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A worldwide increase in longevity is bringing novel challenges to public health and health
care professionals. Cognitive impairment in the elderly may compromise living conditions
and precede Alzheimer’s disease (AD), the most prevalent form of dementia. Therefore,
finding molecular markers associated with cognitive impairment is of crucial importance.
Lipocalin 2 (LCN2), an iron-related protein, has been suggested as a potential marker
for mild cognitive impairment (MCI) and AD. This study aimed at investigating the
association between LCN2 measured in serum and cerebrospinal fluid (CSF) with
cognitive impairment. A cross-sectional design based on two aging cohorts was used:
individuals diagnosed with subjective cognitive complaints (SCC), MCI, and AD from a
Swedish memory clinic-based cohort, and individuals diagnosed with SCC and AD from
a Portuguese cohort. Binary logistic [for the outcome cognitive impairment (MCI + AD)
in the Swedish cohort and AD in the Portuguese cohort] and multinomial logistic (for
the outcomes MCI and AD) regression analyses were used. No associations were
found in both cohorts when controlling for sex, education, and age. This explanatory
study suggests that the association between serum and CSF LCN2 concentrations with
cognitive impairment reported in the literature must be further analyzed for confounders.

Keywords: Alzheimer’s disease, mild-cognitive impairment, cognition, lipocalin 2, biomarker

INTRODUCTION

The increase in worldwide longevity attained during the last 100 years has been a major public
health achievement (World Health Organization, 2011; Prince et al., 2015). Unfortunately, aging is
associated with cognitive decline (Harada et al., 2013). Yet, cognitive trajectories throughout aging
are not constant within or between individuals; these seem to depend on factors whose interactions
remain unknown. While some are thought to arise from genetic factors (Pilling et al., 2012), others
depend on the individual’s interaction with the environment (Kulmala et al., 2019).
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Impaired cognition may compromise the quality of life of
individuals (León-Salas et al., 2015), and can ultimately evolve to
Alzheimer’s disease (AD; Rabin et al., 2017), which is among the
most prevalent diseases of the elderly population (World Health
Organization, 2020). Of relevance, mild cognitive impairment
(MCI), a condition characterized by cognitive decline but in
which individuals maintain their normal lives, is even more
common than AD (Katz et al., 2012). In about half of the
cases, MCI progresses to AD (Gauthier et al., 2006). Identifying
molecular biomarkers associated withMCI and early AD that can
be used as early indicators of AD disease progression is essential
to carry out timely interventions.

In addition to the hallmarks of AD (i.e., amyloid beta
peptide and tau protein), several other molecules have the
potential to become useful biomarkers, including lipocalin 2
(LCN2), an acute-phase protein involved in iron homeostasis
(Mesquita et al., 2012, 2014; Ferreira et al., 2013). Animal
models have shown that changes in LCN2 concentrations in the
brain correlate well with behavioral changes, such as anxiety
(Mucha et al., 2011; Ferreira et al., 2013) and memory (Choi
et al., 2011; Naudé et al., 2012; Ferreira et al., 2013). LCN2 has
also been implicated in various molecular mechanisms relevant
to the pathophysiology of AD (Lee et al., 2009, 2011, 2012;
Rathore et al., 2011; Roudkenar et al., 2011; Bi et al., 2013),
namely LCN2 can amplify neuroinflammation (Lee et al., 2011),
participate in reactive astrocytosis (Lee et al., 2009; Bi et al.,
2013), promote neuronal cell death (Bi et al., 2013), and
mediate amyloid beta (Aβ) toxicity (Mesquita et al., 2014).
LCN2 concentrations were also increased in post-mortem brain
tissue of AD patients, in regions associated with brain pathology
such as the hippocampus (Naudé et al., 2012). In fact, serum
LCN2 concentrations were increased in patients with MCI,
but not with AD, when compared with cognitively healthy
individuals (Choi et al., 2011). Additionally, LCN2 plasma
levels were increased in preclinical AD, classified accordingly
to the CSF Aβ42, total tau and phosphorylated tau levels,
compared to controls (Eruysal et al., 2019). However, clinical
evidence is still contentious, as this finding was not replicated
by a later study (Naudé et al., 2012) whereby no changes in
serum LCN2 were seen, but instead, a decrease in cerebrospinal
fluid (CSF) concentrations among individuals with MCI and
AD was recorded. It is in this context that the present
study aims at clarifying the relationship between LCN2 levels,
measured in serum and CSF, and cognitive performance in MCI
and AD.

