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Summary. Apolipoprotein E (APOE) is a glycoprotein primarily produced by astrocytes and microglia. It plays a
crucial role in complexing with amyloid P (AP) to accelerate its clearance. APOE genotyping holds great importance
in determining whether an individual carries the APOE €2/¢3/¢e4 allele and the corresponding APOE2/E3/E4 protein
isoform. Carrying the APOE &4 allele has been associated with an increased risk of Ap accumulation, amyloid plaque
formation, and late-onset Alzheimer’s disease (LOAD). The identification of novel biomarkers that indicate the earli-
est pathophysiological processes involved in Alzheimer’s disease (AD) and the analysis of their diagnostic value in
patients, especially through less invasive and cost-effective procedures that can visualize AD in a minimally invasive
manner, are the focuses of numerous researchers. Matrix metalloproteinases (MMPs), their tissue inhibitors (TIMPs),
and activators play a significant role in extracellular matrix remodeling, disruption of blood-brain barrier integrity,
prolonged neuroinflammation, and AP clearance. These biomarkers are showing promise as potential blood-based
diagnostic markers for patients with AD. In this context, we will discuss the possible mechanisms underlying the inter-
relation between APOE &4 carrier status, matrix remodeling enzymes, and neurodegeneration in AD. Additionally, we
will explore the diagnostic accuracy of these biomarkers in AD dementia patients based on the results obtained by our

research group.
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INTRODUCTION

Dementia is a syndrome characterized by impaired cog-
nitive functions, and changes in personality and behavior,
leading to disturbances in activities of daily living (ADL).
Alzheimer’s disease (AD), the most frequent cause of de-
mentia is responsible for 60-70% of all dementia cases. De-
mentia is the 5th leading contributor to Disability Adjusted
Life Years burden among people aged 60 years and over,
according to the WHO GBD Study (2016) (Nichols et al.
2019). Deaths due to dementias more than doubled between
2000 and 2016, making it the 5th leading cause of global

deaths in 2016 and the 3rd in the European WHO region.
The World Alzheimer Report showed that there were almost
900 million people aged 60 years and over living worldwide
(Prince et al. 2015). It is estimated that there are more than
10 million people with dementia in Europe and more than
50 million in the world. According to the WHO GBD Study
(2019), the prevalence of dementia cases in Serbia for the year
2019 was approximately 130,000, with projections indicating
an anticipated increase to around 180,000 cases by the year
2050 (Nichols et al. 2022).

There are two forms of AD, the familial or autosomal
dominant form with early-onset, and the more common spo-
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radic or late-onset form (LOAD). The autosomal dominant
form is characterized by mutations in the genes for amyloid
precursor protein (APP), presenilin 1 (PSEN1), and prese-
nilin 2 (PSEN2) and occurs in less than 1% of patients, while
the most common form is LOAD, associated with variations
in the gene for apolipoprotein E (APOE) (Frisoni et al. 2022).

Three key factors in the pathogenesis of AD are pro-
teinopathy, neurodegeneration, and neuroinflammation. Ac-
cording to the amyloid cascade hypothesis, the most signifi-
cant pathohistological characteristics of the disease are the
extracellular deposition of B amyloid (Af), predominantly
composed of AP, peptide in brain tissue, and the formation
of neurofibrillary tangles constructed of hyperphosphory-
lated and inadequately folded tau protein in nerve cell axons,
leading to progressive neuronal loss, brain atrophy, and con-
sequent development of cognitive impairment, which is a key
feature of dementia syndrome.

The clinical presentation of the disease can be divided
into three phases. The first phase is the asymptomatic phase,
during which individuals do not exhibit any noticeable
symptoms of the disease. Following this phase, individuals
may enter the stage of mild cognitive impairment (MCI),
where they experience mild cognitive deficits that are notice-
able but do not significantly impair their ability to perform
daily activities. Finally, the disease progresses to dementia,
which is characterized by a decline in ADL due to cognitive
impairment (Jack Jr et al. 2011).

