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ARTICLE INFO ABSTRACT

Inflammation and angiogenesis have been defined as potential mechanisms associated with

I];Zyn‘;‘; Onrg‘z clinical progression from a cognitively normal state to Alzheimer’s disease (AD). In this obser-
Glial cells vational case-control study, we aimed to determine plasma levels of cytokines as indicators of
Plasma inflammation involved in cognitive decline. We measured 30 plasma proteins in 49 controls
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Inflammation (CTL), 36 individuals with mild cognitive impairment (MCI) and 52 patients diagnosed with
Interleukins probable AD. After applying strict filters for quantification limits, only 13 analytes were included
Chemoattractants

in the analysis. Kruskal-Wallis tests showed significant differences between diagnostic groups for
nine cytokines (IL-16, IL-7, VEGF, IL-8, eotaxin, MCP-1, MCP-4, MDC and TARC). Non-parametric
MANCOVA showed that sex and diagnosis affected cytokine levels in the blood. To determine the
sensitivity and specificity of the markers, we performed receiver operating characteristic (ROC)
curve analysis. Only those analytes that showed an area under the curve (AUC) > 0.70 were
included in the multivariate logistic regression models to better understand the contribution of
cytokines to clinical status. Three models: 1) CTL vs. AD; 2) CTL vs. MCI, and 3) MCI vs. AD were
developed, with sex and age as covariates. In each model, two cytokines remained significantly
different (model 1: IL-16 and MDC; model 2: eotaxin and MDC and model 3: IL-7 and VEGF).
Taken together, this report identifies a set of plasma markers of inflammation and strengthens the
role of glial biology in different clinical stages of AD.

1. Introduction

Alzheimer’s disease (AD) is a neurodegenerative disorder of slow onset and progressive deterioration, neuropathologically char-
acterized by progressive brain atrophy and death of specific neuronal populations. The neuritic plaques, composed mainly of the
aggregation of amyloid beta (Ap) peptides [1], as well as neuronal cytoskeletal changes due to the accumulation of hyper-
phosphorylated tau [2] and neurogliosis, particularly in the form of microglia and astrocytic activation [3], are hallmarks of the
disease. The role of glial cells, particularly microglia and astrocytes, in the pathophysiology of AD has been extensively studied, with
evidence suggesting that they play a pathogenic role and activate inflammatory pathways [4]. A considerable body of evidence in-
dicates that AD may be conceived of as a chronic inflammatory condition affecting the central nervous system (CNS). Early reports
highlighted the presence of inflammation in the CNS of individuals with preclinical AD [5,6], proposing that this inflammation may
contribute to disease progression. Later, the role of CNS inflammation in AD was explored suggesting that it evolves over time and may
be a promising therapeutic target [7]. Furthermore, evidence indicates that aberrant cytokine levels in distinct brain regions may
contribute to the onset and progression of AD [8]. The hypothesis that these inflammatory markers may permeate from the brain into
the periphery, resulting in systemic inflammation, has been proposed as a potential mechanism for exacerbating neurodegenerative
processes and cognitive decline [9].

A common feature of AD is dysfunction of the blood-brain barrier (BBB), which can result in the leakage of inflammatory markers
from the brain into the periphery [10]. This bidirectional communication between the brain and the periphery, mediated by the BBB,
highlights the potential role of peripheral biomarkers in reflecting neuroinflammation in AD [11]. In conclusion, the immune system
plays a crucial role in AD by contributing to its aetiology and pathogenesis [12,13]. Furthermore, the importance of the immune
system in AD has also been confirmed by the contribution of rare genetic variants in the microglial genes TREM2 (Triggering Receptor
Expressed on Myeloid cell), PLCG2 (Phospholipase C Gamma 2) and ABI3 to the susceptibility for developing sporadic AD (Sims et al.,
2017; Dalmasso et al., 2019).

In addition, it was shown that the meningeal immune system plays a significant role in maintaining the CNS in both health and
disease [14]. The meninges, which envelop the CNS, are home to a diverse range of immune cells (T lymphocytes, B lymphocytes,
neutrophils, dendritic cells, macrophages, mast cells) under healthy conditions and in inflammatory and neurodegenerative diseases
[15]. These meningeal immune cells are also involved in CNS immune surveillance, with meningeal lymphatics serving as a conduit for
CNS-derived antigens to reach the peripheral immune system [16].

