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Abstract 

Background:  Lipocalin-2 is a glycoprotein that is involved in various physiological and pathophysiological processes. 
In the brain, it is expressed in response to vascular and other brain injury, as well as in Alzheimer’s disease in reactive 
microglia and astrocytes. Plasma Lipocalin-2 has been proposed as a biomarker for Alzheimer’s disease but available 
data is scarce and inconsistent. Thus, we evaluated plasma Lipocalin-2 in the context of Alzheimer’s disease, differen‑
tial diagnoses, other biomarkers, and clinical data.

Methods:  For this two-center case-control study, we analyzed Lipocalin-2 concentrations in plasma samples from 
a cohort of n = 407 individuals. The diagnostic groups comprised Alzheimer’s disease (n = 74), vascular dementia 
(n = 28), other important differential diagnoses (n = 221), and healthy controls (n = 84). Main results were validated 
in an independent cohort with patients with Alzheimer’s disease (n = 19), mild cognitive impairment (n = 27), and 
healthy individuals (n = 28).

Results:  Plasma Lipocalin-2 was significantly lower in Alzheimer’s disease compared to healthy controls (p < 0.001) 
and all other groups (p < 0.01) except for mixed dementia (vascular and Alzheimer’s pathologic changes). Areas under 
the curve from receiver operation characteristics for the discrimination of Alzheimer’s disease and healthy controls 
were 0.783 (95%CI: 0.712–0.855) in the study cohort and 0.766 (95%CI: 0.627–0.905) in the validation cohort. The 
area under the curve for Alzheimer’s disease versus vascular dementia was 0.778 (95%CI: 0.667–0.890) in the study 
cohort. In Alzheimer’s disease patients, plasma Lipocalin2 did not show significant correlation with cerebrospinal fluid 
biomarkers of neurodegeneration and AD-related pathology (total-tau, phosphorylated tau protein, and beta-amyloid 
1-42), cognitive status (Mini Mental Status Examination scores), APOE genotype, or presence of white matter hyperin‑
tensities. Interestingly, Lipocalin 2 was lower in patients with rapid disease course compared to patients with non-
rapidly progressive Alzheimer’s disease (p = 0.013).

Conclusions:  Plasma Lipocalin-2 has potential as a diagnostic biomarker for Alzheimer’s disease and seems to be 
independent from currently employed biomarkers.
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Background
The ante-mortem definition of Alzheimer’s disease (AD) 
underwent a substantial evolution over the past 20 years. 
Cerebrospinal fluid (CSF) biomarkers reflecting AD-
related pathological changes such as CSF phosphorylated 
Tau protein (p-tau) and Beta-amyloid 1-42 (Abeta42), 
as well as markers of neurodegeneration like total-Tau 
(t-tau), were identified, validated, and employed in estab-
lished research criteria for the diagnosis of AD [1, 2]. 
Recently proposed criteria may even allow prodromal or 
preclinical diagnosis if evidence for AD-related Abeta- or 
tau-pathology is detected through CSF analyses or posi-
tron emission tomography (PET) [3]. The next step and 
current focus of biomarker research is the validation of 
minimal-invasive tests using blood plasma or serum [4]. 
Promising diagnostic and prognostic values of assays 
detecting elevated p-tau [5, 6], Abeta42 [7], and mark-
ers of neuro-axonal damage like Neurofilament light 
chain (NfL) [8] and t-tau [9] have been recently reported. 
Beyond this, biomarkers of other aspects of AD-pathol-
ogy (e.g., neuro-inflammation or synaptic damage) are 
needed to improve diagnosis and to monitor specific 
therapeutic aims in clinical trials [10].

Lipocalin 2 (LCN2), also named Neutrophil Gelati-
nase-Associated Lipocalin, is a secreted glycoprotein, 
involved in innate immunity and brain iron homeosta-
sis, and expressed in the brain in response to injury and 
inflammation [11]. Further, LCN2 mediates hippocampal 
damage in a model of vascular dementia (VaD) [12] and 
high CSF LCN2 levels were reported to be a promising 
diagnostic biomarker for VaD [13], whereas decreased 
levels of CSF LCN2 were found in patients with mild 
cognitive impairment (MCI) due to AD [14]. Peripheral 
LCN2 has been evaluated and established as a biomarker 
for kidney injury [15] but was also proposed as a poten-
tial blood-based biomarker for intestinal inflammation 
[16] and Alzheimer’s disease [17]. Regarding the latter, 
available data is scarce and inconsistent. Some previous 
studies reported unaltered [14, 18] or even slightly ele-
vated plasma or serum LCN2 levels in patients with mild 
cognitive impairment (MCI) [19] and preclinical AD [20].

Here, we aimed to investigate plasma LCN2 in the 
context of the differential diagnoses of dementia and its 
utility as an independent biomarker by analyzing associa-
tions with biomarkers of AD-related pathology as well as 
with clinical data in AD patients. Further, we evaluated 
differences between AD patients with normal and rapid 
progressions to explore a potential prognostic utility.

Methods
Study design, participants, and data acquisition
For this retrospective two-center case-control study, 
we analyzed LCN2 levels in plasma samples from cases 
with AD, VaD, MCI, and important differential diagno-
ses, as well as in healthy controls (HC) from two inde-
pendent cohorts (n = 481). Data and samples from 
cohort 1 (n = 407) were collected in the Clinical demen-
tia center at the University Medical Center Göttingen 
(Germany) through prospective studies on AD, VaD, 
and Creutzfeldt-Jakob disease (CJD) Surveillance. Cases 
were selected on the base of availability of plasma sam-
ples, clinical information, and sufficient diagnostic char-
acterization. HC were obtained from the Department of 
Transfusion Medicine. Cohort 2 (n = 74) was analyzed 
to validate the main findings from Cohort 1 in AD, MCI, 
and HC (caregivers, that accompanied patients) that were 
recruited at the Dementia Clinic of the Coimbra Uni-
versity Hospital (Portugal). Clinical and demographic 
information has been recorded during the diagnostic 
process through standardized questionnaires including 
third-party anamneses. White matter hyperintensities 
on MRI (FLAIR or T2 weighted images) in the AD group 
(cohort 1) were assessed using the age-related white mat-
ter changes (ARWMC) scale [21]. Global cognitive sta-
tus was tested with the Mini Mental Status Examination 
(MMSE) [22]. All participants or their legal representa-
tives gave written informed consent for analysis of their 
biological samples and publication of the data.

Diagnostic criteria
Probable AD was diagnosed according to the National 
Institute on Aging - Alzheimer’s Association workgroups 
(NIA-AA) criteria [1]. In addition, AD patients showed 
one or more positive biomarkers according to the A 
(amyloid-pathology)/ T (AD-related tau-pathology)/ N 
(neurodegeneration) system [23]. Stratification of AD 
cases in slowly progressive AD (spAD) and rapidly pro-
gressive AD (rpAD) was based on the rate of cognitive 
decline, indicating rpAD when MMSE scores declined 
more than 5 points per year [24]. Amnestic MCI (in 
cohort 1 and 2) was defined as the presence of mild cog-
nitive deficits with memory impairment and unimpaired 
activities of daily living, matching the clinical NIA-AA 
criteria for diagnosis of MCI [25]. The MCI-AD group 
(cohort 1) included only amnestic MCI patients with 
at least on positive AD-related CSF biomarker, either 
reflecting Abeta-pathology (low Abeta 1-42, Abeta 
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1-42/1-40 ratio) or AD-related tau-pathology (elevated 
p-tau).

VaD diagnosis was based on guidelines from the Vas-
cular Impairment of Cognition Classification Consensus 
Study and included a complete clinical work up show-
ing no evidence for other than vascular pathology of the 
brain. Mild vascular cognitive impairment (MCI-VCI) 
was diagnosed when patients fulfilled criteria for VCI but 
had unimpaired activities of daily living [26]. CSF p-tau 
and Abeta 1-42 were considered to exclude concomitant 
AD pathology in vascular patients as far as possible. The 
mixed dementia (MD) group included patients accord-
ing to clinical International Working Group (IWG-2) 
criteria [2] and also patients with VaD according to 
NINDS-AIREN criteria plus at least one AD-typical CSF 
biomarker (elevated phosphorylated-tau, low Abeta 1-42, 
or low Abeta 1-42/1-40 ratio). Sporadic CJD, demen-
tia with Lewy bodies and Parkinson’s disease dementia 
(Lewy body diseases, LBD), and fronto-temporal demen-
tia (FTD) were diagnosed according to clinical consen-
sus criteria [27–29]. The HC group included healthy 
blood donors without evidence for CNS or clinically rel-
evant peripheral diseases. Another control group (ND-
Dem) included patients with neurological diseases and 
dementia of primarily non-neurodegenerative causes: 
cerebral vasculitis, normal-pressure hydrocephalus, Wil-
son’s disease, CNS neoplasia, encephalitis, and demen-
tia due to alcohol abuse. Criteria for clinical diagnoses 
were assessed at the same patient visitation or within the 
same clinic stay. Concomitant CNS pathologies as well 
as severe non-CNS pathologies (neoplasia, autoimmune-
diseases, clinically decompensated heart, lung, or kid-
ney failure) were excluded in all diagnostic groups. The 
presence of chronic renal failure was evaluated through 
medical reports from the Göttingen university hospital 
or other institutions of treatment. This condition was not 
present in HC, MCI, and AD groups but not excluded in 
other dementia groups.

