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CSF lipocalin-2 increases early in
subarachnoid hemorrhage are
associated with neuroinflammation
and unfavorable outcome

Fang Yu1,2, Aisha Saand2, Changhong Xing3,4, Jong Woo Lee5,
Liangge Hsu6, Octavia P Palmer2,7, Vanessa Jackson2, Lu Tang8,
MingMing Ning9, Rose Du10, Patrick M Kochanek11, Eng H Lo4

and Sherry H-Y Chou1,2,4,5,12

Abstract

Lipocalin-2 mediates neuro-inflammation and iron homeostasis in vascular injuries of the central nervous system (CNS)

and is upregulated in extra-CNS systemic inflammation. We postulate that cerebrospinal fluid (CSF) and blood lipocalin-

2 levels are associated with markers of inflammation and functional outcome in subarachnoid hemorrhage (SAH). We

prospectively enrolled 67 SAH subjects, serially measured CSF and plasma lipocalin-2, matrix metallopeptidase 9 (MMP-

9), interleukin-6 (IL-6) and tumor necrosis factor-alpha (TNF-a) on post-SAH days 1-5 and assessed outcome by

modified Rankin Scale (mRS) every 3months. Unfavorable outcome is defined as mRS> 2. Twenty non-SAH patients

undergoing lumbar drain trial were enrolled as controls. Lipocalin-2 was detectable in the CSF and significantly higher in

SAH compared to controls (p< 0.0001). Higher CSF LCN2 throughout post-SAH days 1-5 was associated with unfa-

vorable outcome at 3 (p¼ 0.0031) and 6months (p¼ 0.014). Specifically, higher CSF lipocalin-2 on post-SAH days 3

(p¼ 0.036) and 5 (p¼ 0.016) were associated with unfavorable 3-month outcome. CSF lipocalin-2 levels positively

correlated with CSF IL-6, TNF-a and MMP-9 levels. Higher plasma lipocalin-2 levels over time were associated with

worse 6-month outcome. Additional studies are required to understand the role of lipocalin-2 in SAH and to validate

CSF lipocalin-2 as a potential biomarker for SAH outcome.
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Introduction

Subarachnoid hemorrhage (SAH) remains one of the
most lethal and morbid forms of stroke leading to sig-
nificant long-term disability and high socioeconomic
impact to the society.1,2 Several recent phase-3 random-
ized clinical trials failed to find therapeutics that improve
SAH outcome despite promising preclinical data.3–5

Emerging evidence suggest human SAH is a complex
condition with pathophysiologic processes extending
beyond the central nervous system (CNS). Clinically,
SAH patients develop both neuroinflammation as well
as acute systemic inflammatory response syndrome
(SIRS) which is associated with poor outcome.6–8 The
relationship between systemic and neuroinflammation
in SAH is insufficiently understood. Currently, there is
no validated blood or CSF biomarkers in clinical use for
SAH-associated brain injury and outcome prediction.

Lipocalin-2, also known as neutrophil gelatinase-
associated lipocalin, is an important mediator of neuro-
inflammation in vascular brain injury9–11 via several
putative mechanisms. In the brain, lipocalin-2 knock
out reduces tumor necrosis factor (TNF-a) and interleu-
kin 1b (IL-1b) levels and improves outcomes in acute
ischemic stroke models.11 On the other hand, lipocalin-2
upregulation in injured brain may be part of an endog-
enous repair response12 that promotes angiogenesis and
neurovascular recovery.13 In addition to neuroinflam-
mation, brain lipocalin-2 may also mediate iron toxicity
in hemorrhagic stroke models.14,15 On the systemic side
of the blood brain barrier, lipocalin-2 stimulates neutro-
phil migration and neutrophilic cytokines production
including IL-6, TNF-a and IL-1b and elevated blood
lipocalin-2 is associated with in systemic inflamma-
tion.16,17 Furthermore, lipocalin-2 binds and stabilizes
human matrix metallopeptidase-9 (MMP-9),18 which
regulates neutrophils in inflammatory processes19,20

and is implicated in multiple vascular brain injury mech-
anisms including blood brain barrier (BBB) injury.21

Increased blood IL-6, TNF-a, and MMP-9 are associ-
ated with poor outcome6,22–24 in human SAH. Taken
together, lipocalin-2 is an important candidate biomark-
er for both SAH-associated neuroinflammation and sys-
temic inflammation. We hypothesize that cerebrospinal
fluid (CSF) and plasma lipocalin-2 levels may be asso-
ciated with inflammatory mediators and with functional
outcome in a human SAH cohort.