Research on the relationship between cytokines plasma levels and AD staging has yielded mixed results. Several case-control
studies have identified potentially relevant blood biomarkers, but the reproducibility of these results has not been confirmed [17].
In addition, a number of reports have shown that changes in circulating markers may be associated with progression from mild
cognitive impairment (MCI) to AD [18]. MCI refers to a state of cognitive impairment that is below the normal level for an individual’s
age, but above that observed in individuals with AD. The role of inflammatory mechanisms in AD has been highlighted [8] and several
circulating inflammatory proteins have been shown to be associated with cognitive domain scores [19]. Nevertheless, inconsistent
findings regarding peripheral cytokine dysregulation have been noted, suggesting the need for methodological standardization and
longitudinal sampling to clarify the impact of cytokines in AD progression [20].

Recently, a task force of the Alzheimer’s Association (USA) reviewed the criteria for diagnosis and staging of AD, taking into
account the development of plasma-based biomarkers, some of which have demonstrated diagnostic capacity. According to this report
[21], biomarkers of inflammatory and immune processes in AD are divided into two groups depending on the type of reactive cells,
either astrocytes or microglia. In this context, studies have shown that blood GFAP levels are higher in individuals with AD or MCI
compared to healthy cognitively normal individuals suggesting that astrocytic damage or activation may begin in the pre-symptomatic
stage of the disease [22,23]. In particular, plasma GFAP has been found to be a more sensitive biomarker than CSF GFAP in indicating
Ap pathology in the early stages of AD [24]. Taken together, these findings suggest that blood levels of GFAP may be a valuable tool for
the early detection and monitoring the progression of AD.

In terms of microglial reactivity, different studies have consistently shown an association between CSF levels of soluble TREM2
(STREM2) and neuroinflammation in AD. It was found that sSTREM2 levels were associated with age-related neuroinflammation,
tauopathy and markers of neurodegeneration [25,26]. However, a plasma cytokine signature specific for microglial and/or meningeal
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immune system reactivity was not defined.

The aim of this work was determine the plasma levels of cytokines related to neurogliosis, using an ultrasensitive high throughput
platform (multiplex electrochemiluminescence ELISA), in cognitively normal subjects and individuals with MCI or probable AD for a
better understanding of the role of glial biology in different clinical stages of the disease.

2. Materials and methods
2.1. Ethics and consent

This observational study was conducted in accordance with the Code of Ethics of the World Medical Association for studies
involving humans (Declaration of Helsinki) and the STROBE guidelines [27]. The protocols CBFIL#22 and #0681-N-21-dated April 14,
2021 received the approval from the ethical committee of Fundacion Instituto Leloir (Argentina) and of Hospital Regional Uni-
versitario de Malaga (Spain), respectively. All participants and/or family members gave their informed consent.

2.2. Volunteers recruitment, sample collection and handling protocol

The samples intended for this study were obtained from two independent cohorts, one from Argentina and the other one form
Spain. The Argentine samples were recruited at the following centers: Hospital de Clinicas “José de San Martin” (Buenos Aires City),
Hospital HIGA-Eva Peron (General San Martin), Hospital “El Cruce” (Florencio Varela), and Neuropsychiatric Clinic “Nuestra Senora
de Las Nieves” (Buenos Aires City). The Spanish samples were recruited at the Neurology Service of the Hospital Regional Universitario
de Malaga (Malaga). All participants included in this study were subjects of both sexes, literates and 60 years of age or over. All
enrolled subjects underwent clinical and neuropsychological examinations, and blood draw for chemical profile determination
including cholesterol and glucose measurement, thyroid function (T3, T4, TSH), Vit B12 and folic acid, calcium, phosphorus, ho-
mocysteine, VDRL and HIV, Hepatitis B, Hepatitis C and complete blood count.

Inclusion Criteria for Controls (CTL): subjects with a normal neurological examination, no cognitive changes affecting daily living,
and normal cognitive status as determined by the Mini-Mental State Examination (MMSE) and Clinical Dementia Rating (CDR). The
maximum score on the MMSE is 30, and a score of 27 or higher is considered normal. A CDR = 0 indicates no dementia.

