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Abstract: Alzheimer’s disease (AD) is a neurodegenerative disease and the most common form of de-
mentia in the elderly. In recent years, markers of this disease have been researched, with an emphasis
on prophylaxis. The aim of this study is to evaluate the concentration of fibronectin and MMP-1 in
serums in relation to levels of antioxidant elements, as well as eating habits in the group of patients
with AD (n = 110). The control group consisted of 60 healthy people. The conducted studies showed
that patients with AD are characterized by a significantly higher median concentration of fibronectin
compared to healthy subjects (652.06 vs. 268.31 ug/mL), but a significantly lower median of MMP-1
(4.62 vs. 18.09 ng/mL). Significant inverse correlations between MMP-1 and the concentration of
antioxidant elements, as well as positive correlations between MMP-1 vs. Total Antioxidant Status
(TAS) and MMSE, were observed. Multiple regressions showed that the concentration of fibronectin
can be explained in 28% cases by eating habits, and by MMP-1 in 25%. Nutritional modifications to
reduce the consumption of fruit, meat and processed products can be part of AD prevention.
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1. Introduction

Alzheimer’s disease (AD) is a progressive neurodegenerative disease that is the most
common form of dementia in the elderly. It is most common in people over 65, but it can
also occur in younger people. Before the first symptoms appear, the disease may progress
for years without diagnosis. Life expectancy after diagnosis is 7-10 years. Risk factors for
AD include: older age, female gender, diabetes, and low education. It is predicted that due
to the increased aging in society, the incidence of AD will increase [1,2].

In the early stages of the disease, there are slight lapses in memory and problems with
remembering new facts, but long-term memory is not affected. As the disease progresses,
the cells responsible for memory and orientation undergo degeneration, there is increasing
damage to the cerebral cortex, and, consequently, problems with speech, thought and
memory loss. Long-term memory becomes damaged, and eventually brain atrophy occurs.
The disease develops very slowly, and over time, the patient becomes unable to function
without the help of a caregiver. Disorientation in time and space, mood changes, apathy,
and an increased risk of depression frequently occur in patients. Progressive disorders
lead to problems with recognizing family members. As dementia progresses, insomnia,
irritability, delusions, and even aggressive behavior can occur. In advanced dementia,
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the patient is unable to carry out daily activities and has problems with physiological
functions [3]. In developed countries, the disease is one of the most costly for society,
covering many levels: social, psychological, physical and economic. There are currently
no known treatments for advanced AD capable of entirely curing the disease. It is only
possible to slow down its course and alleviate some of the symptoms. It is important to
search for new diagnostic markers in order to effectively diagnose the disease at an early
stage and to introduce appropriate treatment procedures.

Familial AD accounts for 5-10% of all cases, while sporadic AD accounts for 90-95%
of cases. Although some GWAS studies have identified that some genes, such as ApoE4
and TREM?, significantly increase the risk of AD, the causes of sporadic AD are not fully
understood. There are several hypotheses about the development of the disease. The
oldest is the cholinergic hypothesis, which takes into account the decreased synthesis of
the neurotransmitter—acetylcholine. Another is the amyloid hypothesis, according to
which p-amyloid (Af) deposits play a fundamental role in the pathogenesis of the disease.
According to an updated hypothesis, from 2009, A3 plaques play a complementary role
by impairing synaptic function. The amyloid hypothesis suggests that A3 deposits play
a pivotal role in the pathogenesis of the disease. Moreover, the specific apolipoprotein
isoform, APOE4, is one of the major genetic risk factors for AD. Apolipoprotein increases the
breakdown of Af3, but some forms of apolipoprotein, such as APOE4, do this ineffectively.
As a result, an excessive amount of amyloid builds up in the brain. In addition, rare variants
of the myeloid-expressed trigger receptor 2 (TREM2) have been shown to increase the risk of
developing AD. This receptor is a transmembrane receptor expressed in cells of the myeloid
lineage. Another hypothesis is that abnormal phosphorylation of tau protein leads to NFT,
which in turns lead to neuronal dysfunction and death. The difference between the amyloid
and tau hypothesis is whether it is amyloid or tau that is the main cause or driver of the
disease. According to another theory, AD may cause an age-related breakdown of myelin in
the brain [1-4]. Moreover, misfolded and aggregated proteins bind to astroglial and micro-
pattern recognition receptors, triggering an innate immune response. It is characterized
by the release of inflammatory mediators that contribute to disease progression. Genome
analysis suggests that several genes that increase the risk of sporadic AD encode for factors
that regulate the clearance of misfolded proteins from glial cells and the inflammatory
response. Comorbidities such as systemic inflammation and obesity can interfere with the
immune processes in the brain, promoting disease progression [5].

In recent years, several other hypotheses have been put forward. Brain hypoperfusion
associated with neurovascular dysfunction has been shown to be one of the causes of
dementia in AD [6]. Moreover, it is believed that oxidative stress and reactive oxygen
species may play an important role in the pathophysiology of strokes and cancer, but also
in the development of dementia in AD [7,8]. One of the popular methods reflecting the
concentration of enzymatic substances and other antioxidants is the Total Antioxidant
Status (TAS). This method evaluates the combined antioxidant effects of all ingredients,
including vitamins, lipids, proteins, uric acid, and glutathione [9].

