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Abstract Introduction: Lipocalin-2 is an acute-phase protein with pleotropic functions that has been impli-
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cated in several diseases including Alzheimer’s disease (AD). However, it is unknown if circulating
lipocalin-2 levels are altered in the preclinical stage of AD, where AD pathology has accumulated but
cognition remains relatively intact.
Methods: In this cross-sectional study, we used an immunoassay to measure plasma lipocalin-2
levels in cognitively normal (Clinical Dementia Rating 0) elderly individuals. 38 of 156 subjects
were classified as preclinical AD by cerebrospinal fluid criteria.
Results: Plasma lipocalin-2 levels were higher in preclinical AD compared with control subjects and
associated with cerebrospinal fluid amyloid-beta42 levels but not cerebrospinal fluid tau or phosphor-
ylated-tau181 levels. Exploratory analyses revealed that plasma lipocalin-2 was associated with exec-
utive function but not episodic memory.
Discussion: Collectively, these results raise the possibility that circulating lipocalin-2 is involved
early in AD pathogenesis and may represent an early blood biomarker of amyloid-beta pathology.
� 2019 The Authors. Published by Elsevier Inc. on behalf of the Alzheimer’s Association. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
4.0/).
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1. Introduction

Although Alzheimer’s disease (AD) remains incurable,
progress has been made toward elucidating key elements
of AD pathogenesis including the identification of a preclin-
ical stage, where neuropathological abnormalities such as
amyloid-beta (Ab) peptides and tau aggregates accumulate
for decades before any significant cognitive symptoms [1].
Importantly, through neuroimaging with positron emission
tomography or measurement of cerebrospinal fluid (CSF)
levels of Ab and tau, it is now possible to identify individuals
in vivowith AD pathology during the preclinical stage of AD
[2,3]. Furthermore, recent failures in intervention trials
suggest that targeting AD once cognitive impairment
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manifests and significant neuronal death occurs may be
too late [4]. Therefore, understanding the full pathobiology
of AD during the preclinical stage is critical for early diag-
nosis and intervention. As accumulating evidence suggests
that changes in systemic metabolism and inflammation oc-
curs early in AD [5,6], circulating signaling molecules
modulating both systemic metabolism and inflammation
that can cross the blood-brain barrier may be critical compo-
nents of AD pathogenesis. However, the identity of these
signaling molecules in biomarker-defined preclinical AD,
and any association with Ab and tau pathology, remain un-
clear.

Lipocalin-2, also known as neutrophil gelatinase-
associated lipocalin, 24p3, or siderocalin, is a secreted
glycoprotein and a member of the diverse lipocalin family
of carriers of lipophilic/hydrophobic molecules [7,8].
Lipocalin-2 is expressed and found in a wide range of pe-
ripheral cell types including epithelial cells from various
organs, osteoblasts, adipocytes, and immune cells with
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reported roles in innate immunity, iron homeostasis, and
regulation of body weight and insulin signaling [7,8]. In
the central nervous system, lipocalin-2, produced locally
or transported from the periphery through the blood-
brain barrier, has been implicated in neuroinflammation,
iron homeostasis, appetite, cognition, and memory, and
as such, is well positioned to be a potential contributor
to AD pathobiology.

Because lipocalin-2 is an acute-phase protein with pleo-
tropic functions, circulating lipocalin-2 has been proposed
as a biomarker for several diseases such as acute kidney
injury, heart failure, obesity, and various brain disorders
including AD [7]. However, all studies to date investigating
circulating lipocalin-2 in AD have been conflicting and
inconclusive [9,10], possibly reflecting the fact that these
studies have used subjects who were classified solely by
clinical criteria without any supporting evidence from Ab
or tau biomarkers. Therefore, our study sought to
determine whether plasma levels of lipocalin-2 are altered
in cognitively normal subjects with CSF biomarker-defined
preclinical AD compared with CSF biomarker–negative con-
trols and whether plasma levels of lipocalin-2 are associated
with Ab or tau pathology and cognitive function.
2. Methods