Materials and methods

Prospective SAH and control cohorts

In this study, 67 consecutive SAH and 20 control sub-
jects with both CSF and blood biospecimens available
were derived from an existing parent cohort of 102

SAH subjects and 24 control subjects from an existing

single-center observational cohort enrolled between

2009 – 2014 at the Brigham and Women’s Hospital.25

Inclusion criteria were consecutive adult patients with

spontaneous SAH within 96hours of onset. Exclusion

criteria were pregnancy, end-stage renal or liver diseases,

active malignancy, any CSF infection, or human immu-

nodeficiency virus infection as these conditions may con-

found blood and CSF biomarker compositions. Non-

SAH patients with suspected normal pressure hydro-

cephalus (NPH) undergoing lumbar CSF drain trial

were enrolled as controls. All subjects were enrolled fol-

lowing self or surrogate informed consent. This study

was conducted according to the ethical standards of

Brigham and Women’s hospital (BWH) Institutional

Review Board (IRB) (approval number: 2007P002168).

A written informed consent was obtained from all sub-

jects or their health care surrogate.

Standardized institutional SAH protocol. All SAH subjects

were treated according to standardized institutional

treatment protocol in a dedicated neurological inten-

sive care unit. All patients received enteral nimodipine.

Per standardized SAH treatment protocol, patients do

not receive steroids or nonsteroidal anti-inflammatory

(NSAID) medications. All patients underwent digital

subtraction cerebral angiography upon initial presenta-

tion and again on post-SAH days 6-8 for evaluation of

angiographic vasospasm. Clinically significant vaso-

spasm was treated with induced hypertension, euvole-

mia, and intra-arterial vasodilator injection and/or

balloon angioplasty in refractory cases. Patients were

monitored for delayed cerebral ischemia throughout

acute hospital stay for up to 21 days from SAH onset.

Outcome and clinical endpoints definition. The primary end-

point of this study was 3-month SAH functional out-

come measured by modified Rankin Score (mRS)

validated for telephone assessment.26,27 The secondary

endpoint was 6-month SAH outcome. All enrolled

SAH subjects underwent prospective, standardized

outcome assessment at 3- and 6-months post SAH

using scripted telephone interview by trained research

personnel under principal investigator supervision

(SC). Unfavorable outcome was defined as mRS> 2.

SAH clinical severity was measured by Hunt and Hess

(HH) grade and radiographic severity was measured by

modified Fisher grade.28 Both scores were systematical-

ly adjudicated by the principal investigator (SC).

Angiographic vasospasm (VSP) was defined as >50%

reduction in diameter of any cerebral artery on angio-

gram. Delayed cerebral ischemia (DCI) was defined as

areas of new hypodensity on CT scans after exclusion

of peri-operative injuries or injuries prior to SAH

Yu et al. 2525



onset.29 Both vasospasm and DCI were adjudicated by
a trained neuroradiologist (LH).

Biospecimen and biomarker methods. After informed con-
sent, all enrolled SAH patients underwent prospective,
standardized serial blood and CSF collections on post-
SAH days 1, 3 and 5. Day 0 is defined as day of SAH
symptom onset. Per human subject protection consid-
erations, all samples were taken after ruptured cerebral
aneurysms have been secured. Blood samples were col-
lected via indwelling arterial or central venous catheters
if they were present and otherwise via standard veno-
puncture. CSF was collected using sterile technique and
only in subjects with external ventricular drain (EVD)
present for a clinical indication. In control subjects,
blood and CSF samples were collected upon study
enrollment and CSF was collected through a lumbar
drain placed for a clinical indication. To minimize risk
of infection to human subjects, we do not aspirate
directly from the EVD or lumbar drain (LD) catheter.
Fresh CSF is allowed to drip out into the collection
cylinder in the EVD/LD system and this CSF is then
collected from the collection graduated cylinder in the
EVD system using sterile technique.