Fibronectin is a protein dimer composed of two of the same monomers linked by
a disulfide bridge. Each monomer has multiple sites binders, e.g., to collagen, heparin,
integrin. It has a structural function, but also regulates the cell-matrix interaction. The
basic molecular interaction of fibronectin with cells is the interaction with integral proteins
of cell membranes, involved in the cell-matrix or cell-cell adhesion processes [10,11]. One
of the functions of fibronectin is to transmit a signal from the external environment to the
internal environment (inside the cell) [12]. The extracellular matrix (ECM) plays a key
role as both a structural scaffold and regulator of cell signal transduction in tissues. In
times of ECM assembly and turnover, cells upregulate the assembly of the ECM protein,
fibronectin (FN). FN is assembled by cells into viscoelastic fibrils that can bind upward
of 40 distinct growth factors and cytokines. These fibrils play a key role in assembling a
provisional ECM during embryonic development and wound healing. Fibril assembly is
also often upregulated during disease states, including cancer and fibrotic diseases. FN
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fibrils have unique mechanical properties, which allow them to alter mechanotransduction
signals sensed and relayed by cells. The binding of soluble growth factors to FN fibrils
alters the signal transduction from these proteins, while the binding of other ECM proteins,
including collagens, elastins, and proteoglycans, to FN fibrils facilitates the maturation and
tissue specificity of the ECM.

Another function of fibronectin is in wound healing, clot formation and cellular immunity [13].
Research by Zlokovic et al. [14] shows that the dysfunction of the neurovascular system
contributes to the development of AD. Defective clearance of A3 peptide across the blood-
brain barrier (BBB), aging of the cerebrovascular system, and abnormal angiogenesis may
result in the dissociation of blood vessels, cerebral hypoperfusion, and neurovascular
inflammation. Neuroinflammation may impair neurovascular function and increase BBB
permeability [15]. In vitro studies by Martin et al. have shown that fibronectin can increase
the amount of phosphorylated tau protein by up-regulation [10].

As the body ages, the amount of fibronectin matrix protein plays a special role in
remodeling the microenvironment and abnormal neuronal activity [16]. In AD, fibronectin
builds up in the senile plaques of the patient’s brain, most likely because it is partially the
response of activated astrocytes to the presence of Af. Studies have shown that adding A3
peptide to cultured astrocytes increases fibronectin [17].

Matrix metalloproteinases (MMPs) are enzymes that degrade extracellular matrix
proteins during tissue modelling and repair [18], but also process bioactive molecules. It is
likely that MMPs such as MMP-1 may affect collagen in the basal lamina of arterioles and
cause vascular insufficiency seen in AD [19] as a result of breaking the blood-brain barrier
which is common in AD.

The aim of the study was to evaluate the concentration of fibronectin and MMP-1
in patients with AD, as well as the influence of eating habits on the above parameters.
Additionally, the relationship between the concentration of antioxidant elements in the
serum and the above markers was assessed. The determination of fibronectin and MMP-1
was performed by an array Surface Plasmon Resonance imaging (SPRI) technique with
specific biosensors. The SPRI is a label-free technique which was developed for the deter-
mination of protein biomarkers in body fluids without signal enhancement or preliminary
preconcentration. Biosensors for the determination of MMP-1 [20] and fibronectin [21],
with methods for biomarker determination, have been recently published.

2. Materials and Methods
2.1. Characteristics of the Study Group

The study included 110 patients with early or moderate AD. The mean age was
77.8 £ 7.6 years (Table 1). The diagnosis was made according to criteria of the National

Institute of Neurologic, Communicative Disorders and Stroke/Alzheimer’s Disease and
Related Disorders Association (NINCDS-ADRDA), revised in 2007 [22].

Table 1. Characteristics of the study and control groups.

Study Group Control Group
Parameter Av. =+ SD Av. + SD
Min-Max Min-Max
(n =110) (n = 60)
Ace 778 £ 7.6 57.0+79
& 54.0-93.0 42.0-83.0
26.44 +4.13
BMI 17.78-40.23 nd
204 + 43
MMSE 11-26 nd

Av.—average, nd—no data, SD—standard deviation.
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The control group consisted of 60 healthy people, with a mean age of 57.0 £ 7.9 years
(Table 1). These people were not diagnosed with cognitive disorders and were profession-
ally active. The exclusion criteria from participation in the study were: neoplastic diseases,
autoimmune diseases, and diabetes (type 1 and 2). Figure 1 shows the age distribution in
the study and control groups. The remaining parameters concerning the studied group
were characterized in our previous publication [23].
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Figure 1. Scatterplot for age in the AD (a) and control groups (b)—statistically significant differences
between groups: study group vs. control group (Mann-Whitney U test test), p < 0.001.

All participants gave their written consent to participate in this study. The study was
approved by the Local Ethics Committee (R-1-002/210/2018).

2.2. Food-Frequency Questionnaires (FFQ)

In order to assess eating habits, the participants of the study, either alone or with
the help of their caregivers, completed the food frequency questionnaires (FFQ)—this
questionnaire was developed by Committee of Human Nutrition Sciences of the Polish
Academy of Sciences. The questionnaire included the above-mentioned 36 groups of food
products. Frequent consumption of the products included consumption from 12 to 30 days
per month. The exceptions were fish, where frequent consumption is consumption from
4 to 12 times a month. Products consumed less frequently were classified as occasional
consumption [24]. We characterized individual groups of assessed products in the previous
study [23].

2.3. Collection of Blood

About 6 mL of blood was collected with a vacutainer tube—containing a clot activator
(Becton Dickinson, Toulouse, France), and centrifuged for 10 min at approximately 1000 g.
The serum samples were stored at —20 °C.

2.4. Determination of Fibronectin and MMP-1

The MMP-1 (Wuhan USCN, Hubei, Wuhan, China) and plasma fibronectin (Sigma,
Steinheim, Germany) concentrations were assessed using an array Surface Plasmon Reso-
nance Imaging (SPRI) biosensor. This technique was developed for the label-free specific
determination of protein biomarkers, such as MMP-1 and fibronectin, in body fluids with-
out biomarker preconcentration or signal enhancement.