2.1. Study participants

Participants were community-dwelling volunteers (age in
years: mean 68.7, range 51.1 to 86.3) enrolled in longitudi-
nal studies of healthy aging and dementia through the
Charles F. and Joanne Knight Alzheimer’s Disease Research
Center at Washington University School of Medicine in St.
Louis [11]. Study participants were in good general health,
with no other known medical illness that could contribute
to dementia. Specifically, the following systemic diseases
were screened: cancer (all type), heart disease (i.e., heart
attack, atrial fibrillation, and congestive heart failure),
hypertension, hyperlipidemia, diabetes, kidney, lung, and
thyroid diseases. All participants had baseline body mass
index (BMI) recorded. In addition, baseline fasting plasma
and CSF samples were obtained from all subjects.
CSF samples were analyzed for Ab42, total tau, and tau phos-
phorylated at threonine 181 (p-tau181) by ELISA (INNOT-
EST; Innogenetics) as previously described [11].
Apolipoprotein E (APOE) genotypes were obtained from
all participants [11].

Inclusion criteria for our analysis of these cohorts were
(1) normal cognition at study entry (defined as having a Clin-
ical Dementia Rating of 0) [12]; (2) BMI less than 30 to
exclude obese subjects; and (3) availability of baseline fast-
ing CSF and plasma samples.

This study was approved by the Human Research Protec-
tion Office at Washington University School of Medicine in
St. Louis. Written informed consent was obtained from all
participants and their informants.
2.2. Preclinical Alzheimer’s disease status

Preclinical AD was defined as a CSFAb42 level,459 pg/
mL, a previously established CSF criterion of preclinical AD
for this cohort [11,13]. Controls were all subjects who were
amyloid-negative, defined as a CSFAb42 level�459 pg/mL.
A secondary analysis was conducted by classifying preclin-
ical AD using all three CSF AD biomarkers with cutoff
points of CSF Ab42 level ,459 pg/mL, CSF tau level
.339 pg/mL, and CSF p-tau181 level .67 pg/mL, as previ-
ously defined for this cohort [11].
2.3. Neuropsychological testing

All subjects underwent cognitive testing in the form of
the Mini–Mental State Examination (MMSE, score range
0 to 30 with higher scores better) [14]. A subset of sub-
jects also completed testing for immediate and delayed
memory with Wechsler Memory Scale–Revised, Logical
Memory (WMS-R-LM I & II; n 5 82 controls and 32 pre-
clinical AD subjects, score range 0 to 25 with higher
scores better) [15] and executive function with Trail Mak-
ing Test Parts A and B (n 5 83 controls and 33 preclinical
AD subjects, score range 0 to 180 seconds with higher
scores worse) [16].
2.4. Plasma collection and lipocalin-2 measurement

Fasting plasma samples were collected at the baseline
from all eligible study participants and were stored in frozen
aliquots at -80�C at Washington University School of Med-
icine in St. Louis. Deidentified aliquots were sent to Weill
Cornell Medicine, where plasma levels of lipocalin-2 were
measured by a commercial immunoassay (Catalog Number
HADK1MAG-61K; MilliporeSigma) analyzed with the
MAGPIX system (Luminex Corporation) following the
manufacturers’ protocols. All plasma samples were initially
diluted 1:400 before running the immunoassay. A standard
curve was constructed using known recombinant lipocalin-
2 protein levels ranging from 3.2 to 50,000 pg/mL. The
mean minimum detectable dose of lipocalin-2 for this immu-
noassay was 1.7 pg/mL. All samples were run in duplicates,
and mean values were used. The mean %CV of replicates
was 3.7%. For any samples found to be above the standard
curve, the sample was diluted further to 1:2000 before rerun-
ning the immunoassay. All values used are from samples
with values found within the standard curve.
2.5. Statistical analysis

Variables were summarized as mean (standard devia-
tion) and compared between groups using 2 tailed t-tests
for continuous measures. For comparison between groups
with categorical measures, Fisher’s exact test was used. As-
sociations between plasma lipocalin-2 and the individual
CSF AD biomarker levels as continuous measures were
examined by linear regression. As a significant difference



Table 1

Study demographics and characteristics

Control

(n 5 118)

