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Ceramide Dynamics and Prognostic Value in Acute and
Subacute Ischemic Stroke: Preliminary Findings in a
Clinical Cohort

Marina Buciuc?, Vlad C. Vasile® ¢, Gian Marco Conted, Eugene L. Scharf* ¢

Abstract

Background: Ceramides are implicated in sphingolipid signaling.
Elevated ceramide levels have been associated with increased cardio-
vascular risk, but information on their role in acute ischemic stroke
(AIS) is limited. The purpose of this study is to investigate the tem-
poral dynamics of ceramide levels in AIS and assess their prognostic
utility for long-term outcomes.

Methods: This is a prospective pilot study of patients with AIS ad-
mitted to Mayo Clinic within 12 h of last known well (LKW). Cera-
mides were assessed by liquid chromatography mass spectrometry
at two time points: T1 (within 12 h of LKW) and T2 (1 - 7 days
from LKW). Wilcoxon signed rank test was used to compare paired
ceramide levels and ratios. Ordinal logistic regression was used for
assessment of associations with long-term outcomes.

Results: Twenty-three patients met inclusion criteria (median
(range)): age (76 years (45 - 95)); body mass index (25.6 (20.5 -
46.6)); National Institutes of Health Stroke Scale (NIHSS) score (5
(0 - 27)); infarct volume (1.4 cm? (0.0 - 36.5)). Long-chain ceramides
increased between T1 and T2 whereas very-long chain ceramides
decreased, P < 0.05. Upon stratification of patients by prior statin
exposure, increase in long-chain ceramide level was present only
in statin-naive patients. Greater neurological disability at follow-up
was associated with higher ceramide score, C(18:0)/C(24:0) ratio and
higher levels of glycated hemoglobin.

Conclusions: Long-chain and very-long-chain ceramide are actively
implicated in pathologic processes in acute and subacute phases of
stroke, with their dynamics being inversely related and potentially
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modulated by statin therapy. Ceramide levels and ratios might be use-
ful for prognosis of long-term neurological outcomes.
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Introduction

Sphingolipids (SPLs), biologically active components of cell
membranes, are involved in multiple functions such as cell
proliferation, differentiation, apoptosis, adhesion, migration
and other mechanisms of acute stress response [1]. Ceramides
are the chief substrates of the sphingolipid cell signaling path-
way, and dynamics in their plasma levels have been associ-
ated with a number of metabolic [2] and vascular conditions
[3], as well as neurodegenerative disorders [4]. Association
between elevated plasma concentrations of ceramides and in-
creased risk of major adverse cardiovascular events, as well
as increased risk of mortality following cardiovascular event
has been reported by multiple centers [5, 6]; risk-predicting
ceramide scores have also been proposed and are currently
used clinically for cardiovascular risk stratification [7, 8]. El-
evated levels of specific ceramides and SPLs have been also
associated with small vessel ischemic disease and white matter
hyperintensity [9, 10]. Several preclinical and clinical studies
reported changes in plasma and/or cerebral levels of ceramides
in acute stroke [11-13], with a recent case-control study pro-
posing cut-off levels of specific ceramides as supplemental
predictors of risk and severity of ischemic stroke [14]. Cera-
mides are evidently important players in the pathogenesis of
acute cerebral ischemia; however, little is known about SPL
and ceramide dynamics between acute and subacute stroke
phases, which is crucial for applicability of proposed predic-
tors as well as association between plasma ceramide levels and
long-term neurological outcomes.

In this exploratory study our primary aims are: 1) to as-
sess the dynamics of SPL and ceramide levels in acute (< 12
h from last known well (LKW)) and subacute phases of acute
ischemic stroke (AIS); 2) to evaluate association between SPL
and ceramide levels and long-term neurological outcomes.
Our secondary aim is to test sensitivity and specificity of pro-
posed predictors of risk and severity of ischemic stroke [14] in
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our cohort of patients, and whether the performance of these
predictors is time-dependent.

Materials and Methods

Study design and participants

We conducted a prospective longitudinal observational study
using patients who presented with AIS or transient ischemic
attack (TIA) symptoms to the Mayo Clinic Hospital (Saint
Mary’s campus) in Rochester, MN or referring health system
emergency room. All patients were screened and enrolled be-
tween November 1, 2018 and December 1, 2019. We identified
patients who met the following inclusion criteria: 1) presented
to the hospital within 12 h of symptom onset or LKW; 2) had
National Institutes of Health Stroke Scale (NIHSS) [15] score
> 2 or NIHSS score = 0 and ABCD2 score > 4 [16, 17] for
suspected TIA on admission; 3) initial non-contrast computed
tomography (CT) head excluded the presence of primary in-
tracerebral hemorrhage or subarachnoid hemorrhage. Patients
who were < 18 years old, had fever > 38.0 °C and/or white
blood cell count > 16,000 cells/uL, had a history or suspicion
of active endocarditis, active malignancy, inflammatory vas-
culopathy (e.g., Moya-Moya, Susac’s syndrome), systemic in-
flammatory disease, connective tissue disease, hypercoagula-
ble state, seizure at presentation, or pregnancy were excluded.