All of the necessary steps in the preparation and optimization of the biosensor and
applied apparatus have been described in papers [20,21]. Gold chips were manufactured,
as described in the cited above papers. The gold surface of the chip was covered with
photopolymer and hydrophobic paint. Chips were rinsed with ethanol and water and dried
under a stream of nitrogen. They were then immersed in 20 mM of cysteamine (SIGMA,
Steinheim, Germany) ethanolic solutions for 2 h and after being rinsed with ethanol and
water, were dried again under a stream of nitrogen.
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The rabbit anti-human matrix metalloproteinase-1 antibody (RayBiotech, Inc., Peachtree
Corners, GA, USA) and the rabbit anti-fibronectin antibody (Sigma, Steinheim, Germany)
were immobilized on the thiol monolayer under the suitable conditions. Cysteamine was
used as the thiol linker. The antibody solutions were activated in a PBS buffer with NHS
(250 mM) and EDC (250 mM) (BIOMED, Lublin, Poland). Activation of the antibody was
conducted by adding the mixture of NHS and EDC (1:1) in a carbonate buffer solution
(pH 8.5) into the antibody solution and with vigorous stirring for 5 min at room temperature.
Next, 3 uL of this solution was placed on the active places with the amine-modified surface
and incubated at 37 °C for 1 h. After this, the biosensor was rinsed with water. Next,
serum samples (MMP-1: 2 x diluted samples patients with AD, 5 x diluted samples
control; Fibronectin: 10,000 x diluted samples patients with AD, 5000 x diluted samples
control) were placed directly onto the prepared biosensor. The volume of the sample
applied on each measuring field was 3 pL. The time of the interaction with the antibody
was a maximum of 10 min. The biosensor was washed with water and HBS-ES buffer
solution pH = 7.4 to remove unbound molecules from the surface. SPRI measurements
for protein array were performed, as described in the previous papers, and the schematic
diagram apparatus is given in the paper [20]. In order to control the level of nonspecific
binding, some of the places on the biosensor covered with buffer were used. The SPRI
signal was measured at a fixed SPR angle on the basis of the registered images. The first
image was taken after the immobilization of the antibody. Then, the second image was
taken after interaction with MMP-1 /Fibronectin. Fibronectin and MMP-1 concentration
readings (after dilution of samples) were made from previously prepared calibration curves.
For fibronectin, the linear range of the calibration curve is 5-400 ng/mL [21], while for
MMP-1 it is 0.05-20 ng/mL [20].

The SPRI signal was obtained by the subtraction of the signal after and before inter-
action with a biomolecule, for each spot separately. The contrast values obtained for all
pixels across a particular sample’s single spot were integrated. Then, the SPRI signal was
integrated over the spot area. NIH Image ] version 1.32 software was used to evaluate the
SPRI images in 2D form and to convert of numerical signal to a quantitative signal.

2.5. Determination of Cu, Se, Zn Content and Total Antioxidant Status (TAS)

The exact preparation of serum samples was described in the previous publication [17].

The determination of the content of the beneficial elements in the serum, such as Cu,
Se and Zn, was carried out by means of electrothermal (Cu, Se) and flame (Zn) methods of
atomic absorption spectrometry (AAS) with Zeeman background correction at 324.8 nm,
196 nm, and 213.9 nm, respectively (Z-2000 instrument, Hitachi, Tokyo, Japan), as detailed
in our earlier publication [23].

The total antioxidant status (TAS) in the serum of the patients was determined by
spectrophotometric method at a wavelength of 600 nm (Cintra 3030, GBC, Melbourne,
Australia). Ready-made test kits from Randox Laboratories Ltd. (Crumlin, UK) were used
to assess TAS [25]. We have characterized the individual analytical steps earlier in the

paper [23].

2.6. Statistical Analysis

Statistical analyzes of the obtained data were performed with the Statistica v.13.3
software (TIBCO Software, Inc., Palo Alto, CA, USA). The differences between the groups
were assessed with the Mann-Whitney U test. The strength of the correlation was assessed
on the basis of the Spearman’s rank test. p values < 0.05 were considered statistically
significant differences. In order to evaluate the influence of eating habits on the level
of fibronectin and MMP-1 in the studied patients, stepwise multiple linear regression
was performed.
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3. Results
3.1. Concentration of Fibronectin and MMP-1

The mean levels of fibronectin reported in patients with AD were 687.99 & 225.08 ug/mlL,
while in the group of healthy people the levels were 252.29 £ 60.77 ug/mL, the median
was significantly higher in patients with AD (652.06 vs. 268.31 pug/mL).

The analysis of serum fibronectin concentration in patients with AD showed a signifi-
cantly higher median concentration than in the control group (652.06 vs. 268.31 ug/mL).
Moreover, it showed that patients with AD are characterized by a significantly lower
median MMP-1 (4.62 vs. 18.09 ng/mL) (Table 2).

Table 2. The concentration of fibronectin and MMP-1 in the study and control group.

Study Group Control Group
Parameter Av. + SD Av. + SD Value
(Units) Min-Max Min-Max ¢
Med. (Q1-Q3) Med. (Q1-Q3)
Fibronectin 687.99 £+ 225.08 252.29 + 60.77
(ug/mL) 64.82-1294.13 62.44-334.31 <0.00001
H 652.06 (586.43-893.93)  268.31 (199.71-295.19)
4.86 +2.68 17.49 + 3.32
(nMI\//I;_E) 0.32-9.47 11.61-25.35 <0.00001
8 4.62 (2.50-7.47) 18.09 (15.47-19.09)

Av.—average, SD—standard deviation.