Preclinical

AD (n 5 38) P value

Female sex, number (%) 73 (61.9) 18 (47.4) .13

Age at lumbar puncture,

mean (SD), years

67.4 (7.7) 72.8 (8.0) *

Caucasian, number (%) 115 (97) 38 (100) .999

CSF Ab42, mean (SD), pg/mL 778.7 (236.7) 355.3 (74.0) *

CSF tau, mean (SD), pg/mL 289.1 (165.3) 453.8 (269.2) *

CSF p-tau181, mean (SD),

pg/mL

61.1 (31.1) 77.1 (36.6) .009

APOE ε4 isoform carrier,

number (%)

31 (26.3) 23 (60.5) *

Education, mean (SD), years 16.1 (2.5) 15.7 (2.7) .41

BMI, mean (SD), kg/m2 24.8 (2.8) 24.2 (3.0) .24

Abbreviations: APOE, apolipoprotein E; SD, standard deviation; BMI,

body mass index; CSF, cerebrospinal fluid.

*Denotes P , .001.
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in age was seen between preclinical and control groups, all
of the multiple linear regression analyses were adjusted for
age in addition to sex. Subgroup analyses were conducted
to test for an interaction between APOE genotype (E4 car-
riers compared with non-E4 carriers) and plasma lipocalin-
2 levels in relation to the individual CSF AD biomarkers.
Associations between plasma lipocalin-2 and neuropsycho-
logical scores or BMI as continuous measures were exam-
ined by linear regression and were adjusted for age and sex.
All tests were two-tailed, and the threshold of statistical
significance was defined as P , .05. Statistical analyses
were performed using Stata version 13.1 (StataCorp, TX).
3. Results

3.1. Demographic characteristics of study participants

A total of 156 subjects (65 men and 91 women) met all
study criteria and had samples suitable for analysis. Using
previously defined CSF criteria for preclinical AD [11], 38
subjects (20 male and 18 female) were categorized as be-
ing in the preclinical stage of AD based on CSF Ab42
only. Of the 38 preclinical AD subjects, 22 subjects (15
male and 7 female) met all three CSF criteria (i.e., Ab42,
tau, and p-tau181). 118 subjects (45 male and 73 female)
were categorized as amyloid-negative controls. Compared
with control subjects, preclinical AD subjects had signifi-
cantly lower CSF Ab42 levels, higher CSF tau, and higher
p-tau181 levels (Table 1). As expected, the preclinical AD
group was older and had an increased percentage of sub-
jects with at least one copy of the APOE ε4 allele as
compared with biomarker negative control subjects
(Table 1). The rest of the demographic characteristics,
including education and race, were similar between the
two groups. There were no significant differences between
the control and preclinical AD groups in the proportion of
cancer (all types), kidney disease, thyroid disease, heart
disease (i.e., heart attack, atrial fibrillation, and congestive
heart failure), hypertension, hyperlipidemia, and diabetes
(all P . .05).

3.2. Plasma lipocalin-2 levels are similar between men
and women

Because circulating lipocalin-2 levels have been reported
to be higher in men [17], we examined if plasma lipocalin-2
levels were different between men and women regardless of
preclinical AD status. In our cohort, the plasma lipocalin-2
levels were not statistically different between males and fe-
males (men 76.4 6 22.6 ng/mL vs. women 72.3 6 20.3 ng/
mL; P 5 .24). Therefore, plasma lipocalin-2 values from
males and females were combined for all subsequent ana-
lyses.

3.3. Plasma lipocalin-2 levels are elevated in preclinical
Alzheimer’s disease and are associated with cerebrospinal
fluid Ab42 levels

We then examined whether plasma lipocalin-2 levels
were different between preclinical AD and control subjects.
Compared with the control group, plasma lipocalin-2 levels
were higher in the preclinical AD group (Fig. 1A). Reclassi-
fying preclinical AD to include only subjects meeting all
three CSF criteria (i.e., Ab42, tau, and p-tau181) resulted in
similar results of higher plasma lipocalin-2 levels in the pre-
clinical AD group (Fig. 1B). In addition, plasma lipocalin-2
levels were associated with CSF levels of Ab42 but not with
CSF levels of tau or p-tau181 (Fig. 2). Subgroup analyses
were conducted by APOE ε4 carrier status. Therewas no sig-
nificant difference in plasma lipocalin-2 levels in APOE ε4
carriers compared with non-E4 carriers (E4 carriers
76.5 6 21.0 ng/mL vs. non-E4 carriers 72.7 6 21.5 ng/
mL; P 5 .29). Furthermore, APOE ε4 carrier status did not
interact significantly with plasma lipocalin-2 levels in rela-
tion to the individual CSF AD biomarkers (i.e., Ab42, tau,
or p-tau181) (Table 2).