Immediately following collection, all biospecimens
(CSF and blood) were centrifuged at 3900 revolutions
per minute for 15minutes at room temperature. Post
centrifugation, the cell-free CSF supernatant and
plasma/serum from blood are aliquoted into micro-
aliquot tubes and immediately frozen at �80C until
analysis.

Lipocalin-2 was measured from EDTA plasma sam-
ples using Human Magnetic Luminex Assay and TNFa
and IL-6 were measured using Human XL Cytokine
Discovery Premixed High Performance Assay (R&D
Systems, Minneapolis, MN). Biomarker analyses were
performed by the Clinical Research, Investigation, and
Systems Modeling of Acute Illness (CRISMA) center
Core Laboratory at the University of Pittsburgh. We
performed careful internal validation of biomarker
assays. A standard curve was generated for each exper-
iment. The standards (provided by the manufacturer)
used to generate the standard curve were analyzed as
unknowns within the experiment across all plates.
Random experimental samples were analyzed across
all plates to assess whether variations in the results
occurred between plates. Additionally, we spiked
pooled CSF samples with the standards provided by
manufacturer and calculated the % recovery, which
ranged from 90-99%.

Statistical analysis

Continuous variables were compared using a two-sided
Student’s t or Mann-Whitney U test depending on data

distribution. Paired tests were used for in-sample com-

parisons. The association between CSF and plasma

lipocalin-2 levels over time with the primary and sec-

ondary endpoints were assessed using mixed effect

models. For lipocalin-2 level comparisons at individual

measurement time points, we applied Bonferroni cor-

rection to control family-wise error rate. We performed

exploratory bivariate analyses to assess associations of

lipocalin-2 with TNF-a, IL-6, and MMP-9 levels using

Pearson’s or Spearman’s test depending on data distri-

bution. Ordinal logistic regression models were used to

explore the independent effect of lipocalin-2 levels on

mRS after adjusting for HH grade, modified Fisher

grade, and age, which are known important predictors

of SAH outcome. Data analyses were performed using

GraphPad Prism 8 and JMP Pro 13.0.
De-identified data from this study will be made

available to other investigators in accordance to the

National Institute of Health’s data sharing policy and

in observance of all regulatory and human subject pro-

tection requirements.

Results

Patient characteristics

Table 1 summarizes baseline characteristics of the SAH

(N¼ 67) and control (N¼ 20) cohorts. Compared to

controls, the SAH cohort had lower mean age and

higher proportion of females. Poor outcome occurred

in 48% of SAH subjects at 3-month and 36% at

6-month post SAH. Thirty-seven (55%) met criteria

for angiographic vasospasm. Two-thirds of patients

presented with HH grade � 3 and a majority of the

cohort (89%) had modified Fisher grades 3–4. The

SAH cohort characteristics are comparable to those

reported in recent large SAH trials.4,5,30

CSF lipocalin-2 and SAH outcome

CSF lipocalin-2 levels were higher at all time points

after SAH compared to controls (Figure 1(a)). Within

the SAH cohort, CSF lipocalin-2 levels increased over

time from post-SAH day 1 to 5, and higher CSF

lipocalin-2 throughout post-SAH days 1-5 was associ-

ated with unfavorable outcome both at 3-months

(p¼ 0.0031) and at 6-months (p¼ 0.014) (Figure 1(a)

and (b)). For individual time points comparisons,

higher CSF lipocalin-2 levels on post-SAH day 3

(p¼ 0.036) and 5 (p¼ 0.016) were associated with unfa-

vorable 3-month outcome (Figure 1(a)). CSF lipocalin-

2 levels did not differ between low (HH grade 1-3) and

high (HH grade 4-5) SAH clinical severity (Figure 1

(c)). Similarly, CSF lipocalin-2 did not vary with
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SAH radiographic severity measured by modified
Fisher grade (Figure 1(d)).