SUBJECTS, MATERIALS AND METHODS

Study Design and Study Population
A design based on two aging cohorts was used. For the
Swedish cohort, a cross-sectional sample of consecutive patients
with available samples was obtained from the Memory Clinic
(Karolinska University Hospital, Huddinge, Stockholm) using
GEDOC, a database, and biobank for geriatric research (Almkvist
and Tallberg, 2009). GEDOC is an electronic database that
has existed at the Theme Aging (previous geriatric clinic)
at Karolinska University Hospital since the 90s and includes

patients who have visited the memory clinic for examinations
and given their informed consent. Individuals evaluated within
the period 2005–2015 who fulfilled the inclusion criteria
were eligible; this sample was representative of the Memory
Clinic population. For the Portuguese cohort, patients were
prospectively enrolled from the dementia outpatient clinic of the
Department of Neurology at Centro Hospitalar Universitário do
Porto (CHUP) between February 2013 and April 2017.

Inclusion criteria: Individuals with a clinical diagnosis of
subjective cognitive complaints (SCC), MCI, or AD with
available serum and CSF samples for biochemical analyses.
Complete data on neuropsychological performance, age, sex, and
the number of years of formal education, were also requirements
for inclusion.

Exclusion criteria: Individuals with serum C-reactive protein
(CRP) concentrations above 10 mg/ml, as this is a sign of
inflammatory response that can interfere with the analysis
of LCN2, an acute-phase protein (US Food and Drug
Administration, 2005). The overall number of samples available
for analyses can be seen in Figure 1 for the Swedish cohort and
in Figure 2 for the Portuguese cohort.

Neuropsychological Assessment and
Diagnostic Criteria
All participants underwent a clinical investigation that included
medical history, neuropsychological testing, physical and
neurological evaluation, blood collection, and lumbar puncture
to obtain CSF. Diagnoses were established by multidisciplinary
teams of medical doctors, clinical neuropsychologists, speech
therapists, and specialized nurses.

Swedish participants met the criteria for dementia subtype
AD, as stated in the Diagnostic and Statistical Manual of
Mental Disorders version IV (DSM IV; American Psychiatric
Association, 2005). For Portuguese participants, the diagnosis of
AD was established using the National Institute on Aging (NIA)-
Alzheimer’s Association 2011 criteria (McKhann et al., 2011),
including a duration of symptoms ≤4 years. Clinical criteria
used were identical in both groups, but additional biomarkers of
disease were available for the Portuguese subjects.

Individuals with MCI, who did not fulfill the DSM IV
criteria for AD, reported (themselves or through a proxy) current
impairment and declining ability to perform objective cognitive
tasks, or minimal impairment in complex instrumental functions
that do not compromise basic daily living activities (Petersen,
2004; Petersen et al., 2014).

Participants who reported SCC, but who did not show
objective impairment on cognitive tests or met AD and MCI
criteria, were considered here as the reference group. All
participants were characterized according to clinical criteria,
neuropsychological testing and underwent CSF AD biomarkers
study, which were all normal. Furthermore, these subjects had a
follow-up period of at least 24 months to ensure the absence of
any pathological neurological diagnosis.

Sample Size Calculations
For the Swedish cohort, assuming a conservative perspective
of a Cohen’s f = 0.5, a minimum of 22 samples per group
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FIGURE 1 | Flow chart of the Swedish study participants.

FIGURE 2 | Flow chart of the Portuguese study participants.

would be needed. Considering the LCN2 values reported in
the literature, ANOVA comparison, alpha = beta = 0.05,
Cohen’s f of 0.786 for serum and 1.795 for CSF, a minimum
of 10 samples per group would be required for serum
and of three samples per group for CSF (SCC, MCI and
AD groups).