Inclusion criteria for subject with probable Alzheimer’s disease (AD): diagnosis of probable AD followed diagnostic criteria from the
National Institute of Neurological and Communicative Disorders and Stroke and the Alzheimer’s Disease and Related Disorders As-
sociation (NINCDS-ADRDA) [28,29]. Subject showed a MMSE >15 and < 26 and a CDR of 1-3. All of them with a clear history of
cognitive and functional impairment for at least 1 year that was documented in medical records or documented by an informant who
knows the participant well.

Inclusion criteria for subjects with mild cognitive impairment (MCI): participants were classified by the Andalusian Network for
Clinical and Translational Research in Neurology [NEURO-RECA] on the basis of concerns about cognitive decline reported by the
patient and/or informant and assessment by a neuropsychologist following guidelines previously reported [30] (a score of 1-1.5
standard deviations below the mean on cognitive tests and a CDR = 0.5). In addition, a quantitative analysis of brain neuro-
degeneration, identified by measuring glucose metabolism in the brain with FDG-PET (Neuroclaud PET), and expressed as the per-
centage deviation from the normal population, was performed (Supplementary Material Table S1).

Exclusion criteria: subjects with a history proven by computed tomography with focal organic lesions, brain tumor, history of
clinical diseases with neuronal involvement, malformations of the central nervous system, history of HIV or Hepatitis B infection or
Syphilis, history of epileptic disorders, brain surgery or psychiatric disorders. It is of note that none of the participants included in this
report suffer chronic conditions that could affect levels of peripheral inflammation such as gastrointestinal inflammation, chronic
obstructive pulmonary disease, rheumatoid arthritis, dermatitis, chronic fatigue syndrome, or myalgic encephalomyelitis as previously
reported [31]. The description of the samples is shown in Table 1. Pre-analytical processing and storage of samples was similar be-
tween centers. Briefly, a maximum of five mL of whole blood was collected by venipuncture into 6 mL plastic tubes spray-coated with
sodium citrate. The tubes were allowed to stand at room temperature (RT) for 30 min, centrifuged at 1800xg for 10 min at RT,
immediately divided into 250 pL aliquots in 0.5 mL polypropylene storage tubes and stored at —80 °C until processing. Frozen samples
were shipped from Malaga (Spain) to the City of Buenos Aires (Argentina), where the determinations were performed, with a sufficient
amount of dry ice and placed in the shipping packaging provided by the international courier, in accordance with dangerous goods
regulations. A total of 137 peripheral blood samples were processed to obtain plasma from 49 cognitively normal (CTL), 36 MCI and 52

Table 1
Descriptive characteristics of the samples across clinical categories.
Clinical categories Total number of subjects (ARG/SPN) Sex (% Female) Age (years)
(Female/Male) Mean (SD)
CTL 49 (49/0) 77.5 (38/11) 72.8 (6.3)
MCI 36 (2/34) 55.6 (20/16) 70.9 (6.7)
AD 52 (52/0) 62.5 (32/20) 76.4 (6.5)

Abbreviations: CTL, cognitively normal subjects; MCI, mild cognitive impairment; AD, Alzheimer’s disease; ARG, Argentine; SPN, Spain; SD, standard
deviation.
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probable AD subjects.
2.3. Determination of cytokine plasma levels

The ultrasensitive instrument SECTOR Imager 6000 (MesoScale Discovery, Gaithersburg, MD, USA) was used to analyze 137
plasma samples with three multiplexed assays covering 30 analytes, namely the 10-plex Chemokine Panel 1 (MSD, cat#K15047D), the
10-plex Human Cytokine Panel 1 (MSD, cat#K15050D) and the 10-plex Human Proinflammatory Panel 1 (MSD, cat#K15049D). All
assays were performed according to manufacturer’s instructions as previously reported [32]. Data acquisition and analysis were
performed using MSD Discovery workbench 4.0 software. When more than 10 % of the subjects displayed concentration values that
were below of the Lower Limit of Quantification (LLoQ) and/or above the Upper Limit of Quantification (ULoQ), the analyte was
excluded from the analysis. In the remaining analytes, values that were out of the LLoQ-ULoQ range were replaced by LLoQ/2 or ULoQ
[33].