Univariate analyses of our data showed age as a
continuous variable is significantly associated with 3-
(p< 0.0001) and 6-month (p< 0.0001) SAH outcomes
in this patient cohort which is consistent with published
data.31,32 We used ordinal logistic regression models to
explore the relationship between SAH outcome and
CSF lipocalin-2 levels at specific measurement time
points adjusting for effects of age, Hunt and Hess
grade and modified Fisher grade as these are estab-
lished prognostic factors for SAH outcome. We used
ordinal logistic regression models to explore the rela-
tionship between 3-month SAH outcome and CSF
lipocalin-2 levels at specific measurement time points
after adjusting for all 3 covariates. Age was entered as a
continuous covariate and HH and modified Fisher
grades as ordinal covariates into the ordinal logistic
regression where outcome measured by mRS is the

dependent variable. CSF lipocalin-2 levels on post-

SAH day 1 (p¼ 0.035) and post-SAH day 3

(p¼ 0.049) were associated with SAH outcome at

3months after adjusting for all 3 covariates. CSF

lipocalin-2 levels on post-SAH day 1 (p¼ 0.027) and

post-SAH day 3 (p¼ 0.022) were associated with

SAH outcome at 6months after adjusting for all 3

covariates.

Plasma lipocalin-2 levels and SAH outcome

Plasma lipocalin-2 levels were lower in SAH compared

to controls 29281� 6235pg/ml vs 38091� 10904pg/ml

(p¼ 0.0001). Plasma lipocalin-2 levels over post-SAH

days 1-5 demonstrated significant difference between

favorable and unfavorable outcome groups only at 6-

month (Figure 2(a) and (b)). Unlike what we observed in

the CSF, plasma lipocalin-2 levels increased with both

HH (p¼ 0.018) and with modified Fisher grade

Table 1. Baseline characteristics of SAH and control subjects.

All SAH

(n¼ 67)

3-month

mRS � 2

(n¼ 35)

3-month

mRS> 2

(n¼ 32)

6-month

mRS � 2

(n¼ 43)

6-month

mRS> 2

(n¼ 24)

Control

(n¼ 20)

Mean age 55 [52–59] 49 [45–54] 61 [57–66] 51 [47–55] 63 [57–68] 73 [51–88]

Sex (% Female) 46 (69%) 20 (57%) 26 (81%) 27 (63%) 19 (79%) 1 (5%)

HH

Grade 1 7 (10%) 5 (14%) 2 (6%) 5 (12%) 2 (8%)

Grade 2 15 (22%) 9 (26%) 6 (19%) 12 (28%) 3 (13%) N/A

Grade 3 26 (39%) 16 (46%) 10 (31%) 19 (44%) 7 (29%)

Grade 4 13 (19%) 4 (11%) 9 (28%) 6 (14%) 7 (29%)

Grade 5 6 (9%) 1 (3%) 5 (16%) 1 (2%) 5 (21%)

mFisher

Grade 1 1 (1%) 1 (3%) 0 1 (2%) 0

Grade 2 6 (9%) 4 (11%) 2 (6%) 6 (14%) 0 N/A

Grade 3 53 (79%) 29 (83%) 24 (75%) 33 (77%) 20 (83%)

Grade 4 7 (10) 1 (3%) 6 (19%) 3 (7%) 4 (17%)

Aneurysm

ACA 1 (1%) 1 (3%) 0 (0%) 1 (2%) 0

AComm 23 (34%) 13 (37%) 10 (31%) 16 (37%) 7 (19%)

Basilar 4 (6%) 0 (0%) 4 (13%) 1 (2%) 3 (13%)

MCA 4 (6%) 1 (3%) 3 (9%) 3 (7%) 1 (4%)