Diagnosis of AD includes the use of neuroradiological
and biochemical biomarkers. For the assessment of morpho-
logical changes, magnetic resonance imaging (MRI) has an
inevitable role, as a diagnostic and follow-up tool. Brain MRI
shows different patterns of brain structure atrophy using vi-
sual rating scales and volumetric techniques as well as char-
acteristic patterns of brain perfusion (Patel et al. 2020). Fol-
lowing the current National Institute on Aging-Alzheimer’s
Association diagnostic guidelines (NIA-AA (2011)) crite-
ria for diagnosing AD, the concentrations of biochemical
biomarkers in the cerebrospinal fluid (CSF) are analyzed
(Ap42, AP40, total Tau (t-tau), and phosphorylated Tau (p-
tau,181P)) (McKhann et al. 2011). The positivity of selected
CSF AD biomarkers is determined using the A/T/N classifi-
cation (2016) (Jack et al. 2016). The AP pathology (biomarker
“A”) is assessed with CSF APB42, and/or APB42/AB40 ratio, the
tau pathology (biomarker “T”) with CSF p-tau, and neuro-
degeneration (biomarker “N”) with CSF t-tau. Biomarker
changes may present themselves as early as 20 years before
disease onset (Prins et al. 2022).

Identifying novel biomarkers indicative of the earliest
pathophysiological processes involved in AD, and using pref-
erably minimally invasive methods to identify AD pathology
is a focus of researchers in preclinical and clinical studies.

NEUROINFLAMMATION AND MATRIX
REMODELING ENZYMES IN AD

It has been shown that the inflammatory response plays
an important role in this disease and is controlled by microg-
lia and astrocytes. By sensing signals of damage or injury,
astrocytes, and microglia suffer a gradual activation process,
followed by the release of proinflammatory mediators lead-
ing to chronic inflammation, further neuronal damage, and
disease progression. It has been demonstrated that AP pro-
tofibrils activate microglia, leading to the subsequent release
of proinflammatory cytokines such as tumor necrosis factor
(TNF-a), interleukins (IL-1p, IL-6, IL-12), interferon-gamma
(INF-y), as well as chemokines like monocyte chemoattrac-
tant protein-1 (MCP-1) and eotaxin-1. This activation also
results in the generation of reactive oxygen species and nitric
oxide (NO). In response to this inflammatory process, astro-
cytes express various receptors for inflammatory cytokines
(e.g., IL-1B and TNFa), chemokines, and damage signals
(including TLR ligands). Furthermore, other receptors and
mediators of inflammation may be induced after appropriate
activation signals from other brain cells (Prins et al. 2022).
Elevated levels of specific inflammation-related biomarkers
have been detected in the sera or CSF of patients with AD.
These biomarkers include TNFa, IL-1p, YKL-40 (also known
as chitinase-3-like protein-1 (CHI3L1)), and glial fibrillary
acidic protein (GFAP). Additionally, two chemokines, MCP-
1, and eotaxin-1, have previously been associated with great-
er memory impairment in individuals with MCI and AD
(Angiulli et al. 2021; Prins et al. 2022).

Furthermore, a great number of inflammation-related
biomarkers are attracting attention as novel AD-related bio-
markers. Matrix metalloproteinases (MMPs), and their tissue
inhibitors (TIMPs), responsible for disrupting the blood-
brain barrier (BBB) integrity, prolonged neuroinflammation,
as well as AP clearance (Abe et al. 2020), are finding their
place as potential promising biomarkers in both preclinical
and clinical studies.

MMPs are zinc-dependent enzymes, which belong to
the endopeptidases and play a central role in the homeo-
stasis of the extracellular matrix (ECM) (Galis and Khatri
2002). There are 28 types of MMPs in humans. MMPs are
recognized for their role in the degradation of extracellular
proteins and have been implicated in the direct breakdown
of AP, consequently reducing AR deposits. However, it is
noteworthy that activated microglia release proinflammatory
cytokines and MMPs. The secreted MMPs can degrade A,
but they can also exacerbate inflammation within the brain,
potentially contributing to neuronal death (Tuna et al. 2018).