3.4. Plasma lipocalin-2 levels are associated with
executive function but not with episodic memory function

Exploratory analyses investigated whether there were any
associations between plasma lipocalin-2 levels and select
neuropsychological measures. We specifically focused on
measures that can be affected during preclinical AD
[18,19] including overall cognitive function (MMSE),
immediate and delayed episodic memory (WMS-R LM I
& II), and executive function (Trail Making A and B).
Despite preclinical AD subjects having a small but
statistically significant lower MMSE score than control
subjects (controls 29.3 6 1.0 vs. preclinical AD
28.8 6 1.3; P 5 .02), plasma lipocalin-2 levels were not
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Fig. 1. Plasma lipocalin-2 levels in preclinical AD group are higher than the control group. Lipocalin-2 levels were measured in fasting plasma samples by a

commercial immunoassay. (A) Using CSF Ab42 only as a criterion, preclinical AD group had higher plasma lipocalin-2 levels than control group (plasma

lipocalin-2: 71.56 20 for control and 82.06 23.7 ng/mL, P5 .007, n5 118 control and 38 preclinical AD subjects). (B) Using all three CSFAD biomarkers

(Ab42, tau, and p-tau181), plasma lipocalin-2 levels in preclinical AD group were higher than the control group (plasma lipocalin-2: 71.5 6 20 for control and

82.96 25.1 ng/mL,P5 .0196, n5 118 control and 22 preclinical AD subjects). All individual values are presented with bars for means and standard deviations.

*P , .05 and **P , .01. Abbreviations: AD, Alzheimer’s disease; Ab, amyloid-beta; CSF, cerebrospinal fluid.
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associated with MMSE scores (Fig. 3). Preclinical AD sub-
jects had lower scores on immediate memory (WMS-R LM
I: controls 13.46 3.0 vs. preclinical AD 11.46 4.4; P5 .02)
but not delayed memory (WMS-R LM II: control 12.26 4.2
vs. preclinical AD 10.5 6 5.4; P 5 .08) as compared with
controls. However, plasma lipocalin-2 levels were not asso-
ciated with either immediate or delayed memory scores after
adjusting for age and sex (Fig. 3). For executive function,
preclinical AD subjects did worse on Trail Making B (con-
trols 82.0 6 30.9 seconds vs. preclinical AD
99.0 6 36.9 seconds; P 5 .013) but not with Trail Making
A (controls 34.5 6 13.3 seconds vs. preclinical AD
40.9 6 23.4 seconds; P 5 .07) compared with controls.
Moreover, after adjusting for age and sex, plasma
lipocalin-2 levels were associated with Trail Making B but
not with Trail Making A scores (Fig. 3).
A B

Fig. 2. Association between plasma lipocalin-2 and CSF AD biomarkers. All sub

Plasma lipocalin-2 were significantly associated with CSF Ab42 (age- and sex

lipocalin-2 were not associated with CSF tau (age- and sex-adjusted, beta coeffici

efficient 0.018, P5 .82). Scatterplots with individual values and unadjusted regres

beta; CSF, cerebrospinal fluid.
3.5. Plasma lipocalin-2 levels are not associated with
body mass index in older nonobese individuals

Finally, in mouse models, circulating lipocalin-2 can act
on the hypothalamus to decrease appetite and is regulated by
obesity [20,21]. However, whether lipocalin-2 is associated
with BMI in humans remains inconclusive [17,22].
Therefore, we examined the association between plasma
lipocalin-2 levels and BMI and found that in this cohort of
older nonobese individuals there was no significant associa-
tion after adjusting for age and sex (Fig. 4).
4. Discussion

In this cross-sectional study of cognitively normal com-
munity dwelling volunteers, plasma lipocalin-2 levels were
C

jects regardless of preclinical AD status were included in the analysis. (A)

-adjusted, beta coefficient –0.213, P 5 .009). (B, C) However, plasma

ent 0.0561, P 5 .46) or with CSF p-tau181 (age- and sex-adjusted, beta co-

sion lines are shown. Abbreviations: AD, Alzheimer’s disease; Ab, amyloid-



Table 2

Association of plasma lipocalin-2 levels with CSF AD biomarkers

CSF AD

biomarker

APOE

genotype

Beta

coefficient P value

CSF Ab42 levels All 20.213 .009

E4 carrier 20.085
.35*

Non-E4 carrier 20.261

CSF tau levels All 0.0561 .46

E4 carrier 0.100
.34*

Non-E4 carrier 0.0151

CSF p-tau181 levels All 0.018 .82

E4 carrier 20.110
.36*

Non-E4 carrier 0.101

All were adjusted for age and sex.