ICA 2 (3%) 2 (6%) 0 (0%) 2 (5%) 0 (0%) N/A

PICA 5 (7%) 3 (9%) 2 (6%) 3 (7%) 2 (8%)

PComm 11 (16%) 5 (14%) 6 (19%) 6 (14%) 5 (21%)

Other 6 (9%) 2 (6%) 4 (13%) 4 (9%) 2 (8%)

Angio-negative 11 (16%) 8 (23%) 3 (9%) 8 (19%) 3 (13%)

Treatment

clip 33 (49%) 19 (54%) 14 (44%) 23 (53%) 10 (42%)

Coil 20 (30%) 8 (23%) 12 (38%) 11 (26%) 9 (38%) N/A

Other 14 (21%) 8 (23%) 6 (19%) 9 (21%) 5 (21%)

Angiographic vasospasm

Yes 37 (55%) 19 (54%) 18 (56%) 22 (51%) 15 (63%) N/A

No 30 (45%) 16 (46%) 14 (44%) 21 (49%) 9 (37%)

HH: Hunt and Hess; mFisher: modified Fisher; ACA: anterior cerebral artery; AComm: Anterior Communicating Artery; MCA: Middle Cerebral

Artery; ICA: Internal Carotid Artery; PICA: Posterior Inferior Cerebellar Artery; PComm: Posterior Communicating Artery.
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(p¼ 0.005) (Figure 2(c) and (d)). Mean plasma lipocalin-
2 levels of SAH patients ranged from 12822pg/ml to
50784pg/ml while mean CSF lipocalin-2 levels ranged
from 1469pg/ml to 45052pg/ml. CSF and plasma
lipocalin-2 levels showed no correlation at any of the
measured time points (Supplemental Figure 1(a) to (c)).

Lipocalin-2 vs. Inflammatory mediators TNF-a, IL-6 and MMP-

9. We assessed the relationship between CSF lipocalin-
2 and its effects on inflammatory mediators IL-6,
TNF-a, and MMP-9 in both CSF and blood. In
CSF, lipocalin-2 levels were consistently and positively
associated with IL-6 and TNF-a levels at all measure-
ment time points with strongest associations on
post-SAH days 3 and 5 (Figure 3(a) to (f)). Plasma
lipocalin-2 did not show consistent associations with
IL-6 and TNF-a.

CSF lipocalin-2 did not show associations with
MMP-9 except on post-SAH day 5 (r¼ 0.64,
p¼ 0.0001, Spearman’s Rank Sum test) while in
plasma lipocalin-2 and MMP-9 showed trend towards
positive association on post-SAH day 1 (r¼ 0.51,
p¼ 0.02, Spearman’s Rank Sum Test) (Figure 4).

Effect of age and sex difference on liopocalin-2 levels

We explored whether CSF and plasma lipocalin-2

levels differed by age or sex. Higher CSF lipocalin-2

was associated with older age on post-SAH days 3

(r¼ 0.29, p¼ 0.02) and 5 (r¼ 0.44, p¼ 0.0003)

(Supplemental Figure 2(a) and (b)). Plasma lipocalin-

2 did not demonstrate significant changes with age

except on post-SAH day 5 (r¼ 0.36, p¼ 0.008)

(Supplemental Figure 2(c)). Neither CSF nor plasma

lipocalin-2 levels differed by sex (Supplemental Figure

2(d) and (e)).

Effects of angiographic vasospasm and aneurysm

treatment modalities on lipocalin-2 levels

We performed exploratory analyses to assess whether

lipocalin-2 levels differed in patients with digital sub-

traction cerebral angiography confirmed aneurysm, or

in patients who subsequently developed angiographic

vasospasm, and whether cerebral aneurysm treatment

modalities affected lipocalin-2 levels, as craniotomy

may conceivably alter CSF biomarker levels.