2.4. Statistics analysis

The SAMPL guidelines for reporting statistical analysis have been followed [34]. The Kolmogorov-Smirnov test was used to assess
the assumption of normal distribution. Since no cytokine showed a normal distribution (p < 0.05 for all cases), Kruskal-Wallis tests
followed by Dunn’s multiple comparison tests were performed in order to compare the concentration of analytes between the three
diagnostic groups (CTL, MCI and AD). Next, to study the influence of diagnostic group, age and sex on cytokine concentrations, a
non-parametric multivariate analysis of covariance (MANCOVA) was performed. Cytokine concentrations were used as dependent
variables, while diagnostic group, age and sex were used as independent variables. The non-parametric MANCOVA analysis allows
assessment of the combined relationship of multiple independent variables with multiple dependent variables, without assuming
specific distributions of the data. The Monte Carlo permutation test was used to obtain corrected p-values and ensure the validity of the
results.

Next, to determine the specificity and sensitivity of the markers, receiver operating characteristic (ROC) curves were conducted.
For the certainty of the ROC analysis and based on the literature [35], an a priori sample size calculation was performed (alpha = 0.05;
beta = 93-0.20; power = 0.80; expected AUC = 0.70 (70 %); null value of AUC = 0.50 (50 %); ratio of negative to positive cases = 1).
The minimum sample size was 31 positive and 31 negative cases (N = 62).

Finally, three multivariate binary logistic regression models were performed with diagnostic group (model 1: CTL vs.AD, model 2:
CTL vs. MCI and model 3: MCI vs. AD) as dependent variables and each of the analytes as independent variables, adding age and sex as
covariates. Only those analytes whose plasma concentration levels were significantly different between diagnostic groups and in which
the area under the curve (AUC) was equal or greater than 0.70 in the ROC curve were included in the multivariate models.

All statistical tests and models were performed with R (version 4.3.3), Graphpad Prism 9.1.0 (San Diego, CA, USA) and SPSS
software V.28 (IBM Corporation, Somers, NY, USA). Custom procedures were used for non-parametric MANCOVA analysis. A p < 0.05
(two-tailed) was considered statistically significant.

3. Results
3.1. Cytokine levels in plasma of CTL subjects, MCI or probable AD patients

Here we report the evaluation of 30 plasma analytes in MCI and probable AD patients and age-matched cognitively normal subjects.
All participants were part of a multicenter case-control study performed in cooperation between Argentina and Spain. Collecting
samples from different centers broaden the relevance of the results to different groups. However, pre-analytical procedures, including
the timeframe between sample collection and separation of supernatant from cells, are known to influence cytokine levels [36]. In this
regard, key procedural recommendations [37] were followed at all recruitment sites to minimize factors that could affect cytokine
levels. The accuracy of analyte measurements was assessed on the basis of reproducible technical replicates (maximum coefficient of
variation: 12.95 %). From the total of 30 analytes measured only 13 showed no more of 10 % of its values out of the LLoQ-ULoQ range
(Supplementary Material, Table S2). As a first approach, we performed a univariate analysis to describe how each analyte varied
between groups. Non-parametric Kruskal-Wallis tests followed by Dunn’s multiple comparison tests showed that out of a total of 13
analytes examined, the concentration of nine showed significant differences between diagnostic groups (IL-16, IL-7, VEGF, IL-8;
eotaxin, MCP-1, MCP-4, MDC and TARC) (Fig. 1). On the contrary, four analytes showed no significant differences in their concen-
tration levels between the different clinical groups (IL-12_23p40, TNF-a, IP-10 and MIP-1f) (Supplementary Material, Fig. S1). All
exact p-values are given in Information, Table S3.

3.2. Diagnostic group and sex influence plasma levels of cytokines and chemokines

To study the influence of diagnostic group, sex and age on cytokine concentrations, a non-parametric multivariate analysis of
covariance (MANCOVA) was performed. The results of the MANCOVA test showed that the diagnostic groups had a significant impact
on cytokines plasmatic concentrations (Pillai’s Trace = 0.68152, F(2, 232) = 4.6124, p < 0.001). The differences in cytokine con-
centrations between the CTL, MCI and probable AD groups were statistically significant, reinforcing the role of inflammation on
disease onset and progression.
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Fig. 1. Cytokine plasma concentration levels between clinical categories. Only the nine cytokines whose concentration levels were signifi-
cantly different between clinical categories are displayed. Violin plots show the frequency distribution of the data with individual data points
superimposed. Dotted lines indicate the median and quartiles Q1 and Q3. *p < 0.05; **p < 0.01; ***p < 0.001 (see Table S2 for detailed statistics
elnd exact p-values). Abbreviations: CTL, cognitively normal subjects; MCI, mild cognitive impairment; AD, Alzheimer’s disease.