Emerging evidence suggests that MMPs play addition-
al roles in AD encompassing the regulation of inflamma-
tory processes, BBB permeability, and involvement in APP
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processing along the amyloidogenic pathway. Specifically,
MMP13 has been demonstrated to exert proamyloidogenic
effects by regulating the translation of B-site APP cleaving
enzyme 1 (BACE1). The involvement of the phosphoinositide
3-kinases signaling pathway has been proposed in cultured
neuronal cells and APPswe/PS1E9 mice (Zhu et al. 2019).
Furthermore, pro-amyloidogenic effects have been reported
for MT1-MMP and MT5-MMP in Swedish APP-expressing
human embryonic kidney 293 (HEK293) cells and trans-
genic mouse model of AD (Baranger et al. 2016). In addition,
MT1-MMP has been found to promote the localization of
APP/AB in endosomes and exhibit properties that mimic
those of P-secretase. This suggests that MT1-MMP may
contribute to the amyloidogenic processing of APP and the
generation of AP. The ability of MT1-MMP to facilitate the
accumulation of APP/AP in endosomal compartments high-
lights its potential involvement in the pathological mecha-
nisms underlying AD (Paumier et al. 2019). Furthermore,
elevated expression of MMP-1 and MMP-3 is found to be
associated with the clinical diagnosis of probable AD (Iulita
et al. 2019; Hoogmartens et al. 2021).

In recent years, significant research attention has been
devoted to MMP-9, a member of the gelatinase group, due
to its perceived importance in the pathogenesis and progres-
sion of AD (Tuna et al. 2018). MMP-9 is primarily produced
by microglia, astrocytes, and endothelial cells in response to
proinflammatory cytokines, particularly TNFa and IL-1.
Initially secreted in the form of pro-MMP-9, it is activated
extracellularly by other proteases and by the transmembrane
glycoprotein Extracellular matrix metalloproteinase inducer,
also known as CD147 or basigin. The inhibitor of MMP-9,
TIMP-1, is secreted alongside MMP-9 and forms complexes
with it in the extracellular space. The balance between the
activity of MMP-9, CD147, and TIMP-1 is crucial for main-
taining ECM homeostasis and promoting AP clearance, a
hallmark of AD (Du et al. 2019).

MMP-9 plays a critical role in the degradation and
clearance of AP and its increased expression has been ob-
served in the brains of individuals with AD, particularly in
astrocytes surrounding amyloid plaques. This MMP also
influences endothelial tight junctions, alters pericyte phe-
notypes, and contributes to increased BBB permeability. Fur-
thermore, previous studies have revealed that MMP-9 can
target tau protein, a key protein involved in the formation
of neurofibrillary tangles in AD. MMP-9 has been shown to
induce tau aggregation, suggesting its potential role as a po-
tent inducer of tau pathology. Collectively, the involvement
of MMP-9 in AP degradation, BBB integrity, and tau pathol-
ogy highlights its multifaceted contribution to the patho-
genesis and progression of AD (Tuna et al. 2018). However,
the changes in circulating levels of MMP-9 and its inhibitor
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in patients with AD have shown inconsistent results. In the
studies conducted by Lorenzl et al. (2003, 2008), the plasma
level of MMP-9 was found to be significantly higher in AD
patients compared to both the control group and patients
with MCI-AD. However, these studies did not observe any
difference in the level of TIMP-1 between patients and con-
trols. Conversely, other studies have indicated that the plas-
ma level of MMP-9 in AD patients was significantly lower
compared to controls (Horstmann et al. 2010). Some studies
failed to detect a significant difference in the plasma level of
MMP-9 and the MMP-9/TIMP-1 ratio between patients and
controls (Lim et al. 2011; Abe et al. 2020).

Previous studies have indicated the involvement of
CD147 in the production and degradation of A in AD,
but the specific molecular mechanism remains unclear.
One study suggested that CD147 acts as another subunit of
y-secretase complexes, which play a role in the negative regu-
lation of B-amyloid precursor proteins, ultimately leading to
AP production (Zhou et al. 2005). Another study proposed
that CD147 modulates A levels through the extracellular
degradation of secreted AP (Vetrivel et al. 2008). Despite its
involvement in AP metabolism, there is limited knowledge
regarding the factors that regulate CD147 expression in AD.