Abbreviations: AD, Alzheimer’s disease; APOE, apolipoprotein E; Ab,

amyloid-beta; CSF, cerebrospinal fluid.

*P value for the interaction between APOE ε4 carrier status and plasma

lipocalin-2 in relation to the respective CSF AD biomarker levels.
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significantly higher in subjects with CSF evidence of Ab pa-
thology consistent with preclinical AD. Importantly, the
plasma lipocalin-2 levels were associated with CSF Ab42
levels but not with CSF tau or p-tau181 levels, suggesting a
link between circulating lipocalin-2 and Ab pathology.
Furthermore, exploratory analyses revealed that plasma
lipocalin-2 levels were associated with a measure of execu-
tive function (Trail Making B) but not with episodic memory
(WMS-R LM I & II) or overall cognition (MMSE). These
findings support a role for circulating lipocalin-2 early in
AD pathogenesis, and raise the possibility that this glycopro-
tein could be a biomarker of Ab pathology and executive
dysfunction.

The higher levels of plasma lipocalin-2 seen in preclinical
AD are consistent with prior studies implicating lipocalin-2
in AD pathobiology [9,23]. Lipocalin-2 has been hypothe-
sized to be an important modulator of inflammation, neuro-
toxicity, and brain iron homeostasis, which may all
contribute directly to AD pathogenesis [7,8]. However,
whether lipocalin-2 plays a significant role in AD pathogen-
esis is controversial. In mouse models, knocking-out the
lipocalin-2 gene in the J20 mouse model of Ab pathology
significantly decreased the AD-like brain iron accumulation
in the hippocampus but did not affect cognition, Ab plaque
load, and glial activation [24]. One possible explanation for
the null effect, particularly in cognition, is that lipocalin-2
can act in a complex dual capacity of having a baseline bene-
ficial role such as with hippocampal function but when
induced to high levels, may be detrimental by enhancing
neurotoxicity and promoting pathological iron accumulation
in the brain [25,26].

Although experimental models support a direct role for
central lipocalin-2 in various aspects of AD pathogenesis
[9,23], the contribution, if any, of peripheral lipocalin-2 to
AD pathogenesis is not clear. Because peripheral lipocalin-
2 has been shown to cross the blood-brain barrier to modu-
late central pathways such as by activating hypothalamic
neurons to decrease appetite [20], it is plausible for circu-
lating lipocalin-2 to act on central processes involved early
in AD pathogenesis including neuroinflammation, systemic
metabolism, and brain iron homeostasis [7,8]. As there was a
lack of association between plasma lipocalin-2 and BMI in
our cohort, the results from our study do not support periph-
eral lipocalin-2 contributing to the early dysregulation of
body weight seen in preclinical AD [6]. We did not specif-
ically assess brain iron levels or neuroinflammatory markers.
Therefore, additional studies will be needed to elucidate any
relation between peripheral lipocalin-2 and brain iron ho-
meostasis or neuroinflammation.