Twenty-seven patients met our inclusion criteria. On ad-
mission patients underwent emergency neurological evalu-
ation according to accepted practice standards [18, 19].
Dynamics of SPL and ceramide levels were investigated in
pooled venous blood acquired by phlebotomy. The first blood
draw (T1) was performed within 12 h of LKW and intended to
measure SPL and ceramide levels during AIS. The second time
point (T2) for blood sample collection was drawn at least 24
h but not longer than 7 days after the symptom onset or LKW,
and was intended to measure SPL and ceramide levels during
subacute phase of cerebral ischemic event. Demographic and
clinical characteristics as well as relevant laboratory mark-
ers were abstracted from the medical record. Screening logs
were kept. Mechanism of acute ischemic event and modified
Rankin scale (mRS) score [20, 21] for neurological disability
90 days after the event have been determined by retrospective
chart review conducted by a blinded to imaging and labora-
tory data board certified vascular neurologist. Long-term neu-
rological outcomes were measured by mRS score at 90 days
after the event.

Standard protocol approvals, registrations and patient in-
formed consents

This study has been approved by the Mayo Clinic Institutional
Review Board, and all participants and/or their proxies signed
a written informed consent form before taking part in any re-
search activities in accordance with the Declaration of Hel-
sinki. Due to time-sensitivity of the sample acquisition a de-
ferred consent was approved for the present study by the Mayo
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Clinic Institutional Review Board, which allowed collection of
a blood sample from a qualifying candidate when a written in-
formed consent was not possible to obtain within 12 h of LKW.
In those cases written informed consent was still required from
the participants and/or their proxies after the sample collection
before any data abstraction and/or analyses were performed,
otherwise, the collected samples were destroyed.

Biochemical analysis

Venous blood (3 mL) were collected by phlebotomy into chilled
EDTA-containing tubes, centrifuged for plasma separation, ali-
quoted in 1.5-mL tubes, snap-frozen and immediately stored at
-80 °C until further analyses [22]. Quantitative assays for levels
of sphingosine, sphinganine, sphingosine-1-posphate, N-pal-
mitoyl-sphingosine (C16:0-ceramide), N-stearoyl-sphingosine
(C18:0-ceramide), N-arachidoyl-D-erythro-sphingosine (C20:0-
ceramide), N-docosanoyl-sphingosine (C22:0-ceramide), N-
nervonoyl-sphingosine (C24:1-ceramide) and N-lignoceroyl-
sphingosine (C24:0-ceramide) were performed by Mayo Clinic
Metabolomics by previously described technique [4, 23]. Brief-
ly a 25uL aliquot of plasma was spiked with internal standards
mixture prior to undergoing extraction. Data acquisition was
done using select ion monitor (SRM) after chromatographic
separation and electron ionization on the Thermo Scienti-
fic TSQ Quantiva triple-stage quadrupole mass spectrometer
(West Palm Beach, FL) coupled with a Waters Acquity UPLC
system (Milford, MA). Concentrations of each analyte were
calculated against each perspective calibration curve. Coeffi-
cient of variation of a healthy control plasma analyzed with
each batch of 40 samples over 1 month period are 6.3%, 6.2%,
3.1%, 5.0%, 5.7%, 3.2%, 4.9% and 3.3% for sphingosine,
sphingosine-1-phosphate, C16:0-ceramide, C18:0-ceramide,
C20:0-ceramide, C22:0-ceramide, C24:1-ceramide and C24:0-
ceramide, respectively. Upon acquisition of quantitative data
ceramide scores at T1 and T2 were calculated for each patient
as previously described [5, 7]. Briefly, a combined pool of an-
giography patients (n = 477) and healthy donors (n = 168) was
used to establish median value for each ceramide, ceramide
ratio and the quartiles. If the value of C16:0-ceramide, C18:0-
ceramide, or C24:0-ceramide was above median 1 point was
added, if the values of above mentioned ceramides were in the
fourth quartile, additional point was added to each value. Simi-
larly, points were added for each ratio C16:0/C24:0, C18:0/
C24:0, and C24:1/C24:0 being above median or in the fourth
quartile.