Fluid biomarker measurement
Blood was collected in EDTA tubes randomly through-
out the day and centrifuged at 1500×g at 4  °C for 10 
min under same pre-analytical conditions. For quanti-
fication of plasma LCN2, a human LCN2/NGAL (Neu-
trophil Gelatinase-Associated Lipocalin) Quantikine 
Enzyme-linked Immunosorbent Assay (ELISA) Kit (R&D 
Systems, Inc. Minneapolis, MN) was used and manufac-
turer’s instructions were followed. Plasma samples were 
diluted 1:100. We calculated an inter-assay coefficient of 
variability of 6.98 and an intra-assay coefficient of vari-
ability of 6.03. Before application, we performed a small 
study on the influence of pre-analytical conditions, indi-
cating that plasma LCN2 concentrations are stable after 

three transfers, three freeze-thaw cycles (room tempera-
ture/minus 80°C), and 8 days storage at 4°C (Additional 
file  1A). Only samples that matched the tested criteria 
were included for further analyses.

CSF t-tau, p-tau, Abeta 42, and Abeta 40 were quan-
tified using ELISA kits from Fujirebio (Fujirebio, Ghent, 
Belgium). The established lab-specific cut-offs indicat-
ing pathological levels t-tau > 449 pg/ml, p-tau > 60 pg/
ml, Abeta 1-42 < 450 pg/ml, and Abeta ratio [(abeta1-
42/abeta1-40)*10)] <0.975 were applied as previously 
reported [30]. Test performers were blind to clinical 
information and clinical investigators vice versa.

Statistical methods
In the pre-analytical study, differences were tested with 
repeated ANOVA followed by Bonferroni post hoc 
test. Comparison of biomarker levels among diagnos-
tic groups was performed with linear regression mod-
els. Biomarker data were log-transformed; age and sex 
were included as covariates in all models. Multiple com-
parisons of means were performed with Tukey contrasts 
available in the multcomp R package [31]. Spearman 
rank order correlation was used to analyze associations 
between continuous biomarker levels. To assess the 
diagnostic accuracies, receiver operating characteristic 
(ROC) curve analyses were used to calculate areas under 
the curve (AUC). All statistical calculations and graphical 
representations were performed with GraphPad Prism 
5 software, except linear regression models, which were 
computed in R. Statistical significance was considered at 
p < 0.05.

Results
Cohorts, groups, and demographic data
Cohort 1 included n = 407 cases with AD (n = 74), VaD 
(n = 28), MD (n = 7), other neurodegenerative dementia 
entities (CJD, n = 84; LBD, n = 45; FTD, n = 30), ND-Dem 
(n = 25), and HC (n = 84). In addition, two non-dementia 
groups with MCI (MCI-AD, n = 14; MCI-VCI, n = 16) 
were included. The AD group was furtherly characterized 
as spAD (n = 46) and rpAD (n = 28). Mean age ranged 
from 60.3 (ND-Dem) to 71.4 (VaD) over all groups and 
distribution of sexes was uneven (Table 1). Therefore, sex 
and age were included as potential confounding factors 
in all statistical models for group comparisons. Cohort 
2 included patients with AD (n = 19), amnestic MCI 
(n = 27), and HC (n = 28).

Group comparisons and diagnostic accuracy of plasma 
LCN2
The lowest plasma LCN2 concentrations in cohort 1 were 
observed in the AD group (mean: 58.3 ng/ml, SD ± 28.0). 
This was significantly lower than in HC (mean: 105.0 ng/
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ml, SD ± 53.7, p < 0.001), ND-Dem (mean: 78.9 ng/ml, SD 
± 28.1, p = 0.008), VaD (mean: 135.0 ng/ml ± SD 120.3, 
p < 0.001), CJD (mean: 102.3 ng/ml, SD ± 58.8, p < 0.001), 
FTD (mean: 83.2 ng/ml, SD ± 59.5, p = 0.005), and LBD 
(mean: 82.2 ng/ml, SD ± 31.7, p = 0.008) (Table 1, Fig. 1). 
Detailed results from the statistical model are shown in 
Additional file 1B. The MD group (mean 53.4 ng/ml, SD 
± 23.9) showed a LCN2 concentration similar to AD but 
was excluded from data analyses due to the low num-
ber of cases (n = 7). The highest mean concentrations of 
plasma LCN2 were observed in the VaD group (mean: 
135.0 ng/ml, SD ± 120.3) but the differences versus other 
groups, as well as differences between other dementia 
groups and HC, were not statistically significant (Addi-
tional file  1B). We calculated AUCs for the discrimina-
tion of AD from each in cohort 1. Highest AUCs were 
observed for AD vs. HC (AUC = 0.783, 95% CI 0.712 
to 0.855) and AD vs. VaD (AUC = 0.778, 95% CI 0.667 
to 0.890). Lowest AUC was observed for AD vs. MD 
(AUC = 0.562, 95% CI 0.349 to 0.775) (Table 2).

Additional comparison models included HC, AD, and 
prodromal AD (MCI-AD and amnestic MCI, respec-
tively) in cohort 1 and cohort 2. Plasma LCN2 concen-
tration was significantly lower in AD (mean: 58.3 ng/

ml, SD ± 28.0) compared to both, HC (mean: 105.0 ng/
ml, SD ± 53.7, p < 0.001) and MCI-AD (mean: 103.1 
ng/ml, SD ± 42.2, p < 0.001) in cohort 1 (Fig.  2A), 
and compared to HC (mean: 97.6 ng/ml, SD ± 49.0, 
p = 0.007) in cohort 2 (Fig. 2B). In both cohorts, no sig-
nificant differences between HC and MCI groups were 
detected. Detailed results from the statistical mod-
els are shown in Additional file 1C. The AUC of AD vs. 
HC in was (AUC = 0.766, 95% CI 0.672 to 0.905) in the 
validation cohort (Fig.  2C). The diagnostic accuracy of 
plasma LCN2 in the differentiation of HC vs. MCI-AD 
(AUC = 0.515, 95% CI 0.367 to 0.662, cohort 1) and HC 
vs. amnestic MCI (AUC = 0.612, 95% CI 0.462 to 0.762, 
cohort 2) was rather low, though (Fig. 2C). No significant 
differences could be observed in a corresponding model 
for patients with cerebrovascular pathology (only cohort 
1) including HC, MCI-VCI, and VaD (Fig. 2D, Additional 
file 1C).

Associations of plasma LCN2 with other biomarkers
We explored potential associations of plasma LCN2 
with AD-related CSF biomarkers (p-tau, Abeta) 
and CSF t-tau as a marker of neuro-axonal injury 
in AD cases from cohort 1. Employing Spearman 

Table 1  Demographic data and biomarker concentrations

HC Healthy controls, ND-Dem Non-neurodegenerative neurological diseases with dementia syndrome, AD Alzheimer’s disease (dementia), rpAD Rapidly progressive 
Alzheimer’s disease, spAD Slowly progressive Alzheimer’s disease, MCI-AD Mild cognitive impairment with positive AD-related biomarkers, MD Mixed dementia (AD 
plus vascular), VaD Vascular dementia, VCI-MCI Mild vascular cognitive impairment, CJD Creutzfeldt-Jakob disease, FTD Fronto-temporal dementia, LBD Lewy body 
diseases (dementia with Lewy bodies and Parkinson’s disease dementia), MMSE Mini Mental Status Examination score, SD Standard error, t-Tau CSF Total tau protein, 
p-tau CSF Phosphorylated tau protein, Abeta42 CSF beta-amyloid 1-42, SD Standard deviation, IQR Interquartile range
a Available MMSE scores (if different from total group size) in AD: n = 71, MD: n = 6, VaD: n = 23, FTD: n = 14; DLB: n = 34
b For 3 cases, age was not available

n Age (mean ± SD) Sex (f/m) MMSE (median, IQR) CSF (mean ± SD) Plasma (mean ± SD)

t-tau (pg/mL) p-tau (pg/mL) Ab42 (pg/mL) LCN2 (ng/mL)