For the Portuguese cohort, assuming the same conservative
perspective of a Cohen’s d = 1 (Cohen’s f = 0.5), a minimum of
23 samples per groupwould be needed. Considering LCN2 values
reported in the literature, alpha = beta = 0.05, Cohen’s d of 2.27
(Cohen’s f = 1.135) for serum and 3.36 (Cohen’s f = 1.680) for
CSF a minimum n = 6 per group for serum and n = 3 por CSF
(SCC and AD groups) would be needed.

Biological Fluid Collection and
Biochemical Measurements
Venous blood and lumbar CSF were collected in the morning on
the same day, or within the same week of the neuropsychological
assessment, under usual conditions (non-fasted state) following
standard procedures. Blood was primarily collected for clinical
evaluation during the diagnostic process; it was centrifuged at
3,000 rotations per minute for 15min (min) at room temperature

(RT) to separate the serum. Both serum and CSF samples were
kept at−75◦C until analyses.

LCN2 was measured in serum and CSF using an enzyme-
linked immunosorbent assay (ELISA) in duplicate samples. The
primary antibody (1:200 in PBS; MAB17571, R&D Systems,
Minneapolis, MN, USA) was incubated overnight at RT in
96 well plates. The blocking was performed with 1% BSA
in PBS for 2 h (h) at RT. CSF samples (1:2) and standards
(Recombinant Human LCN2/NGAL, 1757-LC, R&D Systems)
were analyzed in duplicates and were diluted in blocking solution
and incubated for 2 h at RT. The secondary antibody (1:700 in
blocking solution; BAF1757, R&D Systems) was incubated for
2 h at RT. Streptavidin-peroxidase (1:2,000 in PBS; S2438,
Sigma-Aldrich) was incubated for 30 min in the dark. All steps
were followed by a washing step with PBS-Tween 20 0.05%.
The 3,3′,5,5′-tetramethylbenzidine (Sigma Aldrich) substrate was
incubated for 30 min in the dark. The reaction was stopped by
adding sulfuric acid (2 M), and the absorbance was read in a
multiplate reader at 450 nm, using the 570 nm as reference. The
average variation of optical density between duplicates of the
same sample was below 5%. In one ELISA plate there was an
abnormal reading of the outer row that originated inconsistent
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duplicates; these samples were not included in the analyses
(Figure 1).

CRP was measured by ELISA using a commercial kit (Abcam,
UK) in the Swedish samples and by an immunoturbidimetric
assay (Roche, CH) in the Portuguese samples.

All samples were blind-coded for the diagnoses.

Statistical Analysis
Variables
Outcome variable: the diagnostic status, as categorical variables:
SCC, MCI, AD and (MCI + AD). SCC was considered the
reference group in the analysis, except when stated otherwise.
Comparisons were also made between the MCI and AD groups
whenever appropriate.

Exposure variable: LCN2 concentration, as continuous
variable in serum (ng/ml) and CSF (pg/ml).

Confounding variables: Age in years, as a continuous variable,
as it is the most important risk factor for MCI and AD (Gauthier
et al., 2006; Winblad et al., 2016), and because it may also
relate to LCN2 concentrations given the underlying change in
the inflammatory status with aging (Mocchegiani et al., 2014).
Number of years of formal education, as a continuous variable,
since lower education is associated with both MCI and AD
and because a higher educational level has been related to
better health condition and habits impacting the individual’s
inflammatory status (Ngandu et al., 2007; Meng and D’Arcy,
2012; Winblad et al., 2016). Finally, sex, because men might
have a higher risk of MCI, women may have a higher risk for
AD (especially among the older group), and because there may
be sex-specific differences in risk profiles (Roberts et al., 2012;
Prince et al., 2013; Mielke et al., 2014). Men were used as the
reference category.