We also observed that the patients classified into categories 3 and 4, on the basis of
the MMSE test, differed in their MMP-1 concentration (p <0.01), as shown in Figure 2. The
MMSE score was not significantly (p = 0.0997) associated with fibronectin levels (Figure 3).

MMP-1
10 T

T.

%

MMP-1
IS

2 3 4 O Median
[JQ1-a3
MMSE categories 1 Min-Max

Figure 2. MMP-1 concentration depending on the MMSE category—data presented as medians,
statistically significant differences between groups (Kruskal Wallis test), ** p < 0.01.
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Figure 3. Fibronectin concentration depending on the MMSE category—data presented as medians,
no statistically significant differences between groups (Kruskal Wallis test), p > 0.05.

3.2. Correlations between the Parameters Studied

In the case of patients with AD, we observed negative correlations between the
concentrations of the tested elements with antioxidant properties and the concentration of
MMP-1 (Table 3).

Table 3. Significant correlations between the studied parameters in the control group and the

study group.
Study Group Control Group
Parameter 1 & Parameter 2 R (p-Value) R (p-Value)
MMP-1 & Cu —0.35 (0.0002) ns
MMP-1 & Se —0.40 (0.00002) ns
MMP-1 & Zn —0.22 (0.02) ns
MMP-1 & MMSE 0.23 (0.03) ns
MMP-1 & TAS 0.20 (0.04) ns
Fibronectin & age ns 0.42 (0.005)

ns—no significant, TAS—total antioxidant status.

We found a positive correlation between the result obtained in the MMSE test and
the concentration of MMP-1. Interestingly, a positive relationship was also found between
the TAS and MMP-1 results (Table 3). There was no significant correlation between the
concentration of the tested elements, TAS and the level of fibronectin.

3.3. The Influence of Eating Habit on Fibronectin and MMP-1 Concentration

A progressive multiple-step regression analysis was also performed. It was shown
that 28% of serum fibronectin concentration may be dependent on the consumption of
the products presented in Table 4, while the concentration of MMP may be dependent in
24%. The model explaining the effect of food products on the level of fibronectin included
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13 groups of food products, while the models explaining the concentration of MMP-1
included 7 groups of food products (Table 4).

Table 4. Stepwise linear regression analysis of multiple effects of food consumption frequency on the
concentration of fibronectin and MMP-1 in the serum of patients with Alzheimer’s disease.

Independent Variables 3 Coefficient (SE)  Significance Level Adjusted R?
Fibronectin
Fruit 0.369 (0.133) 0.008
Flour dishes 0.264 (0.126) 0.041
White bread —0.289 (0.137) 0.041
Meat 0.241 (0.129) ns
Luxurious meats 0.239 (0.129) ns
Yellow and processed cheeses 0.188 (0.123) ns
Fresh fish 0.174 (0.122) ns 0.28
Wholemeal bread —0.231 (0.146) ns
Sausages —0.210 (0.123) ns
Poultry —0.181 (0.133) ns
Potatoes —0.178 (0.130) ns
Cold cuts —0.174 (0.125) ns
White cheese —0.135 (0.126) ns
MMP-1
Groats, rice 0.350 (0.112) 0.002848
Wholemeal bread —0.424 (0.131) 0.002031
White bread —0.308 (0.127) 0.018732
Fruit 0.231 (0.117) ns 0.25
Sausages 0.200 (0.113) ns
Sweet bread —0.220 (0.110) ns
White cheese —0.202 (0.113) ns

ns—no significant.

The regular consumption of fruit, flour dishes, meat, luxurious meats, fresh fish, and
yellow and processed cheeses increases the concentration of fibronectin in serum. The
consumption of white bread, wholemeal bread, sausages, poultry, potatoes, cold cuts and
white cheese lowers the fibronectin concentration.

The consumption of wholemeal bread, white bread, sweet bread and white cheese
reduces MMP-1 concentration. Increasing MMP-1 concentration can be caused by con-
sumption of groats and rice, fruit and sausages.

4. Discussion

The patients included in our study had a significantly higher concentration of fi-
bronectin compared to the healthy subjects. In 2009, Lemariska-Perek et al. [26] already
indicated that the level of fibronectin may be an additional biomarker of AD. It has been
shown that fibronectin in the plasma of elderly people both with and without dementia is
present as a mixture of heterogeneous molecules with increasing molecular weights. The
lower mass bands (about 240 kDa and about 220 kDa) have been shown to normally be
present in plasma, while high molecular weight forms of FN (about 280 kDa and about
320 kDa) are observed in the plasma of AD subjects.

Studies by Lepelletier et al. (2017) [27] also indicated an increase in fibronectin levels
in patients with AD. The authors divided the group of 30 patients into 3 groups (I: control
group, II: patients with subclinical AD and III: patients with AD). In addition to fibronectin
levels, ECM levels of collagen IV, perlecan, and human platelet endothelial cell adhesion
molecule (NPECAM) were also assessed. The authors demonstrated increased expression
of collagen IV, perlecan and fibronectin in patients with subclinical AD and AD, compared
to the control group, in the frontal and temporal cortex, while no further increase was
detected between subclinical AD and AD.
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We have demonstrated a decrease in serum MMP-1 in patients with AD. Our stud-
ies showed a significant decrease of MMP-1 in the serum of AD patients. A study by
Erhardt et al. (2021) [28] identified the most important biomarkers of mixed dementia in
AD. Among them, three proteases have been identified: matrix-10 metalloproteinase—MMP-10,
MMP-3 and MMP-1. Moreover, the role of three angiogenic factors (VEGF-C, Tie-2 and
PLGF) and three cytokines was emphasized: interleukin-2 (IL-2), IL-6, IL-13.