Cohort 1
  HC 84 64.0 ± 5.3 26/58 NA NA NA NA 105.0 ± 53.7

  ND-Dem 25 60.3 ± 15.2 16/9 NA 484 ± 402 NA NA 78.9 ± 28.1

  AD 74 67.6 ± 9.6 38/36 20.0 (9.0)a 622 ± 434 100.5 ± 58.3 489 ± 317 58.3 ± 28.0

    spAD 48 67.4 ± 9.6 22/26 22.5 (8.3) 510 ± 312 85.3 ± 34.1 502 ± 266 63.3 ± 28.3

    rpAD 26 67.8 ± 9.6 16/10 17.0 (10.5) 835 ± 540 125 ± 73.9 384 ± 176 49.1 ± 25.7

  MCI-AD 14 68.7 ± 7.7 6/8 27.0 (3.0) 571 ± 322 88.3 ± 27.6 569 ± 292 103.1 ± 42.2

  MD 7 70.3 ± 10.5 4/3 18.0 (12.5)a 406 ± 284 91.1 ± 27.6 491 ± 253 53.4 ± 23.9

  VaD 28 71.4 ± 9.9 20/8 21 (10.0)a 333 ± 325 47.3 ± 17.8 754 ± 374 135.0 ± 120.3

  VCI-MCI 16 69.5 ± 8.2 11/5 28.0 (2.3) 174 ± 62.0 40.7 ± 10.5 983 ± 195 90.1 ± 24.8

  CJD 84 65.7 ± 11.8 51/33 NA 8859 ± 7463 57.9 ± 19.7 482 ± 286 102.3 ± 58.8

  FTD 30 65.6 ± 11.4 17/13 20.5 (10.3)a 371 ± 401 59.8 ± 43.6 693 ± 293 83.2 ± 59.5

  LBD 45 70.3 ± 9.7 17/28 21.0 (10.3)a 320 ± 210 46.9 ± 25.1 637 ± 287 82.2 ± 31.7

Cohort 2
  HC 28 72.1 ± 6.9b 19/9 NA NA NA NA 97.6 ± 49.0

  Amnestic MCI 27 67.7 ± 9.0 12/15 NA NA NA NA 80.5 ± 21.8

  AD 19 69.7 ± 6.0 8/11 NA 610 ± 314 65.0 ± 28.6 390 ± 108 65.1 ± 21.0
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non-parametric correlation, no statistically significant 
associations were found. The same analyses were per-
formed in patients with CJD, LBDs, FTD, and VaD but 
no statistically significant correlations were observed 
either (Table  3). To explore associations with AD-
related biomarkers further, we stratified AD patients 
according to the A/T/N system and obtained four 

major groups. Plasma LCN2 concentrations in patients 
with A+/T− (only Abeta positive, n = 12, mean: 64.9 
ng/ml, SD ± 21.6), A-/T+ (only p-tau positive, n = 17, 
mean: 54.6 ng/ml, SD ± 27.3), A+/T+ (n = 39, mean: 
58.2 ng/ml, SD ± 32.1), and A−/T−/N+ (only markers 
for neurodegeneration positive, n = 2, mean: 47.5 ng/
ml , SD ± 3.5) showed no significant differences in the 
multi-comparison model (Fig.  3A, Additional file  1C). 
In addition, a multi-comparison model including only 
AD cases with A+/T+ biomarker profile was calcu-
lated and showed that LCN2 concentrations in the AD 
A+/T+ group were significantly lower compared to all 
other diagnostic groups (Additional file 1D). Regarding 
MCI-AD cases in cohort 1, ten of fourteen patients had 
increased CSF p-tau and decreased Abeta 1-42 (LCN2 
mean 101.5 ng/ml); four patients had only increased 
p-tau (LCN mean: 106 ng/ml). Due to the small group 
sizes, further analyses were not performed.

In a subset of n = 42 patients with AD, CSF LCN2 had 
previously been analyzed [13]. In paired samples, CSF 
and plasma LCN2 values showed a statistically signifi-
cant positive correlation (rho = 0.318, 95% CI 0.007 to 
0.574, p = 0.040) (Additional file 1D).

Fig. 1  Plasma LCN2 in the differential diagnosis of dementia. Plasma LCN2 concentrations in diagnostic groups. Comparison of biomarker 
concentrations of diagnostic groups was performed with linear regression models; age and sex were included as covariates. Multiple comparisons 
were performed with Tukey contrasts. P-values are indicated above dot columns. Bars indicate mean and standard error of mean. MD group 
is presented for visualization purposes but excluded from data analyses due to the low number of cases. HC, healthy controls; ND-Dem, 
non-neurodegenerative neurological diseases with dementia syndrome; AD, Alzheimer’s disease; CJD, Creutzfeldt-Jakob disease; LBD, Lewy body 
diseases (dementia with Lewy bodies and Parkinson’s disease dementia); FTD, fronto-temporal dementia; and VaD, vascular dementia

Table 2  Diagnostic accuracy of plasma LCN2

HC Healthy controls, ND-Dem Non-neurodegenerative neurological diseases 
with dementia syndrome, AD Alzheimer’s disease (dementia), MD Mixed 
dementia (AD plus vascular), VaD Vascular dementia, VCI-MCI Mild vascular 
cognitive impairment, CJD Creutzfeldt-Jakob disease, FTD Fronto-temporal 
dementia, LBD Lewy body diseases (dementia with Lewy bodies and Parkinson’s 
disease dementia), AUC​ Area under the curve, CI Confidence interval

Diagnostic groups AUC (95% CI) P-value

AD vs. HC 0.783 (0.712–0.855) p < 0.001

AD vs. ND-Dem 0.694 (0.567–0.821) p = 0.004

AD vs. MD 0.562 (0.349–0.775) p = 0.591

AD vs. VaD 0.778 (0.667–0.890) p < 0.001

AD vs. CJD 0.760 (0.685–0.835) p < 0.001

AD vs. FTD 0.682 (0.571–0.793) p = 0.004

AD vs. LBD 0.7221 (0.629–0.815) p < 0.001
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Associations of plasma LCN2 with clinical and paraclinical 
data in AD
The relationship of plasma LCN2 concentrations 
and additional characteristics of the AD group were 
explored in subsets of patients with available data. The 
global cognitive status, evaluated by MMSE scores 
(n = 71 cases), showed no significant correlation with 
plasma LCN2, nor a clear tendency (rho = −0.009, 95% 
CI −0.248 to 0.232, p = 0.941) (Fig.  3B). The load of 
white matter hyperintensities as potential signs of con-
comitant cerebral small vessel disease was determined 
by the total score on the ARWMC scale (n = 54 cases) 
and showed no significant correlation with plasma 

LCN2 as well (rho = 0.002, 95% CI −0.273 to 0.277, 
p = 0.988) (Additional file  1E). In a comparison model 
including AD patients with the most frequent APOE 
genotypes (3/3, 3/4, and 4/4), no significant differences 
of LCN2 plasma levels between the three groups were 
observed (Fig.  3C). In all included AD patients, infor-
mation of clinical disease progression was available. 
Plasma LCN2 concentrations were significantly lower 
(p = 0.013) in rpAD patients (mean: 49.1 ng/ml, SD ± 
25.7) compared to spAD patients (mean: 63.3 ng/ml, 
SD ± 28.3) (Fig.  3D). Detailed results from the statis-
tical models related to Fig.  3B–D are shown in Addi-
tional file 1C.

Fig. 2  Plasma LCN2 in AD and MCI cases of cohorts 1 and 2. A Plasma LCN2 concentrations in HC, MCI-AD, and AD of cohort 1. B Plasma LCN2 
concentrations in HC, amnestic MCI, and AD of cohort 2. C Areas under the curve (AUC) from receiver operating characteristic with 95% confidence 
intervals (95% CI) and p-values from assessment of diagnostic accuracy in cohort 1 and 2. D Plasma LCN2 concentrations in HC, MCI-VCI, and VaD of 
cohort 1. Comparison of biomarker concentrations of diagnostic groups was performed with linear regression models; age and sex were included 
as covariates. Multiple comparisons were performed with Tukey contrasts. P-values are indicated above dot columns when significant. Bars (A, B, 
D) indicate mean and standard error of mean. HC, healthy controls; MCI (AD), mild cognitive impairment with positive biomarkers for AD-related 
pathology; AD, Alzheimer’s disease; MCI (amnestic), mild cognitive impairment with disturbance of memory function; MCI-VCI, mild vascular 
cognitive impairment; VaD, vascular dementia or major vascular cognitive impairment
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Discussion
Plasma Lipocalin 2 in the differential diagnosis of dementia
Our study revealed decreased plasma LCN2 in AD. The 
diagnostic accuracies versus control groups were mod-
erate but interestingly, lower plasma LCN2 concentra-
tions were statistically significant in comparison to all 
diagnostic groups including neurodegenerative (LBD, 
FTD, CJD), vascular (VD), and other (ND-Dem) causes 
for dementia syndromes. Only the MD group, which also 
included patients with AD-related (and vascular) pathol-
ogy, showed similar mean values. The second important 
observation was the absence of significant associations 
between plasma LCN2 levels and CSF levels of other bio-
markers of AD-related pathology.