In our study, we enrolled participants with dementia
due to AD as well as cognitively unimpaired individuals
(Milosevi¢ et al. 2022). The findings revealed that the plas-
ma levels of MMP-9 and TIMP-1 were significantly higher
in patients with AD compared to cognitively unimpaired
individuals. However, there was no significant difference ob-
served in the level of CD147 or the ratio of MMP-9/TIMP-1
between the two groups. Receiver Operating Characteristic
(ROC) curve analysis was performed, and the results indi-
cated that only the areas under the curve (AUC) for MMP-9
and TIMP-1 differed significantly from the reference area.
Based on the Swets criterion (Swets 1988), the calculated
AUC values for MMP-9 and TIMP-1 demonstrated moder-
ate diagnostic accuracy in distinguishing individuals with
AD dementia from cognitively unimpaired individuals. This
suggests that increased MMP-9 and TIMP-1 expression
might serve as potential biomarkers for AD diagnosis. The
dysregulation of matrix remodeling enzymes in plasma could
reflect the underlying pathological processes occurring in the
brain and may provide valuable insights into the diagnosis
and progression of AD.

APOLIPOPROTEIN E AND MATRIX REMOD-
ELING ENZYMES IN AD

APOE is a 299 amino acid glycoprotein synthesized in
the liver and brain, characterized by a high arginine content.
The APOE gene, located on chromosome 19q13.32, encodes
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a 22 kDa protein and consists of four exons. Two Single Nu-
cleotide Polymorphisms, rs429358 and rs7412, play a crucial
role in determining an individual's APOE &2, €3, or €4 allele
status, and consequently, the corresponding APOE2, E3, or
E4 protein isoforms. The APOE2 isoform features cysteine
at positions 112 and 158, the APOE3 isoform has cysteine at
position 112 and arginine at position 158, while the APOE4
isoform contains arginine at both positions.

APOE plays a crucial role in the clearance of A, which
is eliminated from the brain through the BBB or via cellular
and enzymatic degradation. It is synthesized in microglia,
astrocytes, and neurons under stressful conditions (Trout-
wine et al. 2022). Once lipidated, APOE binds soluble Ap
and enhances its clearance, including uptake through the
LDL receptor (LDLR) and LDL Receptor-Related Protein 1
(LRP1) (cellular clearance), as well as transport across the
BBB (perivascular clearance). The APO E4 isoform exhibits
a lower affinity for AP and binds to it less strongly compared
to APO E3. This impairs cellular and perivascular clearance,
resulting in A} accumulation in the brain and further disease
progression (Bachmeier et al. 2014; Frisoni et al. 2022). Stud-
ies have also indicated that microglia in APOE €4 carriers
display reduced phagocytic activity and decreased expression
of enzymes (neprilysin and insulin-degrading enzyme) in-
volved in AP removal. Additionally, APOE ¢4 carrier state is
associated with the deposition of tau, a-synuclein, and other
proteins linked to neurodegeneration, independent of Ap
(Wang et al. 2018; Tannucci et al. 2021; Frisoni et al. 2022;
Troutwine et al. 2022). Furthermore, research has shown that
patients carrying the APOE e4 allele exhibit distinct patterns
of brain region involvement in the pathohistological process
compared to APOE e4-negative patients, leading to different
clinical presentations. Specifically, APOE e4-negative patients
experience cognitive decline in other domains (language,
behavior, attention) before memory decline (amnestic AD),
which is the initial symptom in APOE e4-positive patients
(Frisoni et al. 2022).

The APOE &4 allele is widely recognized as the primary
risk factor for sporadic AD and is associated with an earlier
onset of the disease, depending on an individual’s carrier
status. Individuals carrying the APOE &4 allele (APOE e4+)
are estimated to experience disease onset on average 12 years
earlier than those without the allele (APOE e4-) (Belloy et al.
2019). Moreover, research indicates that individuals with one
APOE ¢4 allele have a 2-3 times higher risk of developing
AD, while those with two APOE &4 alleles face an even high-
er risk, estimated at 10-15 times greater than non-carriers,
for AD development (Troutwine et al. 2022).