Data on the role of MMP-1 are ambiguous. It has been suggested that the increased
activity of MMP-1 in AD may contribute to dysfunction of the blood-brain barrier [29].
In contrast, Lorenzl et al. (2008) [30] emphasized that MMP1 does not correlate with the
diagnosis of AD or with risk factors for future development of AD. The authors assessed
the gelatinolytic activity (MMP-2 and MMP-9) in plasma samples using the zymographic
method, while MMP-2, MMP-9, MMP-1, as well as TIMP-1 and TIMP-2, were measured by
ELISA. The authors showed no significant changes in MMP-1 and MMP-2 levels; however,
they indicated a significant increase in MMP-9 in the plasma of AD patients (p = 0.004)
compared to controls.

An interesting issue is the negative correlations between antioxidant elements and
MMP-1 in the group of patients. These patients are characterized by reduced serum
concentrations of elements with antioxidant properties, which we have demonstrated in
previous studies [23]. However, further research is needed to explain the reason for such
a correlation.

The analysis of the relationship between eating habits and the level of fibronectin
and MMP-1 indicates that patients should limit the consumption of fructose-rich (fruit),
fatty and processed foods (cheese and processed cheese) and meat, as well as bread and
flour products.

Excessive fructose intake is not recommended in AD. The phenomena of cerebral
insulin resistance and mitochondrial dysfunction are emphasized, as well as the fact that
the metabolism of brain fructose is a key pathway initiating AD. Moreover, inhibition of
intracerebral fructose metabolism may be a new way to prevent and support therapy [31].

Johnson et al. [31] distinguished 5 steps linking fructose and the occurrence of AD:
endogenous fructose is produced in the brain — fructose is metabolized, setting off an
innate survival pathway — intracellular uric acid induces neuroinflammation — cerebral
insulin resistance and glucose hypometabolism — formation of amyloid plaques and
neurofibrillary tangles.

Meat consumption is associated with an increased risk of dementia. This was con-
firmed in a large study of 493,888 people. The follow-up period was 8 £ 1.1 years. In
this population, the participants were diagnosed with general dementia (n = 2896), AD
(n =1006) and vascular dementia VD (n = 490). The results of the study by Zhang et al. [32]
showed that each additional consumption of 25 g/day of processed meat was associated
with an increased risk of all forms of dementia. Increasing unprocessed meat consump-
tion by 50 g/day was associated with a reduced risk of all forms of dementia and AD. A
non-significant linear trend was shown for total meat and unprocessed poultry.

Increasingly, the relationship between the frequent consumption of highly processed
foods and the deterioration of cognitive functions is emphasized. In 2022, the results of the
study from the National Health and Nutrition Examination Survey (NHANES) 2011-14,
including 3632 participants aged 69.1 + 0.2 years, were published. The mean BMI was
29.0 + 0.2 kg/m?. Cognition was assessed with a consortium in order to establish the
Alzheimer’s Disease Registry (CERAD). In addition, a word learning test, an Animal
Fluency test, and a Digit Symbol Substitution Test (DSST) were performed. Worryingly,
highly processed foods accounted for an average of 53% of total energy consumption,
ranging from 33 to 70%. Consumption of this type of food was significantly (p < 0.05)
associated with lower results in the Animal Fluency test (the person is asked to name as
many animals as possible within 60 s, for one animal they receive one point) in the elderly,
without previous diseases [33].
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It is emphasized that reducing the consumption of highly processed foods may be one
way to improve cognitive impairment in the elderly.

White, wheat bread is included in this consumption, among other gluten. In 2021, the
results of studies on the impact of gluten consumption by healthy women (n = 13,494) on
their cognitive functions were published. Women participated in the Nurses” Health Study
IT cohort study conducted in the USA. Nutrition data were obtained in the years 1991-2015,
while cognitive functions were assessed in the years 2014-2019. Cognitive function was
assessed by the validated assessment of the Cogstate Brief Battery: Psychomotor Speed and
Attention Score, Learning and Working Memory Score, and Overall Cognitive Score. The
mean gluten intake was 6.3 & 1.6 g/day [34]. However, the authors showed no differences
in cognitive functions between people with lower and higher intakes. The main sources
of gluten were refined grains and whole grains. These results indicate that dietary gluten
restriction is not required to maintain cognitive function in the absence of celiac disease or
diagnosed gluten sensitivity.

Literature data indicate that changes in MMP-1 and fibronectin concentration may
sometimes be non-specific. Unlike in AD, high levels of MMP-1 in plasma are associated
with a poorer prognosis in colon cancer, as assessed by a multivariate analysis of 5-year
survival [35]. Elevated serum levels of MMP-1 occurring in hypertension may be asso-
ciated with increased collagen degradation in cardiovascular disease in the extracellular
matrix [36]. In addition, it has been shown that cigarette smoke can affect the release of ma-
trix metalloproteinase-1 (MMP-1) and tissue inhibitor of metalloproteinases type I (TIMP-1)
in the lungs [37]. Logvinov et al. showed that the increase in blood pressure in rats on a
high-fat and high-carbohydrate diet is caused, inter alia, by the release of fibronectin [38].

We found a positive correlation between fibronectin concentration and age in the
control group (r = 0.42, p = 0.005). This may indicate that the concentration changes may be
partially due to the aging of the organism, however, this requires further analysis.

There are also limitations to this study. When taking blood from healthy people, no
data on BMI and eating habits were obtained. Moreover, healthy people did not have
the MMSE test performed. We did not have data on eating habits in the group of healthy
people. In future studies, it is necessary to match the test group to the control group in
terms of age, as the age difference between the groups is the biggest limitation of our study.
The age difference between the two study groups resulted in the difficulty of finding an
appropriate number of healthy elderly people without other chronic diseases, which could
affect the results obtained. Moreover, the sensitivity and specificity of the tested parameters
in comparison to other disease entities should be determined.