Although, e.g., plasma p-tau has shown better diagnos-
tic accuracy in other studies [5, 6], LCN2 may be a valu-
able additional marker reflecting a disease mechanism 
that is not directly associated with Abeta and tau pathol-
ogy. Strikingly, the decrease of LCN2 seems to be disease 
specific. Other potential plasma markers of neurodegen-
eration (e.g., NfL and t-tau) or neuroinflammation (e.g., 
chitinase-3-like protein 1) were shown to be altered in 
AD but also in various other dementia syndromes [32, 
33]. The potential as an alternative early biomarker, 
among newer biomarkers like fibrillary acidic protein 

(GFAP) [34] or soluble triggering receptor expressed on 
myeloid cells 2 (sTREM2) [35], is not clarified yet. Due to 
the case-control design of the study, the determination of 
the prognostic value of plasma LCN2 for AD patients was 
not possible but lowest concentrations were observed in 
rpAD patients, emphasizing the necessity of prospec-
tive studies on LCN2 in AD. Regarding other neurode-
generative diseases, no significant alterations compared 
to controls could be detected in LBDs, FTD, and sCJD. 
This suggests AD-specific rather than general neurode-
generative mechanisms leading to a decrease of plasma 
LCN2. On the other hand, data on plasma LCN2 in these 
diseases was not found in the literature and data on CSF 
LCN2 is scarce. Comparative neuropathological studies 
on LCN2 were only performed with AD and VaD brains 
[13].

Previous investigations found no significant differ-
ences of serum LCN2 levels between AD, MCI, and 
control groups [14, 18, 36] when matching or adjusting 
for age and sex as potential confounders. However, two 
of these studies showed significantly lower CSF LCN2 
in MCI patients compared to controls [14, 36]. Regard-
ing plasma LCN2, previous reports showed elevated 
levels in MCI patients [19] and in individuals with pre-
clinical AD [20] compared to controls. Our investigation 

Table 3  Correlations of plasma LCN2 and CSF biomarkers in dementia groups

Correlation coefficient (rho), 95% confidence interval (95% CI), and p-values from non-parametric spearman correlations are indicated

AD Alzheimer’s disease, VaD Vascular dementia, LBD Lewy body diseases, CJD Creutzfeldt-Jakob disease, FTD Fronto-temporal dementia, t-Tau CSF Total tau protein, 
p-tau CSF Phosphorylated tau protein, Abeta42 CSF beta-amyloid 1-42, Abeta40 CSF beta-amyloid 1-40

t-tau p-tau Abeta42 Abeta40

AD
  rho −0.098 −0.112 0.182 0.070

  95% CI −0.332 to 0.147 −0.344 to 0.134 −0.406 to 0.062 −0.193 to 0.323

  p-value 0.420 0.358 0.131 0.592

VaD
  rho 0.281 −0.141 −0.030

  95% CI −0.114 to 0.600 −0.517 to 0.280 −0.438 to 0.389 n.a.

  p-value 0.147 0.501 0.891

LBD
  rho 0.078 −0.119 −0.296

  95% CI −0.233 to 0.374 −0.444 to 0.233 −0.560 to 0.022 n.a.

  p-value 0.617 0.495 0.060

CJD
  rho −0.028 −0.071 0.105

  95% CI −0.247 to 0.103 −0.372 to 0.243 −0.168 to 0.362 n.a.

  p-value 0.798 0.651 0.439

FTD
  rho −0.041 −0.148 0.031

  95% CI (−0.411 to 0.341) −0.54 to 0.316 −0.388 to 0.439 n.a.

  p-value 0.832 0.522 0.887
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focused on healthy controls and differential diagnoses 
of dementia rather than prodromal or pre-clinical AD. 
MCI groups in this study were rather small and may not 
be appropriate to validate or refute previous results. Dif-
ferences between AD and healthy controls were validated 
in an independent cohort and the differences compared 
to other dementias are consistent over the diagnostic 
groups. Unfortunately, the available data on LCN2 in AD 
and MCI, including our results, do not depict a coherent 
pattern and potential reasons are manifold. The usage 
of patients with subjective cognitive decline as con-
trols [14, 18] has to be considered in the interpretation 

of results because those patients have an increased risk 
for the development of AD [37] and AD-related brain 
pathology may already be present at a pre-clinical stage 
[38]. Another factor may be the characterization of MCI. 
Studies that defined MCI by clinical syndrome criteria 
alone [19] might have included, at least in part, other 
than AD-related brain pathologies. Further, the evalua-
tion and consideration of comorbidities differed between 
the studies. Time and condition of fluid sampling (e.g., 
after fasting or randomly throughout the day) may also 
play a role as LCN2 levels may be regulated by metabolic 
conditions and nutrients [39]. Finally, findings in serum 

Fig. 3  Disease stage, clinical subtypes, APOE genotype, and white matter hyperintensities in AD in cohort 1. A Plasma LCN2 concentrations in AD 
patients with different biomarker characteristics. Group comparisons were performed with linear regression models; age and sex were included 
as covariates. Multiple comparisons were performed with Tukey contrasts. No significant differences were found. A+/−, positive/negative for 
decreased CSF Abeta 1-42 or Abeta 1-42/1-40 ratio; T+/−, positive/negative for increased CSF p-tau; N+, positive marker of neurodegeneration, 
either elevated CSF t-tau or medial temporal lobe atrophy on MRI. B Scatter plot of the association between Mini Mental Status Examination 
(MMSE) scores and plasma lipocalin 2 (LCN2) concentrations. Spearman coefficients (cc) with 95% confidence interval (CI) and corresponding 
p-values are indicated. C Plasma LCN2 concentrations in different APOE genotypes in the AD group. Comparison of biomarker concentrations was 
performed with linear regression models; age and sex were included as covariates. Multiple comparisons were performed with Tukey contrasts. 
No significant differences were found. D Plasma LCN2 in rapidly progressive Alzheimer’s disease (rpAD) and slowly progressive Alzheimer’s disease 
(spAD). For comparison between the two groups, a linear regression model including age and sex as covariates was applied; the corresponding 
p-value is indicated. Bars (B, C, and D) indicate mean and standard error of mean
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and plasma may not be directly comparable [40]. All 
the aforementioned factors have to be considered in the 
design of future studies to guarantee a sound validation 
or refute of the current results.

Associations of Lipocalin with biomarkers of AD‑related 
pathology
A previous study reported significant positive association 
between CSF LCN2 and CSF Abeta42 in MCI patients 
[14]. An explanation might be that lower CSF LCN2 
was associated with those patients with AD as underly-
ing cause of MCI. In the AD group, the two biomarker 
levels did not significantly correlate, indicating that lower 
CSF LCN2 levels might be associated with the pres-
ence of AD-related pathology in a clinically defined MCI 
group rather than with the levels of Abeta42 in a homog-
enous AD group. In line with our results, the AD group 
showed no significant correlations between serum LCN2 
and AD-related CSF biomarkers. On the other hand, this 
study and an earlier investigation reported significant 
inverse correlation of CSF Abeta42 with serum LCN2 in 
patients with subjective cognitive decline [14] and with 
plasma LCN2 in preclinical AD [20], respectively. The 
discrepancy of associations in plasma/serum and CSF at 
different stages of the disease has not been clarified and 
strongly suggests longitudinal analyzes in future studies.

The pathophysiology of Lipocalin 2 in Alzheimer’s disease 
and vascular dementia
The pathophysiological background of plasma LCN2 and 
its alterations in body fluids of dementia patients is not 
deciphered, though. Neuropathological investigations 
from our study group revealed increased LCN2 immuno-
reactivity in macrophages and reactive astrocytes in the 
peripheral region of subacute infarcts and in the astro-
cytic scar [13] in VD. Experimental findings suggested 
that LCN2 is expressed in the brain during inflamma-
tory response [41] to cerebral ischemia and hypoxia, and 
mediates additional brain damage and cognitive decline 
in VD [12, 42, 43]. In the present study, we observed sta-
tistically significant elevation of LCN2 in plasma of VD 
patients compared to AD patients but only a non-signif-
icant tendency towards higher values compared to con-
trols, diminishing the potential of high plasma LCN2 as 
a biomarker for VD. In contrast to our previous observa-
tions in the CSF of VD patients [13], plasma LCN2 lev-
els were not associated with the degree of white matter 
hyperintensities in AD. This might be explained by the 
low overall frequency of white matter hyperintensities 
(compared to VD) or the possibility that some of these 
lesions are rather associated with neurodegeneration 
than with cerebral small vessel disease in AD [44].