Figure 1. CSF lipocalin-2 (LCN2) levels and SAH functional outcomes at 3-month (a) and 6-month (b) and CSF lipocalin-2 levels
relative to SAH clinical severity measured by Hunt Hess grade (c) and SAH radiological severity measured by modified Fisher grade (d)
(*p< 0.017, #p< 0.05, ####p< 0.0001). All data are presented as mean� standard deviation (SD).
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Figure 2. Plasma lipocalin-2 (LCN2) levels and SAH functional outcomes at 3-month (a) and 6-month (b) and plasma lipocalin-2
levels relative to SAH clinical severity measured by Hunt Hess grade (c) and radiographic severity measured by modified Fisher grade
(d) (#p< 0.05, ###p< 0.001). All data are presented as mean� standard deviation (SD).

Figure 3. Associations between CSF lipocalin-2 (LCN2) and IL-6 on post-SAH days 1 (a), 3 (b) and 5 (c) and between CSF LCN2 and
TNF-a on post-SAH days 1 (d), 3 (e) and 5 (f).
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No difference of either plasma or CSF lipocalin-2 was

observed between patients with digital subtraction cere-

bral angiography confirmed aneurysm and angionega-

tive results (Supplemental Figure 3(a) and (b)).

Meanwhile, neither plasma nor CSF lipocalin-2 were

associated with subsequent angiographic cerebral vaso-

spasm (Supplemental Figure 3(c) and (d)). Lipocalin-2

levels did not differ by cerebral aneurysm treatment

modalities (Supplemental Figure 3(e) and (f)).

Discussion

In this study, we simultaneously examined lipocalin-2

and its associated inflammatory mediators on both

sides of the BBB during the acute phase of SAH

(days 1-5) in a prospective human cohort. We showed

that in SAH, lipocalin-2 behaves very differently on the

CNS versus the blood side of the BBB. CSF lipocalin-2

levels were significantly higher in SAH compared to

controls, levels increased over time, and elevated CSF

lipocalin-2 throughout post-SAH days 1-5 was associ-

ated with unfavorable outcome at both 3 and at

6months. CSF lipocalin-2 did not change with clinical

(HH grade) or radiographic (modified Fisher grade)

SAH severity. Similar to many other biomarkers asso-

ciated with SAH outcome,33–35 CSF lipocalin-2 was not

associated with angiographic vasospasm. In contrast,

CSF lipocalin-2 showed consistent positive associations

with pro-inflammatory mediators IL-6 and TNF-a
throughout post-SAH days 1-5, supporting the hypoth-

esis that CSF lipocalin-2 may be involved in the acute

neuroinflammatory processes in SAH. As open crani-

otomy may conceivably impact CSF biomarker levels,

we specifically examined CSF lipocalin-2 levels in rela-

tion to aneurysm treatment modalities and found that

craniotomy did not impact CSF lipocalin-2 levels.