Variables were checked for normality using the Shapiro-Wilk
test. For normally distributed variables comparisons between
diagnosis groups were made using t-tests or ANOVA with
Tukey post hoc analysis. For variables that did not follow
a normal distribution, both parametric and non-parametric
(Mann–Whitney and Kruskal–Wallis) tests were used. All
variables except CSF and serum LCN2 levels in the Portuguese
sample displayed normal distributions.

Statistical Tests
Explanatory binary logistic regression models were built
considering dichotomous outcomes: SCC vs. (MCI + AD), and
SCC vs. AD. Explanatory multinomial logistic regression models
were also built for the diagnosis outcomes: SCC vs. MCI or AD,
and MCI vs. SCC or AD. The regression models were checked
for multicollinearity through correlation analysis of each pair of
independent variables by Pearson’s correlation coefficient.

p < 0.05 and 95% confidence intervals were considered for
statistically significance.

RESULTS

Table 1 summarizes descriptive statistics and comparisons. No
significant differences were found in LCN2 levels in serum
across groups in the Swedish and Portuguese cohorts. When TA
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pooled together, MCI and AD groups of the Swedish cohort
showed a higher LCN2 serum level compared with the SCC
control group. In the Swedish sample, CSF LCN2 levels were
also higher in MCI and AD groups compared with the SCC
controls. However, controls were significantly younger and had
more years of education than individuals from the MCI and
AD groups. On the contrary, in the Portuguese sample, where
groups were identical with respect to sex and number of years
of education, no differences were found in serum or CSF levels
between SCC and AD groups.

Next, we performed a binary logistic regression analysis
for the outcome cognitive impairment (belonging to the
MCI + AD group) considering as independent variables the
LCN2 concentration in the serum and CSF, alone or together.
Table 2 summarizes the findings for the Swedish cohort when
the (MCI + AD) group is compared with the SCC group.
In the crude analysis, there was 0.4% higher odds to be
cognitively impaired (MCI + AD) for each pg/ml increase
in the CSF LCN2 concentration. Similarly, there was 1.5%
higher odds to be cognitively impaired (MCI + AD) for each
ng/ml increase in the serum LCN2 concentration. When the
LCN2 concentration in the two biological fluids was considered
together, the association between LCN2 concentration and
cognitive impairment (MCI + AD) remained only for the CSF
levels. These associations were no longer significant in the
adjusted model, after controlling for sex, education, and age.

Table 3 shows the multinomial logistic regression analysis
for the outcomes AD and MCI for the Swedish cohort. When

compared to the SCC group, LCN2 concentration in the CSF
(Table 3) was associated with both MCI and AD, with a 0.4%
increase in the odds to have the disease for each pg/ml in CSF
LCN2. Serum LCN2 concentration was only associated with
MCI. The association of CSF and serum LCN2 concentration
with MCI remained, but not that with AD, when both variables
were considered together. All associations lost significance when
adjusted for sex, education, and age.

Regarding the Portuguese sample, no associations were found
between LCN2 concentration, in the serum or CSF, alone or
together, and AD, when compared to the reference control
group (Table 4).

DISCUSSION

This study, using two independent cohorts, provides no clear
evidence for the association of LCN2 concentrations in CSF and
in serum with MCI or AD, after controlling for age, sex, and
number of years of education. This observation is of relevance
and must be interpreted together with other reports where
LCN2 levels were associated with cognitive impairment (Choi
et al., 2011; Naudé et al., 2012). None of these previous studies
controlled for education, even though there were differences in
the number of years of formal education among the groups (Choi
et al., 2011). With respect to age, the individuals in the study by
Naudé et al. (2012) were older than those in the present study and
age-matched in the studied groups (controls, MCI, AD); Choi
and collaborators (Choi et al., 2011) controlled for age but not

TABLE 2 | Crude and adjusted OR with 95% CI from binary logistic regression for the probability of having cognitive impairment (AD + MCI) using SCC as reference
group for the Swedish groups.