Our study revealed significant differences in the distri-
bution of six possible APOE genotypes (€2/€2, €2/¢3, €3/¢3,
€2/e4, €3/e4, e4/e4) between patients with dementia due to

AD and cognitively unimpaired individuals. We observed
higher frequencies of genotypes €3/e4 and the &4 allele in
patients compared to the control group. Specifically, the
presence of the APOE e4 allele was associated with a 3-fold
higher risk of developing dementia due to AD compared to
the reference allele APOE &3 in the studied population (Basi¢
et al. 2023).

Although APOE e4 represents the principal genetic risk
factor for LOAD, its presence does not assure the develop-
ment of AD. This suggests that other factors need to interact
with APOE4 to fully explain AD’s origins, including metal
ions. Certain factors that accelerate protein conformational
changes, like trace elements such as zinc, copper, and iron,
can facilitate the formation of Ap oligomers (Kawahara et al.
2017). Moreover, emerging evidence indicates that interac-
tions between brain metal ions and APOE might constitute
a mechanism for neurodegeneration. Research has revealed
that APOE binds to zinc with isoform-dependent affinities
(APOE2 > APOE3 > APOE4). APOE2, characterized by cys-
teine residues at positions 112 and 158, is predicted to exhibit
a stronger zinc-binding affinity, while APOE4, with arginine
residues at those positions, demonstrates reduced zinc bind-
ing. APOE2 effectively shields AP from zinc-induced pre-
cipitation compared to APOE4. Additionally, zinc binding to
or surrounding APOE/A( complexes or AP aggregates may
confer protection against proteolytic degradation. APOE4
carriers harbor more neurotoxic APOE4 fragments in their
brain and plasma, contributing to AD progression (Xu et al.
2015). APOE binds to copper with a lower aflinity than zinc.
In the presence of APOE, copper-induced AP aggregation
is heightened, with APOE4 showing the most pronounced
copper-Ap precipitation. Individuals carrying APOE4 are
more susceptible to copper toxicity, as serum/plasma copper
levels are elevated in APOE4 carriers compared to APOE2
and APOE3 carriers (Zhang et al. 2022). Although the role
of APOE4 in causing iron dysregulation in AD remains dis-
puted, it is considered a modulator of iron-associated brain
damage in AD pathogenesis. APOE4 promotes brain iron
accumulation, leading to elevated oxidative stress and cell
death (ferroptosis), thus contributing to the elevated risk of
AD. As both iron and APOE4 are linked to cognitive decline
(Ayton et al. 2020), their synergistic interaction could exac-
erbate cognitive impairment during AD progression.

Based on extensive research, the latest probabilistic
model of Alzheimer’s disease (AD) suggests the existence
of two sporadic forms: APOE e4-related AD and APOE &4-
unrelated AD. The determination of APOE e4 status is con-
sidered crucial not only for assessing the individual’s risk but
also for patient stratification. Consequently, it is recommend-
ed to include APOE &4 status determination in the guidelines
for the diagnosis and treatment of AD (Frisoni et al. 2022).
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Studies have demonstrated that microglia expressing
the human APOE &4 allele exhibit a significant increase in
the production of pro-inflammatory mediators, including
TNFa, IL-6, and NO. Furthermore, such microglia also dis-
play impaired migration and reduced phagocytic function.
This evidence highlights the role of APOE in regulating neu-
roinflammatory processes. Additionally, the involvement of
APOE in neuroinflammation is further supported by the
finding that APOE signaling through the triggering recep-
tor expressed on myeloid cells 2 (TREM2) triggers a switch
in microglia towards a neurodegenerative phenotype (Ian-
nucci et al. 2021; Troutwine et al. 2022). Furthermore, it has
been observed that all APOE isoforms can induce increased
expression of IL-1PB, TNFa, and IL-6 in human astrocytes,
with APOE4 leading to the highest level of cytokine expres-
sion (Iannucci et al. 2021).

While a previous in vitro study indicated that MMP-7
could potentially degrade AP1-42, leading to the prevention
of AP aggregation (Taniguchi et al. 2017), biochemical inves-
tigations have revealed elevated levels of pro-inflammatory
mediators and MMP-7 in the brains of individuals with AD
(Sorrentino et al. 2021). Additionally, CSF levels of MMP-7
have shown a positive correlation with the severity of white
matter lesions in individuals with amnestic MCI (Sasaki et al.
2021). It has been demonstrated that elevated APOE protein
levels lead to increased AP-1 activity, subsequently augment-
ing MMP-7 expression in certain cell types. However, the
precise mechanism by which APOE influences MMP-7 in
AD remains not fully understood (Jayakar et al. 2017).