Regarding the pathophysiology of LCN2 in AD, only 
few experimental and neuropathological data are avail-
able. Similar to VD, increased LCN2 immunoreactivity 
was observed in reactive astrocytes in AD brain sam-
ples [13] and cell models showed that LCN2 modulates 
Abeta toxicity in astrocytes [45]. On the other hand, 
LCN2 deficiency in an AD mouse model led to decreased 
iron accumulation in the hippocampus but not to altered 
symptoms, amyloid plaque load, or glial activation [46]. 
Interestingly, peripheral LCN2 was shown to be associ-
ated with executive dysfunction in preclinical and mild 
AD patients rather than with memory impairment [20, 
47], which is the typical early symptom of AD-related 
pathology. This suggests that LCN2 might possibly reflect 
secondary mechanisms in the complex pathophysiology 
of AD. Results from our group indicate that CSF LCN2 
levels are similar in VD and MD [13] but in contrast, this 
study shows that plasma LCN2 levels may be similar in 
AD and MD. Whereas high CSF LCN2 levels in VD may 
be explained by increased expression in the brain as part 
of an inflammatory response to hypoxic-ischemic injury, 
the reasons for low peripheral levels in AD, MD, and MCI 
patients remain obscure. The question whether LCN2 in 
the brain is “friend or foe” [48] is not fully answered, yet.

Study strengths and limitations
The strength of this study is the broad selection of clini-
cal relevant differential diagnosis as well as healthy indi-
viduals as control groups. Patients were characterized by 
a thorough clinical work-up, offering the opportunity to 
explore relations of plasma LCN2 in AD. On the other 
hand, the number of patients in each group, especially 
in the validation cohort and in MCI groups, was rather 
low. Some weak differences or relationships may not have 
become apparent in statistical analyzes. Structured pro-
spective follow-up data and biological samples were not 
available.

Plasma LCN2 was decreased in AD compared to all 
other groups in this study but only part of plasma sam-
ples from AD and other patients were paired with avail-
able CSF samples. We could not perform evaluation 
of plasma and CSF LCN2 in parallel. In our previous 
investigation, the AD group showed the lowest mean 
CSF LCN2 level among the diagnostic groups but in the 
multi-comparison model, statistical significance could 
only be detected for elevated levels in VaD [13]. The dif-
ferent findings in CSF and plasma may be caused by dif-
ferent sample sizes, applied statistical models, or patient 
characteristics but need to be investigated in larger inves-
tigations with paired samples.

Further, the study is of an exploratory nature. Asso-
ciations of biomarkers were assessed through non-par-
ametric Spearman correlations and confounders were 
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not included in this statistical model. Comorbidities that 
might influence LCN2 levels were only excluded in HC, 
MCI, and AD groups but may potentially be present in 
other dementia groups. Future investigations will have to 
consider potential demographic confounders and comor-
bidities, as well as other factors such as time of blood 
sampling at the stage of designing the study.

Conclusions
In conclusion, plasma LCN2 is a promising additional 
biomarker for the diagnosis of AD. In our opinion, the 
most salient and striking results are the specific decrease 
in AD and the lack of correlation with Abeta and p-tau 
levels. LCN2 seems to be relatively independent from 
other markers of neuro-axonal injury and AD-related 
pathology, offering high potential value as part of a diag-
nostic composite biomarker or as a surrogate marker in 
clinical interventions that aim specific disease mecha-
nisms in AD, e.g., neuro-inflammation. Still, the patho-
physiological background of LCN2 in AD as well as the 
discrepant findings in different stages of the disease has 
to be explored further.

Abbreviations
AD: Alzheimer’s disease; CSF: Cerebrospinal fluid; p-tau: Phosphorylated Tau 
protein; Abeta42: Beta-amyloid 1-42; t-tau: Total-Tau; PET: Positron emis‑
sion tomography; NfL: Neurofilament light chain; LCN2: Lipocalin 2; VaD: 
Vascular dementia; MCI: Mild cognitive impairment; HC: Healthy controls; CJD: 
Creutzfeldt-Jakob disease; ARWMC: Age-related white matter changes; MMSE: 
Mini Mental Status Examination; spAD: Slowly progressive AD; rpAD: Rapidly 
progressive AD; MCI-VCI: Mild vascular cognitive impairment; MD: Mixed 
dementia; LBD: Lewy bodies and Parkinson’s disease dementia; FTD: Fronto-
temporal dementia; ND-Dem: Neurological diseases and dementia of primarily 
non-neurodegenerative causes; ROC: Receiver operating characteristic; AUC​: 
Area under the curve.

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s13195-​021-​00955-9.

Additional file 1: A. Pre-analytic study. Four plasma samples (healthy 
controls) were analyzed repeatedly at baseline and each time after three 
transfers (upper left), three freeze-thaw cycles (room temperature/minus 
80°C, upper right), one to four and eight days storage at 4°C (lower left), 
as well as room temperature (lower right). Comparisons of Lipocalin 2 
concentrations were calculated with ANOVA followed by Bonferroni cor‑
recture. Differences are indicated when p was < 0.05 (*) and < 0.001 (***), 
respectively. B. Results from linear regression models and post hoc Tests 
in Fig. 1. Estimates, standard errors, t-values, and p-values were calculated 
through pairwise comparisons of means of log-transferred values by 
Tukey contrasts, HC: healthy controls, ND-Dem: non-neurodegenerative 
neurological diseases with dementia syndrome, AD: Alzheimer’s disease, 
CJD: Creutzfeldt-Jakob disease, LBD: Lewy body diseases (dementia with 
Lewy bodies and Parkinson’s disease dementia), FTD: fronto-temporal 
dementia, and VaD: vascular dementia. C. Results from linear regression 
models and post hoc Tests in Figs. 2 and 3. Estimates, standard errors, 
t-values, and p-values were calculated through pairwise comparisons of 
means of log-transferred values by Tukey contrasts, HC: healthy controls, 
AD: Alzheimer’s disease, MCI-AD: mild cognitive impairment with positive 

AD biomarker, VaD: vascular dementia, VCI-MCI: mild vascular cognitive 
impairment, spAD: slowly progressive AD; rpAD: rapidly progressive AD. 
D. Results from linear regression models using only A+/T+ AD-patients. 
Estimates, standard errors, t-values, and p-values were calculated through 
pairwise comparisons of means of log-transferred values by Tukey con‑
trasts, HC: healthy controls, ND-Dem: non-neurodegenerative neurologi‑
cal diseases with dementia syndrome, AD: Only patients with diagnosis 
of Alzheimer’s disease based on pathologic CSF abeta 1-42 and also 
pathologic phosphorylated tau protein (A+/T+, n = 39), CJD: Creutzfeldt-
Jakob disease, LBD: Lewy body diseases (dementia with Lewy bodies and 
Parkinson’s disease dementia), FTD: fronto-temporal dementia, and VaD: 
vascular dementia. E. Correlation of plasma and CSF LCN2. Association of 
plasma and CSF lipocalin 2 (LCN2) in paired samples from the AD group 
in the study cohort. Correlation coefficient (rho), 95% confidence interval 
(95% CI) and p-values from non-parametric spearman correlation is indi‑
cated. F. Correlation of plasma LCN2 and ARWMC in AD. Scatter plot of the 
association between age-related white matter changes scale (ARWMC) 
scores and plasma lipocalin LCN2 concentrations. Spearman coefficients 
(cc) with 95% confidence interval (CI) and corresponding p-values are 
indicated.

Acknowledgements
The authors would like to thank all patients, study nurses, physicians, students, 
and office workers in Barcelona, Coimbra, and Göttingen that contributed to 
study conduction and data acquisition related to this article.

Authors’ contributions
FL, PH, AV-P, and IZ designed the study. PH wrote the manuscript and col‑
lected and interpreted the data. FL and AV-P performed the experiments and 
analyzed and interpreted the data. MS, DV, HL, CB, IS, IB, and IZ collected the 
data and contributed to the data interpretation. All authors critically revised 
the manuscript and approved its content before submission.