5. Conclusions

Patients with Alzheimer’s disease have increased levels of fibronectin and decreased
levels of MMP-1, which may be associated with impaired cognitive functions. Eating habits
may, to some extent, affect the concentration of these markers, therefore an important
element of prevention may be a properly balanced diet.

Author Contributions: Conceptualization, E.G. and K.S.; methodology, S.B., KK., A.P.-]. and K.S,;
software, A.P-J. and S.B.; validation, E.G., K.S. and J.K.; formal analysis, A.P-]. and K.S.; inves-
tigation, S.B., KK., A.P-]., K.S. and J.K; resources, K.K. and J.K.; data curation, A.P--]., S.B. and
K.S.; writing—original draft preparation, A.P--J., S.B., K K.; writing—review and editing, E.G., K.S.;
visualization, A.P-J. and S.B.; supervision, E.G., K.S. and ] K.; project administration, K.S. and E.G.;
funding acquisition, E.G. and K.S. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by the Polish Ministry of Higher Education and Science
(grant number BST-162) and MEDICAL UNIVERSITY OF BIALYSTOK, POLAND (grant number
SUB/1/DN/19/001/2216, SUB/2/DN/20/003/2216).



J. Clin. Med. 2022, 11, 6360 11 0f12

Institutional Review Board Statement: The study was conducted according to the guidelines of
the Declaration of Helsinki and approved by the Ethics Committee of MEDICAL UNIVERSITY OF
BIALYSTOK (protocol code R-I-002/210/2018 and date of approval: 24 May 2018).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author. The data are not publicly available due to privacy of ethical.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Glenner, G.G. Alzheimer’s disease. The commonest form of amyloidosis. Arch. Pathol. Lab. Med. 1983, 107, 281-282. [PubMed]

2. Masters, C.L.; Simms, G.; Weinman, N.A.; Multhaup, G.; McDonald, B.L.; Beyreuther, K. Amyloid plaque core protein in
Alzheimer disease and Down syndrome. Proc. Natl. Acad. Sci. USA 1985, 82, 4245-4249. [CrossRef] [PubMed]

3. Forstl, H,; Kurz, A. Clinical features of Alzheimer’s disease. Eur. Arch. Psychiatry Clin. Neurosci. 1999, 249, 288-290. [CrossRef]
[PubMed]

4. Carmona, S.; Zahs, K.; Wu, E; Dakin, K.; Bras, J.; Guerreiro, R. The role of TREM2 in Alzheimer’s disease and other neurodegen-
erative disorders. Lancet Neurol. 2018, 17, 721-730. [CrossRef]

5. Heneka, M.T.; Carson, M.].; El Khoury, J.; Landreth, G.E.; Brosseron, F.; Feinstein, D.L.; Jacobs, A.H.; Wyss-Coray, T.; Vitorica, J.;
Ransohoff, R.M.; et al. Neuroinflammation in Alzheimer’s disease. Lancet Neurol. 2015, 14, 388—405. [CrossRef]

6. Fang, X.; Zhang, J.; Roman, RJ.; Fan, F. From 1901 to 2022, how far are we from truly understanding the pathogenesis of
age-related dementia? Geroscience 2022, 44, 1879-1883. [CrossRef] [PubMed]

7. Bonda, D.J.; Wang, X.; Perry, G.; Nunomura, A.; Tabaton, M.; Zhu, X.; Smith, M.A. Oxidative stress in Alzheimer disease: A
possibility for prevention. Neuropharmacology 2010, 59, 290-294. [CrossRef]

8. Chen, K;; Lu, P; Beeraka, N.M.; Sukocheva, O.A.; Madhunapantula, S.V.; Liu, J.; Sinelnikov, M.Y.; Nikolenko, V.N.; Bulygin, K.V,;
Mikhaleva, L.M.; et al. Mitochondrial mutations and mitoepigenetics: Focus on regulation of oxidative stress-induced responses
in breast cancers. Semin. Cancer Biol. 2022, 83, 556-569. [CrossRef]

9. Rani, AJ.; Mythili, S.V. Study on total antioxidant status in relation to oxidative stress in type 2 diabetes mellitus. J. Clin. Diagn.
Res. 2014, 8, 108-110. [CrossRef]

10. Martin, H.; Lambert, M.P; Barber, K.; Hinton, S.; Klein, W.L. Alzheimer’s-associated phospho-tau epitope in human neuroblas-
toma cell cultures: Up-regulation by fibronectin and laminin. Neuroscience 1995, 66, 769-779. [CrossRef]

11.  Ghosh, K,; Ren, X.D.; Shu, X.Z.; Prestwich, G.D.; Clark, R.A. Fibronectin functional domains coupled to hyaluronan stimulate
adult human dermal fibroblast responses critical for wound healing. Tissue Eng. 2006, 12, 601-613. [CrossRef] [PubMed]

12.  Krzyzanowska-Gotab, D.; Lemanska-Perek, A.; Katnik-Prastowska, I. Fibronectin as an active component of the extracellular.
matrix [in Poland: Fibronektyna jako aktywny skladnik macierzy pozakomodrkowej]. Postepy Hig. Med. Dosw. 2007, 61, 655-663.