In addition, the sex variable showed a significant relationship with cytokine concentrations (Pillai’s Trace = 0.22994, F(1, 114) =
2.6184, p = 0.0032), while the age variable did not (Pillai’s Trace = 0.07681, F(1, 115) = 0.7360, p = 0.7244). These results indicate
that both disease status and sex have a significant effect on plasmatic cytokine concentrations.

3.3. Multivariate logistic regression analysis to select cytokines associated with clinical diagnosis

Prior to performing the multivariate models, we carried out univariate ROC curves to select those analytes that will be included in
the models. Only those analytes with an AUC >0.70, and that were significant different between diagnostic groups, were selected.
These criteria were met by 6 analytes when discriminating between CTL and MCI subjects, 4 analytes when discriminate between CTL
and AD subjects and 6 analytes when discriminating between MCI and AD subjects (Table 2). Next, three multivariate logistic
regression models were developed (model 1: CTL vs. MCIL, model 2: CTL vs. AD, and model 3: MCI vs. AD) with sex and age as
covariates. We found that 2 analytes were informative in each one of the models. The results are summarized in Table 3. It is notable
that the OR values in the regression models indicate that the two predictor variables in model 1 (IL-16 and MDC) and in model 2
(eotaxin and MDC) are associated with the risk of developing the disease. In contrast, in model 3, IL-7 is associated with protection,
whereas VEGF is linked with the risk of developing dementia.

4. Discussion

Based on the evidence that inflammation is a key component of AD pathogenesis and that neurogliosis is indicative of the pro-
gression of the disease, in this report we measured 30 proteins including growth factors, chemoattractants and interleukins to position
biomarkers of neuroinflammation and meningeal immune processes as a possible tool for disease characterization and prognosis.

Cytokine levels in the blood of healthy individuals are known to be low, and some cytokines are not detected [38]. In this report we
applied a highly sensitive multiplex technique that allowed us the rapid and cost-effective measurement of a broad panel of analytes. It
is noteworthy that the 17 excluded analytes were included in the list of not detected cytokines in blood of aged subjects [38].

Table 2
Univariate receiver operating characteristic (ROC) models.

CTL vs. MCI

Analyte AUC SE CI (95 %) P value
Lower Upper

IL-7 0.7279 0.0555 0.6190 0.8368 0.0003

VEGF 0.7029 0.0577 0.5898 0.8161 0.0014

Eotaxin 0.7115 0.0600 0.5938 0.8291 0.0009

MCP-1 0.7120 0.0562 0.6018 0.8222 0.0008

MCP-4 0.7511 0.0538 0.6455 0.8568 <0.0001

MDC 0.7166 0.0561 0.6065 0.8266 0.0006

CTL vs. AD

Analyte AUC SE CI (95 %) P value
Lower Upper

IL-16 0.7814 0.0453 0.6924 0.8704 <0.0001

IL-8 0.7945 0.0436 0.7090 0.8800 <0.0001

Eotaxin 0.7370 0.0490 0.6410 0.8331 <0.0001

MDC 0.7162 0.0506 0.6169 0.8156 0.0002

MCI vs. AD

Analyte AUC SE CI (95 %) P value
Lower Upper

IL-16 0.7556 0.0505 0.6565 0.8547 <0.0001

IL-7 0.7420 0.0538 0.6364 0.8475 0.0001

VEGF 0.8216 0.0457 0.7320 0.9112 <0.0001

IL-8 0.7147 0.0530 0.6083 0.8212 0.0006

MCP-4 0.7217 0.0550 0.6137 0.8297 0.0004

TARC 0.7297 0.0576 0.6166 0.8428 0.0003

Only analytes in which the AUC were equal or higher than 0.70 are shown. Abbreviations: CTL, cognitively normal subjects; MCI, mild cognitive
impairment; AD, Alzheimer’s disease; AUC, area under the curve; SE, standard error; CI (95 %), 95 % confidence interval.
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Table 3
Multivariate logistic regression models.