Funding
Open Access funding enabled and organized by Projekt DEAL. This study 
was funded by the ADDF (Alzheimer’s Drug Discovery Foundation: Grant 
201810-2017419) to FL and IZ, the Instituto Carlos III (grants CP16/00041 and 
PI19/00144) to FL, the Robert Koch Institute through funds from the German 
Federal Ministry of Health (grant no. 1369–341) to IZ, and the Alzheimer 
Forschung Initiative (AFI, project no. 20026) to MS. Funding sources had no 
role in the design and conduct of the studies, data analyses, preparation of the 
manuscript, and the decision to submit the manuscript for publication.

Availability of data and materials
The datasets used and analyzed during the current study are available from 
the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate
The study was conducted according to the revised Declaration of Helsinki 
and Good Clinical Practice guidelines and was approved by Ethic committees 
in the University Medical Center, Göttingen, Germany (Reference numbers: 
11/11/93, 34/9/07, 6/9/08, 19/11/09) and in the Coimbra University, Coimbra, 
Portugal (Reference number: HUC-43-09). All study participants or their legal 
guardians provided written informed consent.

Consent for publication
Not applicable.

Competing interests
PH, CS, DV, SG, TB, HL, and CB have nothing to disclose. AVP is recipient of a 
postdoctoral grant of the Beatriu de Pinós program (2018-BP-00129) from 
the Ministry of Business and Knowledge of the Government of Catalonia, 
co-funded by the EU Horizon 2020 program under an MSCA grant agreement 
(801370). MS received funds from the Alzheimer Forschung Initiative (AFI, pro‑
ject no. 20026). IS received an institutional pharma grant (Roche) for a project 
of investigation on Multiple Sclerosis 2021 and consultations fees for speakers 

https://doi.org/10.1186/s13195-021-00955-9
https://doi.org/10.1186/s13195-021-00955-9


Page 11 of 12Hermann et al. Alzheimer’s Research & Therapy            (2022) 14:9 	

bureau and educational events from Roche, Biogen, and Merck; attended 
American Academy of Neurology; is supported by Roche; and is Member 
of the EAN Pannel in dementia Portuguese National Ethics committee. IB 
is funded by Grupo de Estudos de Envelhecimento Cerebral e Demencia, 
Sanofi-Genzyme, Fundação Ciência e Tecnologia - FCT, and received honoraria 
from Merck S.A. JR is funded by the EU grant for blood donation of reconva‑
lescence plasma after COVID19-infection. FL received funding from the ADDF 
(Alzheimer’s Drug Discovery Foundation, grant 201810-2017419 related to 
this work) and is recipient of research grants from the Instituto de Salud Carlos 
III (Institute of Health Carlos III, ISCIII) from the Government of Spain (grants 
CP16/00041 and PI19/00144). IZ received funding from the ADDF (Alzheimer’s 
Drug Discovery Foundation, grant 201810-2017419) and the Robert Koch 
Institute through funds from the German Federal Ministry of Health (grant no. 
1369–341).

Author details
1 Department of Neurology, Clinical Dementia Center and National Reference 
Center for CJD Surveillance, University Medical Center Göttingen, Robert‑Koch 
Street 40, 37075 Göttingen, Germany. 2 Network Center for Biomedical 
Research in Neurodegenerative Diseases, (CIBERNED), Institute Carlos III, 
L’Hospitalet del Llobregat, Spain. 3 Bellvitge Biomedical Research Institute 
(IDIBELL), L’Hospitalet de Llobregat, Spain. 4 German Center for Neurodegen‑
erative Diseases (DZNE), Göttingen, Germany. 5 Neurology Department, CHUC 
‑ Centro Hospitalar e Universitário de Coimbra, CNC‑ Center for Neuroscience 
and Cell Biology, University of Coimbra, Coimbra, Portugal. 6 Department 
of Transfusion Medicine, University Medical Center, Göttingen, Germany. 

Received: 28 September 2021   Accepted: 22 December 2021

References
	1.	 McKhann GM, Knopman DS, Chertkow H, Hyman BT, Jack CR, Kawas CH, 

et al. The diagnosis of dementia due to Alzheimer’s disease: recommen‑
dations from the National Institute on Aging-Alzheimer’s Association 
workgroups on diagnostic guidelines for Alzheimer’s disease. Alzheimers 
Dement. 2011;7:263–9. https://​doi.​org/​10.​1016/j.​jalz.​2011.​03.​005.

	2.	 Dubois B, Feldman HH, Jacova C, Hampel H, Molinuevo JL, Blennow K, 
et al. Advancing research diagnostic criteria for Alzheimer’s disease: the 
IWG-2 criteria. Lancet Neurol. 2014;13:614–29. https://​doi.​org/​10.​1016/​
S1474-​4422(14)​70090-0.

	3.	 Jack CR Jr, Bennett DA, Blennow K, Carrillo MC, Dunn B, Haeberlein SB, 
et al. NIA-AA Research Framework: toward a biological definition of 
Alzheimer’s disease. Alzheimers Dement. 2018;14:535–62. https://​doi.​org/​
10.​1016/j.​jalz.​2018.​02.​018.

	4.	 Lewczuk P, Riederer P, O’Bryant SE, Verbeek MM, Dubois B, Visser PJ, et al. 
Cerebrospinal fluid and blood biomarkers for neurodegenerative demen‑
tias: an update of the Consensus of the Task Force on Biological Markers 
in Psychiatry of the World Federation of Societies of Biological Psychiatry. 
World J Biol Psychiatry. 2018;19:244–328. https://​doi.​org/​10.​1080/​15622​
975.​2017.​13755​56.

	5.	 Karikari TK, Benedet AL, Ashton NJ, Lantero Rodriguez J, Snellman A, 
Suárez-Calvet M, et al. Diagnostic performance and prediction of clini‑
cal progression of plasma phospho-tau181 in the Alzheimer’s Disease 
Neuroimaging Initiative. Mol Psychiatry. 2021;26:429–42. https://​doi.​org/​
10.​1038/​s41380-​020-​00923-z.

	6.	 Janelidze S, Mattsson N, Palmqvist S, Smith R, Beach TG, Serrano GE, et al. 
Plasma P-tau181 in Alzheimer’s disease: relationship to other biomarkers, 
differential diagnosis, neuropathology and longitudinal progression to 
Alzheimer’s dementia. Nat Med. 2020;26:379–86. https://​doi.​org/​10.​1038/​
s41591-​020-​0755-1.

	7.	 de Wolf F, Ghanbari M, Licher S, McRae-McKee K, Gras L, Weverling GJ, 
et al. Plasma tau, neurofilament light chain and amyloid-β levels and risk 
of dementia; a population-based cohort study. Brain. 2020;143:1220–32. 
https://​doi.​org/​10.​1093/​brain/​awaa0​54.

	8.	 Preische O, Schultz SA, Apel A, Kuhle J, Kaeser SA, Barro C, et al. Serum 
neurofilament dynamics predicts neurodegeneration and clinical pro‑
gression in presymptomatic Alzheimer’s disease. Nat Med. 2019;25:277–
83. https://​doi.​org/​10.​1038/​s41591-​018-​0304-3.

	9.	 Mielke MM, Hagen CE, Wennberg AMV, Airey DC, Savica R, Knopman DS, 
et al. Association of plasma total tau level with cognitive decline and risk 
of mild cognitive impairment or dementia in the Mayo Clinic Study on 
Aging. JAMA Neurol. 2017;74:1073–80. https://​doi.​org/​10.​1001/​jaman​
eurol.​2017.​1359.

	10.	 Zetterberg H, Bendlin BB. Biomarkers for Alzheimer’s disease-pre‑
paring for a new era of disease-modifying therapies. Mol Psychiatry. 
2021;26:296–308. https://​doi.​org/​10.​1038/​s41380-​020-​0721-9.

	11.	 Xiao X, Yeoh BS, Vijay-Kumar M. Lipocalin 2: an emerging player in iron 
homeostasis and inflammation. Annu Rev Nutr. 2017;37:103–30. https://​
doi.​org/​10.​1146/​annur​ev-​nutr-​071816-​064559.

	12.	 Kim JH, Ko PW, Lee HW, Jeong JY, Lee MG, Kim JH, et al. Astrocyte-derived 
lipocalin-2 mediates hippocampal damage and cognitive deficits in 
experimental models of vascular dementia. Glia. 2017;65:1471–90. 
https://​doi.​org/​10.​1002/​glia.​23174.

	13.	 Llorens F, Hermann P, Villar-Piqué A, Diaz-Lucena D, Nägga K, Hansson O, 
et al. Cerebrospinal fluid lipocalin 2 as a novel biomarker for the differen‑
tial diagnosis of vascular dementia. Nat Commun. 2020;11:619. https://​
doi.​org/​10.​1038/​s41467-​020-​14373-2.