Taken together, these data suggest that CSF

lipocalin-2 in SAH is a potential prognostic biomarker

for SAH outcome and validation in a separate large

cohort is warranted. Furthermore, these data suggest

that CSF lipocalin-2 may reflect its important role in

the underpinnings of the neuroinflammatory processes

in SAH, and it or the purported associated markers IL-

6, TNF-a, and/or MMP-9 could potentially serve as

pharmacodynamics or response biomarkers.36

Contrary to the CSF results, plasma lipocalin-2 did

not show association with SAH outcome. We observed

that plasma lipocalin-2 is lower in SAH group compared

to controls. This may be related to age effect, as plasma

lipocalin-2 levels increased with age (Supplemental

Figure 2(c)), and the SAH group is younger than the

control group. Future studies are needed to determine of

plasma lipocalin-2 is indeed lower in SAH compared to

a normal, age-matched control group. The observation

that higher plasma lipocalin-2 levels are associated with

increased SAH clinical severity (HH grade) and a great-

er amount of blood on CT (modified Fisher grade) may

reflect a non-specific response to increased severity in

disease states. The relationship between plasma

lipocalin-2 and known mediators of systemic inflamma-

tion such as IL-6 and TNF-a was much less consistent

compared with CSF observations. These data suggest

that on the blood side of the BBB, the role of

lipocalin-2 in SAH and SAH-associated systemic inflam-

mation is less clear.
One important question is the source of CSF lipocalin-

2 in SAH. In CNS injuries, lipocalin-2 can be produced

on both sides of the BBB from different sources. Major

CNS lipocalin-2 sources in hemorrhagic strokes include

astrocytes,15 infiltrating neutrophils,37 and even injured

white matter.38 On the blood side, lipocalin-2 is primarily

produced by activated neutrophils and increased plasma

lipocalin-2 has been described in numerous acute (system-

ic inflammatory response syndrome and sepsis)39,40 and

chronic (COPD, diabetes, and atherosclerosis)40–42

inflammatory conditions. In a condition such as SAH

Figure 4. Relationships between lipocalin-2 (LCN2) and MMP-9 in CSF (a) and in blood (plasma) (b).
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where the BBB integrity is breached, an important con-
sideration is whether blood lipocalin-2 may cross the
injured BBB and become an important source of CSF
lipocalin-2. Our data did not find correlations in CSF
and plasma lipocalin-2 to support this notion. Further,
little is yet know about potential role of CSF lipocalin-2
in SAH-associated brain injury. While lipocalin-2 has
been implicated as deleterious in many neurological dis-
eases,14,43–47 emerging evidence suggest its role in brain
injury may be complex and dynamic. In-vitro models
suggested neuron secreted lipocalin-2 in ischemia as a
“help me” signal that promoted recovery12 and enhanced
angiogenesis.13 Lipocalin-2 release may reflect an endog-
enous response to the initial injury and subsequently par-
ticipate in neuro-recovery. Such dichotomous roles for
neuroinflammatory markers are well recognized in
other types of CNS injuries.48 Our study focused on the
acute phase of SAH (post-bleed days 1-5).
Comprehensive study of lipocalin-2 through a more
extensive time course after SAH is needed to more fully
define its potential role in human SAH and whether or
not it represents a plausible therapeutic target in SAH.

Results of this study should be interpreted with the
following caveats: 1) we recruited older patients with
suspected NPH as controls to obtain control CSF with
minimal risk to the human subject. These controls are
not age- or sex-matched with the SAH cohort. Plasma
lipcalin-2 results from this study must be interpreted
with potential age effect in mind, and future studies
with age-matched controls are needed to understand
the effect of SAH on plasma lipocalin-2 levels. 2)
While, to our knowledge, this is the largest prospective
human study of lipocalin-2 in SAH to date, it is a
single-center study with modest sample size. Future
larger, multi-center studies are needed to validate
CSF lipocalin-2 as potential prognostic biomarker for
SAH. 3) This study did not directly assess mechanistic
roles of lipocalin-2 in SAH associated brain injury.
Future targeted studies are needed to further elucidate
the roles of lipocalin-2 in SAH-related brain injury
mechanisms and define whether lipocalin-2 or its asso-
ciated inflammatory mediators could serve as pharma-
codynamic/response biomarkers in therapeutic clinical
trials. 4) This study did not explore lipocalin-2’s effect
on cellular iron trafficking15,49 in SAH. Follow-up
studies are needed to determine whether lipocalin-2
participates in iron-mediated brain injury in human
SAH.

Summary/conclusions

This is the first prospective human study to date that
simultaneously examined lipocalin-2 on both sides of the
BBB in SAH and control cohorts. We identified distinct
profiles of lipocalin-2 responses to SAH in the CSF

compartment compared to blood and showed that
early increases in CSF lipocalin-2 over time are associ-
ated with neuroinflammation and unfavorable SAH
outcome. We further examined lipocalin-2 and its asso-
ciated inflammatory mediators and generated human
data that supports prior in-vitro and in-vivo findings
that lipocalin-2 stimulates IL-6 and TNF-a secretion in
the brain.49,50 Taken together, our results suggest that
CSF lipocalin-2 is a promising prognostic and/or phar-
macodynamic/response biomarker in SAH worthy of
further validation in a larger sample.
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