CTL vs. AD

Age + Sex + IL-16 + MDC (R? = 0.42)

Analyte OR CI (95 %) P value
IL-16 1.003 1.001-1.005 0.003
MDC 1.006 1.003-1.010 0.001
CTL vs. MCI

Age + Sex + Eotaxin 4+ MDC (R? = 0.38)

Analyte OR CI (95 %) P value
Eotaxin 1.006 1.001-1.011 0.01
MDC 1.005 1.001-1.009 0.006
MCI vs. AD

Age + Sex + IL-7 + VEGF (R? = 0.47)

Analyte OR CI (95 %) P value
IL-7 0.563 0.392-0.807 0.002
VEGF 1.067 1.033-1.103 0.001

Abbreviations: CTL, cognitively normal subjects; MCI, mild cognitive impairment; AD, Alzheimer’s disease; OR, odd
ratio; CI (95 %), 95 % confidence interval.

Moreover, most of these analytes were also eliminated in a previous report from a large case-control study of inflammatory biomarkers
in AD plasma [39], reinforcing the validity of our results. The conclusions of the univariate analysis showed that the nine analytes
exhibit statistical differences among groups. In particular, significant increases were observed in the levels of pro-inflammatory cy-
tokines (IL-16 and IL-8), compounds that promote vascularity at the site of inflammation (VEGF), neuronal toxicity and ROS pro-
duction (eotaxin), and those that regulate immune cell homeostasis (TARC and MDC) in AD samples compared to CTL.

As markers of early cognitive impairment, significantly elevated levels of IL-7, eotaxin, MCP-1, MCP-4 and MDC were observed in
MCI subjects compared to CTL, while reduced levels of VEGF were accounted. To gain further insight into the progression from MCI to
AD, we conducted a comparative analysis of individual analyte levels and observed alterations in six, including significant increases in
AD vs. MCI in plasma levels of IL-16, IL-8, VEGF, and TARC, while decreases in MCP-4 and IL-7 were noted. It is noteworthy that MCP-4
has been identified by immunohistochemistry in human atherosclerotic lesions [40]. While there are no published reports linking
plasma MCP-4 levels to cognitive performance, it is important to acknowledge that MCP-1 (which shares high similarity with MCP-4)
has been reported to be a discriminating analyte between MCI and CTL subjects [39].

Recent studies have underscored the intricate interrelationship between sex, age, and inflammatory markers in AD. It was observed
that women exhibited stronger verbal memory than men, and this advantage was moderated by IL-1§ levels [41]. Additionally, sex
differences in CSF and plasma inflammatory markers were reported [42]. Published reports displayed that age is a significant factor
influencing plasma cytokine levels, with notable age-related alterations observed in inflammatory markers. Several studies have
demonstrated that pro-inflammatory cytokines tend to increase with age [42-45]. Conversely, some anti-inflammatory cytokines, such
as IL-2, have been observed to decrease with age [43]. These age-related changes in cytokine profiles may contribute to the devel-
opment of age-restricted conditions and chronic low-grade inflammation in older adults [46].

In this study, we employed MANCOVA to evaluate the influence of two covariates, namely sex and age, on the statistically sig-
nificant intergroup differences observed in the clinical groups under analysis. The findings indicated that sex is a significant covariate
that should be controlled for. In this regard, our multivariate logistic regression analysis, which employed sex and age as covariates,
revealed that a distinct set of analytes are involved within each clinical group. Increments in chemokines (eotaxin and MDC) are
associated with early cognitive impairment. It is of note that MDC has been shown to play a role in suppressing Ap-induced neuro-
toxicity [47]. These chemokines are produced by microglia and astrocytes and their receptors are significantly altered in AD patients,
suggesting a potential role in the pathology of the disease [48]. Elevated levels of eotaxin (CCL11), originally identified for its role in
immune response, have been consistently observed in the plasma and CSF of individuals diagnosed with AD [49]. Furthermore, this
chemokine has been linked to a delayed onset of MCI and dementia, indicating a potential role in modifying the age at onset of AD [50].
Previous reports have indicated that elevated eotaxin levels are associated with alterations in brain homeostasis, synaptic plasticity,
and cognition during the aging process [51]. Recently, eotaxin was identified as one of the 10 analytes associated with MCI and AD
[39]. It is noteworthy that age-related increases in eotaxin have been associated with impairments in executive functions and episodic
and semantic memory. Consequently, this chemokine is known as an “endogenous cognition deteriorating chemokine” or an
“accelerated brain-ageing chemokine” [52].