	14.	 Naudé PJW, Ramakers IHGB, van der Flier WM, Jiskoot LC, Reesink FE, 
Claassen JAHR, et al. Serum and cerebrospinal fluid Neutrophil gelati‑
nase-associated lipocalin (NGAL) levels as biomarkers for the conversion 
from mild cognitive impairment to Alzheimer’s disease dementia. Neuro‑
biol Aging. 2021;107:1–10. https://​doi.​org/​10.​1016/j.​neuro​biola​ging.​2021.​
07.​001.

	15.	 Albert C, Zapf A, Haase M, Röver C, Pickering JW, Albert A, et al. Neu‑
trophil gelatinase-associated lipocalin measured on clinical laboratory 
platforms for the prediction of acute kidney injury and the associated 
need for dialysis therapy: a systematic review and meta-analysis. Am J 
Kidney Dis. 2020;76:826–41.e1. https://​doi.​org/​10.​1053/j.​ajkd.​2020.​05.​015.

	16.	 Moschen AR, Adolph TE, Gerner RR, Wieser V, Tilg H. Lipocalin-2: a master 
mediator of intestinal and metabolic inflammation. Trends Endocrinol 
Metab. 2017;28:388–97. https://​doi.​org/​10.​1016/j.​tem.​2017.​01.​003.

	17.	 Song J, Kim OY. Perspectives in lipocalin-2: emerging biomarker for 
medical diagnosis and prognosis for Alzheimer’s disease. Clin Nutr Res. 
2018;7:1–10. https://​doi.​org/​10.​7762/​cnr.​2018.7.​1.1.

	18.	 das Neves SP, Taipa R, Marques F, Soares Costa P, Monárrez-Espino J, Palha 
JA, et al. Association between iron-related protein lipocalin 2 and cogni‑
tive impairment in cerebrospinal fluid and serum. Front Aging Neurosci. 
2021;13:663837. https://​doi.​org/​10.​3389/​fnagi.​2021.​663837.

	19.	 Choi J, Lee HW, Suk K. Increased plasma levels of lipocalin 2 in mild cogni‑
tive impairment. J Neurol Sci. 2011;305:28–33. https://​doi.​org/​10.​1016/j.​
jns.​2011.​03.​023.

	20.	 Eruysal E, Ravdin L, Kamel H, Iadecola C, Ishii M. Plasma lipocalin-2 levels 
in the preclinical stage of Alzheimer’s disease. Alzheimers Dement (Amst). 
2019;11:646–53. https://​doi.​org/​10.​1016/j.​dadm.​2019.​07.​004.

	21.	 Wahlund LO, Barkhof F, Fazekas F, Bronge L, Augustin M, Sjögren M, et al. 
A new rating scale for age-related white matter changes applicable to 
MRI and CT. Stroke. 2001;32:1318–22. https://​doi.​org/​10.​1161/​01.​str.​32.6.​
1318.

	22.	 Folstein MF, Folstein SE, McHugh PR. “Mini-mental state”. A practical 
method for grading the cognitive state of patients for the clinician. J 
Psychiatr Res. 1975;12:189–98. https://​doi.​org/​10.​1016/​0022-​3956(75)​
90026-6.

	23.	 Jack CR Jr, Bennett DA, Blennow K, Carrillo MC, Feldman HH, Frisoni GB, 
et al. A/T/N: an unbiased descriptive classification scheme for Alzheimer 
disease biomarkers. Neurology. 2016;87:539–47. https://​doi.​org/​10.​1212/​
WNL.​00000​00000​002923.

	24.	 Schmidt C, Wolff M, Weitz M, Bartlau T, Korth C, Zerr I. Rapidly progressive 
Alzheimer disease. Arch Neurol. 2011;68:1124–30. https://​doi.​org/​10.​
1001/​archn​eurol.​2011.​189.​30.

	25.	 Albert MS, DeKosky ST, Dickson D, Dubois B, Feldman HH, Fox NC, et al. 
The diagnosis of mild cognitive impairment due to Alzheimer’s disease: 
recommendations from the National Institute on Aging-Alzheimer’s 
Association workgroups on diagnostic guidelines for Alzheimer’s disease. 
Alzheimers Dement. 2011;7:270–9. https://​doi.​org/​10.​1016/j.​jalz.​2011.​03.​
008.

	26.	 Skrobot OA, Black SE, Chen C, DeCarli C, Erkinjuntti T, Ford GA, et al. Pro‑
gress toward standardized diagnosis of vascular cognitive impairment: 
guidelines from the Vascular Impairment of Cognition Classification 

https://doi.org/10.1016/j.jalz.2011.03.005
https://doi.org/10.1016/S1474-4422(14)70090-0
https://doi.org/10.1016/S1474-4422(14)70090-0
https://doi.org/10.1016/j.jalz.2018.02.018
https://doi.org/10.1016/j.jalz.2018.02.018
https://doi.org/10.1080/15622975.2017.1375556
https://doi.org/10.1080/15622975.2017.1375556
https://doi.org/10.1038/s41380-020-00923-z
https://doi.org/10.1038/s41380-020-00923-z
https://doi.org/10.1038/s41591-020-0755-1
https://doi.org/10.1038/s41591-020-0755-1
https://doi.org/10.1093/brain/awaa054
https://doi.org/10.1038/s41591-018-0304-3
https://doi.org/10.1001/jamaneurol.2017.1359
https://doi.org/10.1001/jamaneurol.2017.1359
https://doi.org/10.1038/s41380-020-0721-9
https://doi.org/10.1146/annurev-nutr-071816-064559
https://doi.org/10.1146/annurev-nutr-071816-064559
https://doi.org/10.1002/glia.23174
https://doi.org/10.1038/s41467-020-14373-2
https://doi.org/10.1038/s41467-020-14373-2
https://doi.org/10.1016/j.neurobiolaging.2021.07.001
https://doi.org/10.1016/j.neurobiolaging.2021.07.001
https://doi.org/10.1053/j.ajkd.2020.05.015
https://doi.org/10.1016/j.tem.2017.01.003
https://doi.org/10.7762/cnr.2018.7.1.1
https://doi.org/10.3389/fnagi.2021.663837
https://doi.org/10.1016/j.jns.2011.03.023
https://doi.org/10.1016/j.jns.2011.03.023
https://doi.org/10.1016/j.dadm.2019.07.004
https://doi.org/10.1161/01.str.32.6.1318
https://doi.org/10.1161/01.str.32.6.1318
https://doi.org/10.1016/0022-3956(75)90026-6
https://doi.org/10.1016/0022-3956(75)90026-6
https://doi.org/10.1212/WNL.0000000000002923
https://doi.org/10.1212/WNL.0000000000002923
https://doi.org/10.1001/archneurol.2011.189.30
https://doi.org/10.1001/archneurol.2011.189.30
https://doi.org/10.1016/j.jalz.2011.03.008
https://doi.org/10.1016/j.jalz.2011.03.008


Page 12 of 12Hermann et al. Alzheimer’s Research & Therapy            (2022) 14:9 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

Consensus Study. Alzheimers Dement. 2018;14:280–92. https://​doi.​org/​
10.​1016/j.​jalz.​2017.​09.​007.

	27.	 Hermann P, Appleby B, Brandel JP, Caughey B, Collins S, Geschwind MD, 
et al. Biomarkers and diagnostic guidelines for sporadic Creutzfeldt-Jakob 
disease. Lancet Neurol. 2021;20:235–46. https://​doi.​org/​10.​1016/​S1474-​
4422(20)​30477-4.

	28.	 McKeith IG, Boeve BF, Dickson DW, Halliday G, Taylor J-P, Weintraub D, 
et al. Diagnosis and management of dementia with Lewy bodies: fourth 
consensus report of the DLB Consortium. Neurology. 2017;89:88–100. 
https://​doi.​org/​10.​1212/​WNL.​00000​00000​004058.

	29.	 Rascovsky K, Hodges JR, Knopman D, Mendez MF, Kramer JH, Neuhaus J, 
et al. Sensitivity of revised diagnostic criteria for the behavioural variant 
of frontotemporal dementia. Brain. 2011;134:2456–77. https://​doi.​org/​10.​
1093/​brain/​awr179.

	30.	 Saddiki H, Fayosse A, Cognat E, et al. Age and the association between 
apolipoprotein E genotype and Alzheimer disease: a cerebrospinal fluid 
biomarker-based case-control study. PLoS Med. 2020;17:e1003289. 
https://​doi.​org/​10.​1371/​journ​al.​pmed.​10032​89.