13.  Yamada, K.M. Fibronectin peptides in cell migration and wound repair. . Clin. Investig. 2000, 105, 1507-1509. [CrossRef]
[PubMed]

14. Zlokovic, B.V. Neurovascular mechanisms of Alzheimer’s neurodegeneration. Trends Neurosci. 2005, 28, 202-208. [CrossRef]

15. Najjar, S.; Pearlman, D.M.; Devinsky, O.; Najjar, A.; Zagzag, D. Neurovascular unit dysfunction with blood-brain barrier
hyperpermeability contributes to major depressive disorder: A review of clinical and experimental evidence. . Neuroinflamm.
2013, 10, 142. [CrossRef]

16. Wang, J.; Yin, L.; Chen, Z. New insights into the altered fibronectin matrix and extrasynaptic transmission in the aging brain. J.
Clin. Gerontol. Geriatr. 2011, 2, 35-41. [CrossRef]

17. Moreno-Flores, M.T.; Martin-Aparicio, E.; Salinero, O.; Wandosell, F. Fibronectin modulation by A beta amyloid peptide (25-35)
in cultured astrocytes of newborn rat cortex. Neurosci. Lett. 2001, 314, 87-91. [CrossRef]

18.  Weremijewicz, A.; Matuszczak, E.; Sankiewicz, A.; Tylicka, M.; Komarowska, M.; Tokarzewicz, A.; Debek, W.; Gorodkiewicz, E.;
Hermanowicz, A. Matrix metalloproteinase-2 and its correlation with basal membrane components laminin-5 and collagen type
IV in paediatric burn patients measured with Surface Plasmon Resonance Imaging (SPRI) biosensors. Burns 2018, 44, 931-940.
[CrossRef]

19. Kalaria, R.N. Cerebral vessels in ageing and Alzheimer’s disease. Pharm. Ther. 1996, 72, 193-214. [CrossRef]

20. Tokarzewicz, A.; Romanowicz, L.; Sveklo, I.; Gorodkiewicz, E. The development of a matrix metalloproteinase-1 biosensor based
on the surface plasmon resonance imaging technique. Anal. Meth. 2016, 8, 6428-6435. [CrossRef]

21. Sankiewicz, A.; Romanowicz, L.; Pyc, M.; Hermanowicz, A.; Gorodkiewicz, E. SPR imaging biosensor for the quantitation of
fibronectin concentration in blood samples. . Pharm. Biomed. Anal. 2018, 150, 1-8. [CrossRef] [PubMed]

22. Dubois, B.; Feldman, H.-H.; Jacova, C.; Dekosky, S.T.; Barberger-Gateau, P.; Cummings, J.; Delacourte, A.; Galasko, D.; Gauthier, S.;

Jicha, G.; et al. Research criteria for the diagnosis of Alzheimer’s disease: Revising the NINCDS-ADRDA criteria. Lancet Neurol.
2007, 6, 734-746. [CrossRef]


http://www.ncbi.nlm.nih.gov/pubmed/6687789
http://doi.org/10.1073/pnas.82.12.4245
http://www.ncbi.nlm.nih.gov/pubmed/3159021
http://doi.org/10.1007/s004060050101
http://www.ncbi.nlm.nih.gov/pubmed/10653284
http://doi.org/10.1016/S1474-4422(18)30232-1
http://doi.org/10.1016/S1474-4422(15)70016-5
http://doi.org/10.1007/s11357-022-00591-7
http://www.ncbi.nlm.nih.gov/pubmed/35585301
http://doi.org/10.1016/j.neuropharm.2010.04.005
http://doi.org/10.1016/j.semcancer.2020.09.012
http://doi.org/10.7860/JCDR/2014/7603.4121
http://doi.org/10.1016/0306-4522(94)00566-N
http://doi.org/10.1089/ten.2006.12.601
http://www.ncbi.nlm.nih.gov/pubmed/16579693
http://doi.org/10.1172/JCI10119
http://www.ncbi.nlm.nih.gov/pubmed/10841505
http://doi.org/10.1016/j.tins.2005.02.001
http://doi.org/10.1186/1742-2094-10-142
http://doi.org/10.1016/j.jcgg.2010.12.002
http://doi.org/10.1016/S0304-3940(01)02286-8
http://doi.org/10.1016/j.burns.2017.12.001
http://doi.org/10.1016/S0163-7258(96)00116-7
http://doi.org/10.1039/C6AY01856D
http://doi.org/10.1016/j.jpba.2017.11.070
http://www.ncbi.nlm.nih.gov/pubmed/29202303
http://doi.org/10.1016/S1474-4422(07)70178-3

J. Clin. Med. 2022, 11, 6360 12 0of 12

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Socha, K.; Klimiuk, K.; Naliwajko, S.K.; Soroczyniska, J.; Puscion-Jakubik, A ; Markiewicz-Zukowska, R.; Kochanowicz, J. Dietary
Habits, Selenium, Copper, Zinc and Total Antioxidant Status in Serum in Relation to Cognitive Functions of Patients with
Alzheimer’s Disease. Nutrients 2021, 13, 287. [CrossRef] [PubMed]

Gronowska-Senger, A. Methodical Guide to Dietary Research [In Polish: Przewodnik metodyczny Badan Sposobu Zywienial.
2013. Available online: https:/ /knozc.pan.pl/images/Przewodnik_metodyczny.pdf (accessed on 1 July 2022).