Our results suggest that levels of IL-7 and VEGF may be indicative of progression from MCI to AD. A potential association between
peripheral levels of IL-7 and AD has been identified previously [53], but the results are conflicting. Levels of IL-7 have been found
upregulated in CSF of subject at early stages of AD [54] and minor changes were reported in plasma levels of patients with established
dementia [55]. Noteworthy, it was recently reported that plasma IL-7 levels are reduced in AD patients carrying APOEe4, who showed
a negative correlation between plasma IL-7 levels and the degree of hippocampal atrophy [56]. Given the known role of IL-7 in the
development and modulation of innate lymphoid cells that control tissue homeostasis and antimicrobial immune responses [57],
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dysregulation of this cytokine may indeed indicate the presence of active inflammatory processes in neurodegenerative dementias,
including AD. In addition, a significant association between IL-7 levels and depression in AD patients has been reported [58], although
the correlation between the two variables differed depending on the sex and blood fraction (plasma or serum) examined. In some cases,
the correlation was positive, in others it was negative. The overexpression of VEGF in plasma of AD is in accordance with the hy-
pothesis that vascular disorder is an important feature of chronic neurodegeneration conditions [53], however, there is great con-
troversy about the relevance of plasma VEGF levels in MCI and AD patients [52]. Possible reasons for these conflicting findings include
the occurrence of depression, which was associated with higher serum VEGF levels in AD compared cognitively normal subjects [59].

A comparison of the most disparate clinical groups (CTL vs. AD) revealed that IL-16 and MDC were significant discriminative
variables. Activation of microglia results in the production of IL-16 [60] and in rat models, the expression of IL-16 by microglia varies
across different disease conditions, indicating its potential as a marker for microglial activation in CNS diseases [61]. In the context of
AD, a correlation between specific IL-16 gene polymorphisms and a reduced risk of developing dementia was identified [62,63]. Taken
together, these results suggest that different combinations of cytokines, as well as sex and age, may be suitable candidates for the
development of convenient screening tools for clinical diagnosis. Nevertheless, further research is required to corroborate our findings
in larger and more diverse datasets.

This brief report is limited by several factors. First, the modest sample size limited our ability to include multiple adjustment
variables, such as comorbidity risk factors, without compromising the statistical power of the analysis [64], and the lack of propor-
tionality (with the majority of MCI subjects belonging to the Spanish cohort and probable AD and control participants belonging to the
Argentinean cohort) constrained the ability to analyze the influence of center/country. Second, the lack of confirmation of AD by
established biomarkers. Third, the unavailability of imaging data for the majority of participants and fourth, the lack of an independent
cohort to replicate our findings. Moreover, we performed a cross-sectional analysis and therefore causality cannot be inferred.

However, this report highlights noteworthy aspects of neuroinflammation as an emerging focus in contemporary AD research and
adds information to the fraction of studies that are reliable and useful to the field. After applying rigorous filters, we have identified a
set of plasma markers that reflect glial reactivity. However, these analytes may also have a peripheral origin. It is well documented that
a number of pathological conditions, including arthritis, diabetes mellitus, obesity, systemic lupus erythematosus and inflammatory
bowel disease, result in a state of chronic peripheral inflammation. Locally produced proinflammatory cytokines activate primary
afferent pathways, such as the vagus nerve, and circulating cytokines gain access to the brain [65], thereby activating resident
microglia in the brain. In this context, seminal clinical observations suggesting a role for peripheral immune dysregulation and
peripheral-central immune communication in AD point to promising translational mechanistic studies for therapeutic intervention
[66]. Therefore, although none of the participants had diagnosis of chronic inflammatory diseases, we cannot rule out a peripheral
origin of these cytokines as product of subclinical conditions Overall, our results reinforce the role of inflammation in the different
clinical stages of AD and suggest the possibility of using the plasmatic glial signature as an interesting additional marker to assess AD
progression.