Crude Adjusted*

LCN2 levels Risk group OR (95% CI) P-value OR (95% CI) P-value

CSF, pg/ml (MCI + AD) 1.004 (1.001–1.006) 0.002 1.002 (0.999–1.005) 0.220

Serum, ng/ml (MCI + AD) 1.015 (1.002–1.028) 0.026 1.013 (0.997–1.030) 0.109

CSF, pg/ml 1.033 (1.001–1.006) 0.015 1.001 (0.998–1.005) 0.358(MCI + AD)
Serum, ng/ml 1.012 (0.994–1.030) 0.200 1.013 (0.992–1.035) 0.215

*Adjusted for sex, age in years, and formal education in years. AD—Alzheimer’s disease; CI—confidence intervals; CSF—cerebrospinal fluid; LCN2—lipocalin 2; MCI—mild cognitive
impairment; OR—odds ratio; SCC—subjective cognitive complaints.

TABLE 3 | Crude and adjusted OR with 95% CI from multinomial logistic regression for the probability of having cognitive impairment (AD or MCI) using SCC as
reference group for the Swedish groups.

Crude Adjusted*

LCN2 levels Risk group OR (95% CI) P-value OR (95% CI) P-value

CSF, pg/ml MCI 1.004 (1.001–1.006) 0.004 1.002 (0.999–1.005) 0.160
AD 1.004 (1.001–1.006) 0.004 1.001 (0.998–1.005) 0.414

Serum, ng/ml MCI 1.016 (1.1001–1.031) 0.033 1.016 (0.999–1.034) 0.066
AD 1.013 (0.999–1.027) 0.076 1.010 (0.992–1.028) 0.299

CSF, pg/ml MCI 1.033 (1.004–1.006) 0.026 1.002 (0.998–1.005) 0.310
AD 1.010 (0.990–1.030) 0.317 1.013 (0.991–1.036) 0.245

Serum, ng/ml MCI 1.003 (0.001–1.006) 0.020 1.001 (0.998–1.005) 0.511
AD 1.012 (0.993–1.032) 0.227 1.014 (0.990–1.038) 0.257

*Adjusted for sex, age in years, and formal education in years. AD—Alzheimer’s disease; CI—confidence intervals; CSF—cerebrospinal fluid; LCN2—lipocalin 2; MCI—mild cognitive
impairment; OR—odds ratio; SCC—subjective cognitive complaints.
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TABLE 4 | Crude and adjusted OR with 95% CI from binary logistic regression for the probability of having cognitive impairment (AD) using SCC as reference group for
the Portuguese groups.

Crude Adjusted*

LCN2 levels Risk group OR (95% CI) P-value OR (95% CI) P-value

CSF, pg/ml AD 1.003 (1.000–1.006) 0.082 1.003 (0.999–1.006) 0.108

Serum, ng/ml AD 1.005 (0.994–1.017) 0.343 1.004 (0.992–1.016) 0.531

CSF, pg/ml 1.003 (0.996–1.006) 0.116 1.003 (0.999–1.006) 0.132AD
Serum, ng/ml 1.001 (0.987–1.014) 0.911 1.001 (0.986–1.016) 0.944

*Adjusted for sex, age in years, and formal education in years. AD—Alzheimer’s disease; CI—confidence intervals; CSF—cerebrospinal fluid; LCN2—lipocalin 2; MCI—mild cognitive
impairment; OR—odds ratio; SCC—subjective cognitive complaints.

for education, which was significantly lower in the AD group
(when compared to MCI and to control). It would be interesting
to confirm whether the differences in those two studies would
remain after controlling for education, and also whether the
association found in the present study would persist in an elderly
population. A recent study in four cohorts, controlled for sex and
age, found no differences in CSF LCN2 levels between controls
and AD patients (Llorens et al., 2020).