Our exploratory analyses of neuropsychological mea-
sures found a significant association between plasma
lipocalin-2 levels and Trail Making B scores, suggesting
that lipocalin-2 is related to executive function. Further-
more, because Trail Making A is thought to provide a base-
line measure of psychomotor speed, visuospatial search, and
target-directed motor tracking, while Trail Making B is a
more cognitively demanding task due to set-switching
[27], the lack of an association with Trail Making A scores
may signify that lipocalin-2 is only related to more chal-
lenging cognitive processing tasks of executive function
rather than to simply psychomotor speed. These findings
suggest that lipocalin-2 could be related specifically to brain
regions that are important for executive function such as pre-
frontal and parietal structures and their connections [27].
Alternatively, it is possible that in our cohort, episodic mem-
ory or overall cognitive status is minimally affected, which
would make it difficult to identify any association with these
other neurocognitive measures and lipocalin-2. Indeed, we
did not find any association between plasma lipocalin-2
levels and overall cognition by MMSE scores, although
this type of brief screening measure is unlikely to be sensi-
tive to subtle cognitive differences in asymptomatic individ-
uals. This is in contrast to another study that found a positive
association between plasma lipocalin-2 levels and MMSE
scores in MCI and AD subjects [10]. Overall, the results
from these neuropsychological tests have to be taken with
caution as these are exploratory studies; all subjects are
cognitively normal with the individual neurocognitive
scores measured well within normal limits despite any statis-
tically significant differences between preclinical AD and
control subjects.

Regardless of the exact functional role of lipocalin-2, as
an acute-phase protein, lipocalin-2 has been investigated
as a possible biomarker that is modulated in a wide range
of pathological conditions including several systemic disor-
ders such as acute kidney injury and heart failure [7]. In our
cohort, we found no significant difference between the pre-
clinical AD and control groups in the proportion of cancer,
kidney disease, thyroid disease, heart disease including
congestive heart failure, hypertension, hyperlipidemia, and
diabetes. In addition, our cohort is in general good health
with low probability for any significant acute pathologies.
Therefore, it appears unlikely that systemic diseases are con-
founding our results.
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Fig. 3. Association between plasma lipocalin-2 and neuropsychological measures. All subjects regardless of preclinical AD status were included in the analysis.

(A-D) Plasma lipocalin-2 levels were not associated with MMSE (age- and sex-adjusted, beta coefficient –0.0629, P 5 .42), WMS-R-LM I (age- and sex-

adjusted, beta coefficient 20.0142, P 5 .46), WMS-R-LM II (age- and sex-adjusted, beta coefficient –0.0186, P 5 .831), and Trail Making A scores (age-

and sex-adjusted, beta coefficient 0.145, P 5 .14). (E) Plasma lipocalin-2 levels were associated with Trail Making B scores (age- and sex-adjusted, beta

coefficient 0.228, P 5 .014). Scatterplots with individual values and unadjusted regression lines are shown. Abbreviations: AD, Alzheimer’s disease;

MMSE, Mini–Mental State Examination; WMS-R-LM, Wechsler Memory Scale–Revised, Logical Memory.
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To the best of our knowledge, our study is the first to
investigate circulating lipocalin-2 in biomarker-defined
preclinical AD. The higher plasma lipocalin-2 levels in
preclinical AD subjects are consistent with similar find-
ings of higher plasma lipocalin-2 levels in MCI subjects
compared with cognitively normal subjects [10]. Further-
more, we had previously found that another member of
the lipocalin family retinol binding protein 4 was not
altered in preclinical AD [13], suggesting that alterations
in plasma lipocalin-2 are not from a general pathological
process affecting all lipocalins. However, circulating
lipocalin-2 levels may differ with AD progression, as a
cross-sectional study of normal, MCI, and AD subjects
found the highest plasma lipocalin-2 levels in MCI sub-
jects but AD subjects with more advanced disease had
similar levels to normal controls [10]. This would be
consistent with other studies showing a similar pattern of
high levels of peripheral cytokines only in the early stages
of AD [28,29]. Interestingly, lipocalin-2 levels in the CSF
may act differently than in the blood. In a similar fashion
to Ab, CSF lipocalin-2 levels have been reported to be
significantly lower in clinically diagnosed MCI and AD
subjects, whereas lipocalin-2 levels were increased in
select postmortem brain regions affected by AD [9]. How-
ever, all of these prior studies did not confirm the diag-
nosis of AD with established AD biomarkers and were
cross-sectional in nature. Future prospective longitudinal
studies with AD biomarker-defined subjects will be
needed to determine whether circulating or CSF
lipocalin-2 levels changes with disease progression.

An important finding of our study is that plasma
lipocalin-2 levels were negatively associated with CSF
Ab42 levels. This suggests that those individuals with signif-
icant Ab pathology, as reflected by low CSF Ab42 levels,
have high plasma lipocalin-2 levels. Interestingly, serum
lipocalin-2 was positively associated with plasma Ab42 in
Down syndrome individuals with dementia, which further
supports a possible link between lipocalin-2 and Ab [30].