Total Antioxidant Status (TAS). Available online: https:/ /www.randox.com/total-antioxidant-status/ (accessed on 29 July 2022).
Lemariska-Perek, A.; Leszek, J.; Krzyzanowska-Gotab, D.; Radzik, J.; Katnik-Prastowska, I. Molecular status of plasma fibronectin
as an additional biomarker for assessment of Alzheimer’s dementia risk. Dement. Geriatr. Cogn. Disord. 2009, 28, 338-342.
[CrossRef]

Lepelletier, EX.; Mann, D.M.; Robinson, A.C.; Pinteaux, E.; Boutin, H. Early changes in extracellular matrix in Alzheimer’s
disease. Neuropathol. Appl. Neurobiol. 2017, 43, 167-182. [CrossRef]

Erhardt, E.B.; Adair, ].C.; Knoefel, ].E.; Caprihan, A.; Prestopnik, J.; Thompson, J.; Hobson, S.; Siegel, D.; Rosenberg, G.A.
Inflammatory Biomarkers Aid in Diagnosis of Dementia. Front. Aging Neurosci. 2021, 13, 717344. [CrossRef]

Wang, X.X.; Tan, M.S.; Yu, ].T.; Tan, L. Matrix metalloproteinases and their multiple roles in Alzheimer’s disease. Biomed. Res. Int.
2014, 2014, 908636. [CrossRef]

Lorenzl, S.; Buerger, K.; Hampel, H.; Beal, M.E. Profiles of matrix metalloproteinases and their inhibitors in plasma of patients
with dementia. Int. Psychogeriatr. 2008, 20, 67-76. [CrossRef]

Johnson, R.J.; Gomez-Pinilla, F.; Nagel, M.; Nakagawa, T.; Rodriguez-Iturbe, B.; Sanchez-Lozada, L.G.; Tolan, D.R.; Lanaspa, M. A.
Cerebral Fructose Metabolism as a Potential Mechanism Driving Alzheimer’s Disease. Front. Aging Neurosci. 2020, 12, 560865.
[CrossRef]

Zhang, H.; Greenwood, D.C.; Risch, H.A.; Bunce, D.; Hardie, L.J.; Cade, J.E. Meat consumption and risk of incident dementia:
Cohort study of 493,888 UK Biobank participants. Am. . Clin. Nutr. 2021, 114, 175-184. [CrossRef]

Cardoso, R.B.; Machado, P; Steele, E.M. Association between ultra-processed food consumption and cognitive performance in US
older adults: A cross-sectional analysis of the NHANES 2011-2014. Eur. ]. Nutr. 2022, 61, 3975-3985. [CrossRef] [PubMed]
Wang, Y.; Lebwohl, B.; Mehta, R.; Cao, Y.; Green, PH.R.; Grodstein, F,; Jovani, M.; Lochhead, P.; Okereke, O.L.; Sampson, L.; et al.
Long-term Intake of Gluten and Cognitive Function Among US Women. JAMA Netw. Open 2021, 4, €2113020. [CrossRef]
[PubMed]

Jonsson, A.; Falk, P.; Angenete, E.; Hjalmarsson, C.; Ivarsson, M.L. Plasma MMP-1 Expression as a Prognostic Factor in Colon
Cancer. J. Surg. Res. 2021, 266, 254-260. [CrossRef] [PubMed]

Kostov, K.; Blazhev, A. Changes in Serum Levels of Matrix Metalloproteinase-1 and Tissue Inhibitor of Metalloproteinases-1 in
Patients with Essential Hypertension. Bioengineering 2022, 9, 119. [CrossRef] [PubMed]

Kim, H.; Liu, X.; Kohyama, T.; Kobayashi, T.; Conner, H.; Abe, S.; Fang, Q.; Wen, F.Q.; Rennard, S.I. Cigarette smoke stimulates
MMP-1 production by human lung fibroblasts through the ERK1/2 pathway. COPD 2004, 1, 13-23. [CrossRef] [PubMed]
Logvinov, S.V.; Naryzhnaya, N.V.; Kurbatov, B.K.; Gorbunov, A.S; Birulina, Y.G.; Maslov, L.L.; Oeltgen, PR. High carbohydrate
high fat diet causes arterial hypertension and histological changes in the aortic wall in aged rats: The involvement of connective
tissue growth factors and fibronectin. Exp. Gerontol. 2021, 154, 111543. [CrossRef]


http://doi.org/10.3390/nu13020287
http://www.ncbi.nlm.nih.gov/pubmed/33498452
https://knozc.pan.pl/images/Przewodnik_metodyczny.pdf
https://www.randox.com/total-antioxidant-status/
http://doi.org/10.1159/000252764
http://doi.org/10.1111/nan.12295
http://doi.org/10.3389/fnagi.2021.717344
http://doi.org/10.1155/2014/908636
http://doi.org/10.1017/S1041610207005790
http://doi.org/10.3389/fnagi.2020.560865
http://doi.org/10.1093/ajcn/nqab028
http://doi.org/10.1007/s00394-022-02911-1
http://www.ncbi.nlm.nih.gov/pubmed/35778619
http://doi.org/10.1001/jamanetworkopen.2021.13020
http://www.ncbi.nlm.nih.gov/pubmed/34019084
http://doi.org/10.1016/j.jss.2021.04.021
http://www.ncbi.nlm.nih.gov/pubmed/34034060
http://doi.org/10.3390/bioengineering9030119
http://www.ncbi.nlm.nih.gov/pubmed/35324807
http://doi.org/10.1081/COPD-120030164
http://www.ncbi.nlm.nih.gov/pubmed/16997735
http://doi.org/10.1016/j.exger.2021.111543

	Introduction 
	Materials and Methods 
	Characteristics of the Study Group 
	Food-Frequency Questionnaires (FFQ) 
	Collection of Blood 
	Determination of Fibronectin and MMP-1 
	Determination of Cu, Se, Zn Content and Total Antioxidant Status (TAS) 
	Statistical Analysis 

	Results 
	Concentration of Fibronectin and MMP-1 
	Correlations between the Parameters Studied 
	The Influence of Eating Habit on Fibronectin and MMP-1 Concentration 

	Discussion 
	Conclusions 
	References