	31.	 Bretz F, Hothorn T, Westfall P. Multiple comparisons using R. Boca Raton: 
CRC Press; 2010.

	32.	 Zerr I, Villar-Piqué A, Hermann P, Schmitz M, Varges D, Ferrer I, et al. Diag‑
nostic and prognostic value of plasma neurofilament light and total-tau 
in sporadic Creutzfeldt-Jakob disease. Alzheimers Res Ther. 2021;13:86. 
https://​doi.​org/​10.​1186/​s13195-​021-​00815-6.

	33.	 Villar-Piqué A, Schmitz M, Hermann P, Goebel S, Bunck T, Varges D, et al. 
Plasma YKL-40 in the spectrum of neurodegenerative dementia. J Neuro‑
inflammation. 2019;16:145. https://​doi.​org/​10.​1186/​s12974-​019-​1531-3.

	34.	 Pereira JB, Janelidze S, Smith R, Mattsson-Carlgren N, Palmqvist S, Teunis‑
sen CE, et al. Plasma GFAP is an early marker of amyloid-β but not tau 
pathology in Alzheimer’s disease. Brain. 2021:awab223. https://​doi.​org/​
10.​1093/​brain/​awab2​23 Epub ahead of print.

	35.	 Ohara T, Hata J, Tanaka M, Honda T, Yamakage H, Yoshida D, et al. Serum 
soluble triggering receptor expressed on myeloid cells 2 as a biomarker 
for incident dementia: the Hisayama study. Ann Neurol. 2019;85:47–58. 
https://​doi.​org/​10.​1002/​ana.​25385.

	36.	 Naudé PJ, Nyakas C, Eiden LE, Ait-Ali D, van der Heide R, Engelborghs 
S, et al. Lipocalin 2: novel component of proinflammatory signaling in 
Alzheimer’s disease. FASEB J. 2012;26:2811–23. https://​doi.​org/​10.​1096/​fj.​
11-​202457.

	37.	 Jessen F, Amariglio RE, Buckley RF, van der Flier WM, Han Y, Molinuevo JL, 
et al. The characterisation of subjective cognitive decline. Lancet Neurol. 
2020;19:271–8. https://​doi.​org/​10.​1016/​S1474-​4422(19)​30368-0.

	38.	 Villemagne VL, Burnham S, Bourgeat P, Brown B, Ellis KA, Salvado O, et al. 
Amyloid beta deposition, neurodegeneration, and cognitive decline in 
sporadic Alzheimer’s disease: a prospective cohort study. Lancet Neurol. 
2013;12:357–67. https://​doi.​org/​10.​1016/​S1474-​4422(13)​70044-9.

	39.	 Zhang Y, Foncea R, Deis JA, Guo H, Bernlohr DA, Chen X. Lipocalin 
2 expression and secretion is highly regulated by metabolic stress, 
cytokines, and nutrients in adipocytes. PLoS One. 2014;9:e96997. https://​
doi.​org/​10.​1371/​journ​al.​pone.​00969​97.

	40.	 Itenov TS, Bangert K, Christensen PH, Jensen JU, Bestle MH, Procalcitonin 
and Survival Study (PASS)-study group. Serum and plasma neutrophil 
gelatinase associated lipocalin (NGAL) levels are not equivalent in 
patients admitted to intensive care. J Clin Lab Anal. 2014;28:163–7. 
https://​doi.​org/​10.​1002/​jcla.​21662.

	41.	 Lee S, Jha MK, Suk K. Lipocalin-2 in the inflammatory activation of brain 
astrocytes. Crit Rev Immunol. 2015;35:77–84. https://​doi.​org/​10.​1615/​critr​
evimm​unol.​20150​12127.

	42.	 Ranjbar Taklimie F, Gasterich N, Scheld M, Weiskirchen R, Beyer C, Clarner 
T, et al. Hypoxia induces astrocyte-derived lipocalin-2 in ischemic stroke. 
Int J Mol Sci. 2019;20:1271. https://​doi.​org/​10.​3390/​ijms2​00612​71.

	43.	 Wang G, Weng YC, Han X, Whaley JD, McCrae KR, Chou WH. Lipocalin-2 
released in response to cerebral ischaemia mediates reperfusion injury 
in mice. J Cell Mol Med. 2015;19:1637–45. https://​doi.​org/​10.​1111/​jcmm.​
12538.

	44.	 McAleese KE, Walker L, Graham S, Moya ELJ, Johnson M, Erskine D, 
et al. Parietal white matter lesions in Alzheimer’s disease are associated 
with cortical neurodegenerative pathology, but not with small vessel 
disease. Acta Neuropathol. 2017;134:459–73. https://​doi.​org/​10.​1007/​
s00401-​017-​1738-2.

	45.	 Mesquita SD, Ferreira AC, Falcao AM, Sousa JC, Oliveira TG, Correia-Neves 
M, et al. Lipocalin 2 modulates the cellular response to amyloid beta. Cell 
Death Differ. 2014;21:1588–99. https://​doi.​org/​10.​1038/​cdd.​2014.​68.

	46.	 Dekens DW, Naudé PJW, Keijser JN, Boerema AS, De Deyn PP, Eisel ULM. 
Lipocalin 2 contributes to brain iron dysregulation but does not affect 
cognition, plaque load, and glial activation in the J20 Alzheimer mouse 
model. J Neuroinflammation. 2018;15:330. https://​doi.​org/​10.​1186/​
s12974-​018-​1372-5.

	47.	 Bawa KK, Krance SH, Herrmann N, Cogo-Moreira H, Ouk M, Yu D, et al. 
A peripheral neutrophil-related inflammatory factor predicts a decline 
in executive function in mild Alzheimer’s disease. J Neuroinflammation. 
2020;17:84. https://​doi.​org/​10.​1186/​s12974-​020-​01750-3.

	48.	 Ferreira AC, Dá Mesquita S, Sousa JC, Correia-Neves M, Sousa N, Palha JA, 
et al. From the periphery to the brain: Lipocalin-2, a friend or foe? Prog 
Neurobiol. 2015;131:120–36. https://​doi.​org/​10.​1016/j.​pneur​obio.​2015.​06.​
005.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.

https://doi.org/10.1016/j.jalz.2017.09.007
https://doi.org/10.1016/j.jalz.2017.09.007
https://doi.org/10.1016/S1474-4422(20)30477-4
https://doi.org/10.1016/S1474-4422(20)30477-4
https://doi.org/10.1212/WNL.0000000000004058
https://doi.org/10.1093/brain/awr179
https://doi.org/10.1093/brain/awr179
https://doi.org/10.1371/journal.pmed.1003289
https://doi.org/10.1186/s13195-021-00815-6
https://doi.org/10.1186/s12974-019-1531-3
https://doi.org/10.1093/brain/awab223
https://doi.org/10.1093/brain/awab223
https://doi.org/10.1002/ana.25385
https://doi.org/10.1096/fj.11-202457
https://doi.org/10.1096/fj.11-202457
https://doi.org/10.1016/S1474-4422(19)30368-0
https://doi.org/10.1016/S1474-4422(13)70044-9
https://doi.org/10.1371/journal.pone.0096997
https://doi.org/10.1371/journal.pone.0096997
https://doi.org/10.1002/jcla.21662
https://doi.org/10.1615/critrevimmunol.2015012127
https://doi.org/10.1615/critrevimmunol.2015012127
https://doi.org/10.3390/ijms20061271
https://doi.org/10.1111/jcmm.12538
https://doi.org/10.1111/jcmm.12538
https://doi.org/10.1007/s00401-017-1738-2
https://doi.org/10.1007/s00401-017-1738-2
https://doi.org/10.1038/cdd.2014.68
https://doi.org/10.1186/s12974-018-1372-5
https://doi.org/10.1186/s12974-018-1372-5
https://doi.org/10.1186/s12974-020-01750-3
https://doi.org/10.1016/j.pneurobio.2015.06.005
https://doi.org/10.1016/j.pneurobio.2015.06.005

	Plasma Lipocalin 2 in Alzheimer’s disease: potential utility in the differential diagnosis and relationship with other biomarkers
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Methods
	Study design, participants, and data acquisition
	Diagnostic criteria
	Fluid biomarker measurement
	Statistical methods

	Results
	Cohorts, groups, and demographic data
	Group comparisons and diagnostic accuracy of plasma LCN2
	Associations of plasma LCN2 with other biomarkers
	Associations of plasma LCN2 with clinical and paraclinical data in AD

	Discussion
	Plasma Lipocalin 2 in the differential diagnosis of dementia
	Associations of Lipocalin with biomarkers of AD-related pathology
	The pathophysiology of Lipocalin 2 in Alzheimer’s disease and vascular dementia
	Study strengths and limitations

	Conclusions
	Acknowledgements
	References