Stomrud et al. (2010) reported higher CSF MMP-9 lev-
els in subjects with positive biomarkers of AD (low A, high
tau, and APOE4 e4+) in comparison to biomarker negative
subjects, suggesting a role of MMP-9 in the pathophysiology
of AD at an early stage, even before the development of cog-
nitive decline. Furthermore, high MMP-9 activity, as well as
an inverse correlation between Mini-Mental State Examina-
tion (MMSE) score and MMP-9 activity in the brains of AD
and MCI patients were observed (Bruno et al. 2009).

The mechanisms underlying the impact of MMP-9
on neurodegeneration and cognitive decline in APOE &4+
individuals are currently not fully understood. However,
some studies suggest that APOE influences the disposition
of MMP-9 in the brain in an isoform-dependent manner. For
instance, Ringland et al. (2020) demonstrated that APOE af-
fects the levels of MMP-9 in conditioned media derived from
brain endothelial cells, facilitates the conversion to active
MMP-9, and inhibits MMP-9 activity in a dose-dependent
manner. Importantly, APOE4 was found to be the least ef-
fective isoform in modulating these processes compared to
other APOE isoforms. As a result, the presence of APOE4
leads to elevated levels of MMP-9 in the cerebrovasculature,
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as observed in both human and animal specimens of AD
brains (Bachmeier et al. 2014; Shackleton et al. 2019).

Targeting MMP-9 may offer a promising strategy to
mitigate the pathophysiology of AD, particularly in individu-
als with the APOE &4 allele. In a study by SB-3CT, an MMP-9
inhibitor, treatment was found to reduce Ap-induced shed-
ding of lipoprotein receptors in brain endothelial cells and
the brains of APOE targeted replacement (APOE-TR) mice
carrying the APOE ¢4 allele (Shackleton et al. 2019). Fur-
thermore, SB-3CT treatment led to significantly enhanced
clearance of AP from the brain to the periphery following
intracranial administration of AP in APOE4-TR mice. These
findings suggest that APOE influences MMP-9 function, and
the impact of APOE isoforms on lipoprotein receptor shed-
ding and A clearance across the BBB (Bachmeier et al. 2012,
2014; Ringland et al. 2020).

Moreover, the APOE ¢4 allele is associated with in-
creased levels of IL-1b (Dafnis et al. 2012) decreased BBB
integrity (Kloske and Wilcock 2020), and compromised tight
junctions responsible for maintaining BBB integrity (Nishit-
suji et al. 2011). It has been suggested that pericytes and
MMP-9 may mediate these effects (Troutwine et al. 2022).
In addition, Stomrud et al. (2010) reported that a decrease in
the TIMP-1/MMP-9 ratio in AD patients was associated with
high levels of CSF t-tau, which is a marker of neurodegenera-
tion. Taken together, these findings highlight the potential
involvement of MMP-9 in AD pathophysiology, particularly
in APOE &4+ individuals, and suggest that targeting MMP-9
could be a valuable approach for therapeutic intervention.

Abe et al. (2020) conducted a study that demonstrated
declines in hippocampal volumes as observed through brain
MRI scans and cognitive function assessed by the MMSE
after a four-year follow-up period. The study found that
these declines were significantly more rapid in individuals
with MCI-AD who had high levels of MMP-9 at baseline
compared to those with middle and low levels of MMP-9.
Additionally, MCI-AD patients with high levels of TIMP-1
at baseline exhibited a significantly faster decline in hippo-
campal volume compared to those with low levels of TIMP-
1 at baseline. Importantly, these changes were particularly
significant in APOE4 e4+ MCI-AD patients during a 15-year
follow-up period (Abe et al. 2022).