CRediT authorship contribution statement

Lorenzo Campanelli: Writing — review & editing, Writing — original draft, Methodology, Formal analysis, Data curation,
Conceptualization. Pablo Galeano: Writing — review & editing, Writing — original draft, Methodology, Formal analysis, Data curation,
Conceptualization. Federico A. Prestia: Writing — review & editing, Methodology, Data curation. Carolina Cuesta: Writing — review
& editing, Methodology, Data curation. Maria C. Dalmasso: Writing — review & editing, Supervision, Investigation. Maria Flores-
Lopez: Writing — review & editing, Supervision, Investigation. Cristian Gona: Writing — review & editing, Methodology. Nicolds
Irureta: Writing — review & editing, Supervision, Investigation. Claudia Kairiyama: Writing — review & editing, Methodology.
Julieta Lisso: Writing — review & editing, Methodology. Antonio Jests Lopez-Gambero: Writing — review & editing, Methodology.
Ines Mintz: Writing — review & editing, Methodology. Nancy Medel: Writing — review & editing, Methodology. Karen S. Campu-
zano: Writing — review & editing, Methodology. Carolina Muchnik: Writing — review & editing, Methodology. Gisela V. Novack:
Writing — review & editing, Methodology. Natividad Olivar: Writing — review & editing, Methodology. Ivana Quiroga: Writing —
review & editing, Methodology. Nerea Requena-Ocana: Writing — review & editing, Methodology. Jose Antonio Reyes-Bueno:
Writing — review & editing, Methodology. Pedro Serrano-Castro: Writing — review & editing, Methodology. Zulma Sevillano:
Writing - review & editing, Methodology. Patricia Solis: Writing — review & editing, Methodology. Juan Suarez: Writing — review &
editing, Methodology. Ivana Villella: Writing — review & editing, Methodology. Nancy Wukitsevits: Writing — review & editing,
Methodology. Eduardo M. Castano: Writing — review & editing. Fernando Taragano: Writing — review & editing, Methodology.
Silvia Kochen: Writing — review & editing, Supervision. Daniel G. Politis: Writing — review & editing, Supervision, Methodology.
Luis I. Brusco: Writing — review & editing, Supervision, Methodology. Fernando Rodriguez de Fonseca: Writing — review & editing,
Supervision, Resources, Project administration, Funding acquisition, Conceptualization. Laura Morelli: Writing — review & editing,
Writing — original draft, Supervision, Resources, Project administration, Funding acquisition, Data curation, Conceptualization.

Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



L. Campanelli et al. Heliyon 11 (2025) e41725
Funding

This work was supported by funding from the “Agencia Nacional de Promocién Cientifica y Tecnolégica” grants (PICT-2016-4647,
PICT2019-0656 and PIBT/09-2013 to L.M.), EULAC - Health Neurodegeneration JOINT CALL 20162017 “Fatzheimer” grant (to F.R.F.
and L.M.), “Instituto de Salud Carlos III” (ISCIII) through the projects P122/00427 and DTS22/00021 and co-funded by the European
Union (to F.R.F.), Plan Nacional Sobre Drogas Grants numbers 20221020 (to F.R.F.) and 20191040 (to J.S.), and Andalusian Network of
Clinical and Translational Research in Neurology (Neuro-RECA) of the Ministry of Health and Consumer Affair of Andalusia (Code:
RIC-0111-2019) (to F.R.F). P.G., M.C.D., E.M.C. and L.M. are members of the Research Career of CONICET (Argentina). F.A.P. and K.S.
C was/is supported by a FONCyT Doctoral Fellowip (Argentina). L.C. and G.V.N. are supported by a CONICET Doctoral Fellowship
(Argentina). Fernando Rodriguez de Fonseca is a Nicolas Monardes Program Researcher of IBIMA-Plataforma BIONAND of Malaga.

Declaration of competing interest

The authors declare that they have no known competing financial interests or personal relationships that could have appeared to
influence the work reported in this paper.

Acknowledgements

We thank Alfredo Ramirez (University of Cologne, Germany) for his support in the recruitment stage of Argentine participants and
to Lucas Damian Costa (Universidad Nacional del Litoral, Argentina) for his advices on statistical analysis.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.org/10.1016/j.heliyon.2025.e41725.

Abbreviations

AD Alzheimer’s disease
APOE apolipoprotein E

AUC Area under the curve
Ap42 amyloid

BBB blood brain barrier
CNS central nervous system
CR1 complement receptor-1
CSF cerebrospinal fluid
CTL cognitively normal

GM-CSF Granulocyte-macrophage colony-stimulating factor
GWAS  genome-wide association studies

IFN Interferon
IL Interleukin
P Interferon gamma-induced protein

MCP Monocyte Chemoattractant Protein
MDC Macrophage-derived chemokine

MIP Macrophage Inflammatory Proteins

P-tau hyperphosphorylated tau

R2 Cox & Snell R-squared coefficient
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T-tau total tau
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TNF Tumor necrosis factor
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