerative alterations of Alzheimer’s disease (AD). A
large prospective population-based study also showed that
the risk of AD is increased in elderly subjects with positive
titers of anti-HSV-1 IgM antibodies, which are markers of
primary or reactivated HSV-1 infection [59]. One of the most
widely accepted hypotheses on the molecular pathogenesis of
AD focuses on the accumulation and aggregation of two
proteins: Aβ, in the form of extracellular plaques, and hyperphosphorylated tau, as intracellular neuroﬁbrillary tangles
[11]. The accumulation of Aβ peptides in the extracellular
spaces gives rise to the aggregates (plaques) that disrupt cell
signalling, trigger inﬂammatory immune responses, and
cause oxidative stress [60, 61]. Links between HSV-1 and
AD include the discovery that the viral DNA is located very
speciﬁcally within AD plaques [62] and that the main
component of plaques, Aβ, accumulates in HSV-1-infected
cell cultures [7] and in the brains of HSV1-infected mice
[6]. Furthermore, Aβ is characterized by some degrees of
sequence homology with HSV-1 glycoprotein B, so it may
act as a seed for Aβ deposition in amyloid plaques [63].
Bourgade et al. showed that Aβ inhibited HSV-1 replication
in ﬁbroblast and epithelial and neuronal cell lines when
added 2 h prior to or concomitantly with virus challenge,
but not when added 2 or 6 h after virus challenge [64]. Aβ
peptides also displayed antiviral activities against the enveloped inﬂuenza A virus [65]. Therefore, Aβ peptides can
represent a novel class of antimicrobial peptides that protect
against neurotropic virus infections such as HSV-1. It has
been also suggested that antiviral treatments may open an
antiviral approach for clinical therapy of AD [66].
Here, we also observed accumulation of Aβ both in
HSV-1-infected neurons and in the extracellular space surrounding HSV-1-infected neurons in vivo. Furthermore, we
also found that the NO donor increased accumulation of
Aβ in uninfected primary neuronal cultures, while the iNOS
inhibitor decreased its accumulation in HSV-1-infected
neuronal cultures (Figure 8). The HSV-1-infected sites were
surrounded by iNOS-positive CD11b cells. Several studies
have suggested that NO modulates the processing of amyloid
precursor protein (APP) and alters Aβ production [8, 9, 21].
Cai et al. [9] using human SH-SY5Y neuroblastoma cells
stably transfected with wild-type APPwt695 demonstrated
that low (physiological) levels of NO given in the form of
sodium nitroprusside can inhibit the amyloidogenic processing of APP, whereas extra-high (pathological) concentrations
of NO favor the amyloidogenic pathway of APP processing.
Inﬂammatory and immune responses in the neuronal tissue
involve increased iNOS activity in microglia and astrocytes,
which further generates high levels of NO and peroxynitrite
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Figure 8: Schematic drawing depicting relations between HSV-1 infection, NO production, and the Fas/FasL pathway.

through the NO/superoxide pathway. Removal of iNOS in
transgenic AD mice or the use of iNOS inhibitors to block
NO production has been shown to protect against Aβinduced neurotoxicity [67]. Accumulation of misfolded proteins such as Aβ is known to induce phosphorylation of
eukaryotic initiation factor-2 (eIF2 α) [67]. Genetic and
environmental risks for AD may inﬂuence modulation of
the eIF2 α phosphorylation pathway. eIF2 α phosphorylation
suppresses general protein synthesis, but it also induces
translational activation of β-site APP cleaving enzyme 1
(BACE1), responsible for Aβ production [68]. NO can
upstream induce and downstream mediate the kinases that
phosphorylate eIF2α. Therefore, production of NO can indirectly add to activation of BACE1, responsible for development of amyloid plaques. In addition to being an upstream
regulator of protein kinase R (PKR), NO production is regulated downstream by PKR [69]. It was also found that PKR
activation was required for dsRNA-induced NF-κB activation and iNOS expression in U373 MG astroglial cells [70].

can contribute to ﬁnding of the potential molecular targets
for a treatment of virus-induced neurodegeneration and
Aβ accumulation.
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