Altogether, from the reported studies, it is clear that attention
should be given to confounding variables when searching for
an association of markers of disease. In the case of cognitive
impairment, age is a key variable to consider, since the older the
individuals the higher the risk to develop MCI and AD (Winblad
et al., 2016). Education is protective for the development of
cognitive impairment, and several studies have described that a
higher number of years of formal education are associated with a
lower risk to develop MCI and AD (Ngandu et al., 2007; Meng
and D’Arcy, 2012). While the evidence is strong in that both
age and education relate to the outcome, the evidence of their
association with the independent variable LCN2 is weaker but
must be considered. For any biological marker that may indicate
a state of inflammation, as is the case of LCN2, it is conceivable
that higher formal education may relate with information on
health habits more likely to protect individuals from causes
leading to inflammation; for that reason, education may relate
with the levels of LCN2. As for age, independently from the
common practice to control for age in most association studies,
age is again a likely confounder when LCN2 is considered.
Age is associated with the ‘‘aging’’ of several organ systems,
including the immune system. It is currently accepted that several
neurodegenerative disorders, and aging in itself, are associated
with an underlying pro-inflammatory state, of which LCN2 could
be a marker or be related to. In agreement, LCN2 levels have
been shown to be positively correlated with age (De la Chesnaye
et al., 2016; Maurizi et al., 2021). Furthermore, LCN2 levels
have been described to be associated with several neurological
neurodegenerative conditions (Marques et al., 2012; Maurizi
et al., 2021; Ferreira et al., 2015), possibly as a general marker
of inflammation rather than specifically associated with the
disease. Interestingly, Llorens et al. (2020) reported that CSF
LCN2 may specifically distinguish vascular dementia from Lewy
body dementia, fronto-temporal dementia, Creutzfeldt-jakob
disease, AD, and mixed dementia (AD plus vascular dementia).
Additional studies are warranted to further investigate the cause
of increased CSF LCN2 in such conditions, given the potential

disruption of the blood-brain barrier. Altogether, these studies
support the importance of confounding factors, like age and
education, when searching for potential disease biomarkers, such
as LCN2.

Attention should also be given to the diagnosis criteria.
Eruysal et al. (2019) reported higher LCN2 plasma levels in
individuals classified as preclinical AD in accordance with the
CSF composition criteria.

The main limitation of the present study pertains to the
cross-sectional design. In addition, even though the sample size
exceeds the one calculated considering the expected effect size
for group differences reported for LCN2 values in blood and
CSF, it would be relevant to repeat this study in a larger cohort.
Importantly, higher sample sizes and wider age groups might
also be needed for any biomarkers displaying subtle changes.
Additional prospective longitudinal studies and the inclusion
of biomarkers of disease and disease progression will provide
information on the potential usefulness of LCN2 in MCI/AD
evaluation. Additionally, the storage duration of the samples,
before LCN2 quantification, differs in the two cohorts, which
could possibly influence LCN2 levels. Nevertheless, a previous
study has demonstrated that serum LCN2 concentration presents
a high stability along time (up to 7 days at 4◦C) and after
repetitive freeze/thaw cycles (up to three cycles; Wang et al.,
2015). Moreover, no direct comparison was performed between
the two cohorts, only betweenMCI/AD groups and the respective
reference groups within each cohort, whose samples have been
stored for similar time periods.

The strengths of the study reside on the use of two
independent cohorts with detailed cognitive evaluation, the
measurement of LCN2 in two biological fluids and the careful
consideration for potential confounding factors.

Of note, while the present study strongly suggests that
measuring LCN2 levels in biological fluids is not useful
for diagnosis purposes, LCN2 may still be associated with
the molecular mechanisms underlying cognitive impairment
and/or AD. In accordance, studies in animals showed that
in the absence of LCN2 rodents display: (i) anxious and
depressive-like behaviors, as well as cognitive impairment in
spatial learning tasks (Ferreira et al., 2013); (ii) deficits in adult
neural stem cells proliferation and commitment, with impact on
the hippocampal-dependent contextual fear discriminative task
(Ferreira et al., 2018, 2019). In addition, in vitro studies suggest
that LCN2 mediates the toxicity of Aβ protein to astrocytes
(Mesquita et al., 2014).
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In summary, the present study does not support LCN2 levels
in serum and CSF as a useful marker in identifying individuals
clinically characterized to have MCI or AD.
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