Fig. 4. Association between plasma lipocalin-2 and BMI. BMI was not

associated with plasma lipocalin-2 (age- and sex-adjusted, beta coefficient,

–0.0864; P5 .27). All individuals regardless of preclinical AD status or sex

were included. Scatterplots with individual values and unadjusted regres-

sion lines are shown. Abbreviations: AD, Alzheimer’s disease; BMI, body

mass index.
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In our study, the absolute difference in the plasma lipocalin-
2 levels was modest with significant overlap between the
groups. Based on these results, it is unlikely that plasma
lipocalin-2 would contribute to the diagnosis of preclinical
AD on an individual basis, but may serve as a nonspecific
proxy for Ab pathology.

A major strength of our study is the use of established CSF
AD biomarkers in a well-characterized study cohort. Past
studies have relied on clinical diagnosis ofMCI or AD, which
may lead to inaccurate categorization of study subjects and
the inability to identify those individuals with AD pathology
before detectable cognitive impairment. A limitation of this
study is the cross-sectional nature and the inability to deter-
mine causality in the association between plasma lipocalin-
2 and CSF Ab42. In addition, the lack of CSF measurement
of lipocalin-2 levels makes it difficult to discern any differ-
ences between central versus circulating lipocalin-2. Finally,
the study cohort is relatively small, racially homogenous with
high levels of education, which may lead to a selection bias
that is common in studies conducted in a single academic
medical center. Therefore, these results need to be verified
and validated in additional prospective longitudinal studies
with larger more diverse cohorts.

In conclusion, plasma lipocalin-2 levels were signifi-
cantly higher in CSF biomarker defined preclinical AD sub-
jects compared with biomarker negative control subjects.
Furthermore, plasma lipocalin-2 levels were associated
with CSF Ab42 levels and executive function. Although the
exact pathophysiological role of lipocalin-2 in AD remains
controversial and verification of these results in additional
prospective studies are needed, these results support circu-
lating lipocalin-2 as a marker of early Ab pathology.
Acknowledgments

The authors would like to thank the volunteers for partici-
pating in the study. The authors gratefully acknowledge
the contributions of Drs. Anne Fagan, Betsy Grant, Krista
Moulder, John Morris, and David Holtzman, the core facil-
ities of The Charles F. and Joanne Knight Alzheimer’s
Disease Research Center (P50 AG05681), Healthy Aging
and Senile Dementia (P01 AG03991), and Adult Children
Study (P01 AG026276) for providing biospecimens and
associated clinical, biomarker, and psychometrics data.
The authors thank Mr. Matthew McGuire, Ms. Laurie
Pham, and Ms. Abigail Hiller for providing technical or
administrative assistance. This work was supported by
the National Institutes of Health (UL1TR002384,
K08AG051179, K23NS082367, and R01NS37853) and
the BrightFocus Foundation (A2015485S). The support
of Lauren and Andy Weisenfeld is gratefully acknowl-
edged. The sponsors did not have any role in the design
and conduct of the study; collection, management, anal-
ysis, and interpretation of the data; and preparation, re-
view, or approval of the article.
RESEARCH IN CONTEXT

1. Systematic review: Review of 151 years of litera-
ture (e.g., PubMed) on the relation between
lipocalin-2 (also known as neutrophil gelatinase-
associated lipocalin, 24p3, or siderocalin) and
Alzheimer’s disease (AD) revealed results from
human studies to be inconclusive, which may be
from lack of validation of the clinical diagnosis
with AD biomarkers. In addition, there were no
studies that measured plasma lipocalin-2 in
biomarker-confirmed preclinical AD.

2. Interpretation: The results from this cross-sectional
study support lipocalin-2 playing a role early in AD
pathogenesis and plasma lipocalin-2 as a potential
early blood biomarker of amyloid-beta pathology.

3. Future directions: Additional research is needed to
validate these findings in larger more diverse cohorts
and in longitudinal studies. The use of cerebrospinal
fluid lipocalin-2 as a potential AD biomarker and any
differences with plasma lipocalin-2 should be clari-
fied. Finally, the role of lipocalin-2 in iron
metabolism and neuroinflammation in biomarker-
confirmed AD should be explored.
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