In our study, we did not observe a significant difference
in MMP-9, TIMP-1, CD147 levels, or the MMP-9/TIMP-1
ratio between APOE e4+ and APOE e4- patients with AD de-
mentia. However, when we conducted a volumetric analysis
based on brain MRI scans (Zivanovi¢ et al. 2023), we found
that APOE e4+ patients exhibited decreased hippocampal
volume in various measures, including total volume, total/
intracranial volume (ICV), right hippocampus, right/ICV,
and left hippocampus, when compared to APOE &4- patients.
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Additionally, we observed a positive correlation between the
MMP-9/TIMP-1 ratio and the Asymmetry Index (AI). The
Al is considered a neuroradiological marker of disease pro-
gression, and our findings suggest that the MMP-9/TIMP-1
ratio might serve as a promising plasma biomarker for moni-
toring disease progression in AD. These results highlight the
potential role of MMP-9 and TIMP-1 as mediators in the
neurodegenerative processes associated with AD. The results
of our research can be followed up on studies that showed
increased production and concentration of inflammatory
mediators in the CSF of patients with AD and increased
expression of MMP-9 (Morales et al. 2014; Abe et al. 2020;
Prins et al. 2022), mediation of MMP-9 in the accelerated
proteolysis of receptors that participate in the removal of li-
poprotein complexes and AP (LDLR and LRP1) and damage
to tight junctions responsible for maintaining the integrity
of the BBB (Ringland et al. 2020; Troutwine et al. 2022), as
well as studies that showed an increase in the concentration
of MMP-9 in the plasma of patients with AD (Lorenzl et al.
2003, 2008).

We propose that the elevation of plasma MMP-9 levels
in patients with dementia due to AD may serve as an indica-
tor of neuroinflammation. In this scenario, increased pro-
duction of MMP-9 occurs in response to pro-inflammatory
cytokines, particularly TNF-a and IL-1. This heightened
MMP-9 activity leads to accelerated proteolysis of LDLR and
LRP1, resulting in prolonged half-life and accumulation of
the extracellular receptor-Af complex. Consequently, this
accumulation contributes to the induction of tau protein
hyperphosphorylation, neurodegeneration, brain atrophy,
and a reduction in hippocampal volume, ultimately leading
to cognitive decline. Notably, the presence of the APOE &4
allele is implicated in mediating and accelerating these pro-
cesses. Furthermore, the increase in TIMP-1 levels may be
considered a compensatory response to counterbalance the
elevated MMP-9 activity. These hypotheses provide insights
into the potential mechanisms underlying the interplay be-
tween inflammation, MMP-9, AB accumulation, and neuro-
degeneration in AD.

However, more evidence is required to elucidate the
exact roles of MMPs and TIMPs in the pathogenesis of AD
and evaluate the predictive value of their plasma levels to
estimate future neurodegeneration.

CONCLUSIONS AND FUTURE DIRECTIONS

Previous results demonstrate that patients with demen-
tia due to AD exhibit a significantly higher frequency of the
APOE ¢4 allele compared to the group of cognitively unim-
paired individuals, indicating that carriers of the APOE &4
allele are at a greater risk of developing dementia due to AD
when compared to those with the APOE &3 allele. MMP-9

plays an important role in the degradation and clearance
of A, its expression is increased in the brains of patients
with AD, especially in astrocytes surrounding the amyloid
plaque. This proteinase also affects endothelial tight junction
proteins, changes pericytes’ phenotype, and increases the
permeability of the BBB, but can also be a strong inducer of
tau protein aggregation, further leading to brain atrophy and
a cognitive decline. These changes could be enhanced by the
presence of the APOE &4 genotype. Indeed, the dysregula-
tion of matrix remodeling enzymes, such as MMP-9, and
tissue inhibitors, like TIMP-1, in plasma holds promise as
potential biomarkers for AD diagnosis. Increased expression
of these proteins in the bloodstream may reflect the patho-
logical processes occurring in the brain and provide valuable
insights into the diagnosis and progression of AD. However,
it is essential to emphasize that further evidence is needed
to fully understand the precise roles of MMPs and TIMPs
in the pathogenesis of AD. Future research focused on neu-
roimaging, particularly amyloid and tau PET scans, will be
necessary to confirm the role of these biomarkers in both the
diagnosis and stratification of patients for further examina-
tion and assessment of their risk for disease progression.
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