Neuroimaging analysis

For each patient, manual segmentations of the infarct areas
were obtained using the software RIL-Contour [24]. Areas of
restricted diffusion were segmented on diffusion-weighted im-
aging (DWI) images without using a priori thresholds. To con-
firm true restricted diffusion and avoid the T2 shine through
phenomena [25], apparent diffusion coefficient (ADC) maps
were used as a reference to look for a corresponding area of
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low signal. The final segmentation included only areas that
presented as hyperintense on DWI and hypointense on ADC
maps. In cases where magnetic resonance imaging (MRI) was
not performed (n = 6), infarct areas were calculated using non-
contrast-enhanced CT scans.

Statistical analysis

JMP Pro 14 statistical software package was used for data
analysis (https://www.jmp.com/en_us/software/predictive-an-
alytics-software.html). Due to the actual sample size < 25 and
not normally distributed data nonparametric methods were im-
plemented for statistical analyses. The Wilcoxon rank sum test
was used to compare continuous variables; while Chi-square
or Fisher’s exact tests were used for categorical variables such
as gender. The primary endpoint was difference in median
(95% confidence interval) levels of ceramides and ceramide
score between T1 to T2; the estimates and 95% confidence in-
tervals were calculated using smoothed empirical likelihood
methods for quantiles [26]. Statistical significance of differ-
ence in levels of paired measurements was assessed by two-
sided Wilcoxon signed rank test with predetermined level of
significance defined as any a error of < 0.05. Association be-
tween long-term neurological outcome (mRS score at 90 days
follow-up) was first assessed by conducting univariate ordinal
logistic regression analysis using each demographic, clinical
and laboratory characteristics as independent variables. Vari-
ables that were not normally distributed were log transformed
prior to analysis. Independent variables that were found sta-
tistically significant after univariate analysis were included in
multivariate ordinal logistic regression model. Area under the
receiver operating characteristic curve (AUROC) was calcu-
lated for sensitivity/specificity analyses. Figures were gener-
ated in R software version 3.4.2 [27]. No formal power cal-
culation was completed for enrollment, it was estimated that
approximately 25 patients would provide adequate measures
of central tendency for powering larger studies.

Results

Demographic, clinical and laboratory characteristics

A total of 23 patients were included for the final analyses: two
patients were excluded due to failure to obtain one of the two
required blood samples; two patients were excluded due to ab-
sence of signs of justifiable cerebral ischemia during the diag-
nostic workup (e.g., absence of areas of restricted diffusion on
DWI MRI scan, substantial stenosis of carotid arteries). De-
mographic, clinical and laboratory characteristics of the study
participants are summarized in Table 1.

We stratified the patients by prior to the event therapy with
statins due to its possible confounding effects on ceramide and
SPL level in the light of their interaction with lipid metabolism
[28]. Patients that were statin-naive prior to admission had sig-
nificantly higher levels of low-density lipoproteins, but did not
differ from statin-exposed patients otherwise. Twenty out of 23
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(87%) patients received statin therapy while inpatient.

Temporal difference in SPL and ceramide levels

Levels of sphingosine, sphingosine-1-posphate, and sphinga-
nine did not differ between T1 and T2 in all as well as stratified
by prior statin exposure patients, P > 0.05. Total ceramide lev-
els reduced between T1 and T2, P = 0.0012; upon stratification
by statin-exposure status this change remained significant only
for statin-exposed patients, P = 0.0098. Temporal differences
in ceramide levels, ceramide ratios and ceramide score are
summarized in Figures 1, 2 and Table 2. Long-chain C18:0-
ceramide significantly increased between acute and subacute
phases of AIS, whereas very-long-chain ceramides C22:0 and
C24:0 decreased (Fig. 1). Upon stratification by prior statin
exposure, long-chain C18:0-ceramide remained significantly
increased only in statin-naive group whereas very-long-chain
ceramide levels C20:0, C22:0 and C24:0 significantly de-
creased in statin-exposed group and to a lesser extent C22:0
decreased in statin-naive participants (Fig. 2 a, ¢). Ceramide
ratios also differed between the time points, but to a greater
extent in statin-naive participants (Fig. 2b, d). Ceramide scores
did not differ between the two time points in all as well as
stratified by prior statin exposure patients.

Association of ceramide levels and long-term neurological
outcomes

Univariate logistic regression showed association of mRS with
the following variables: C18:0 levels at T1 and T2, C18:0/
C24:0 ratio at T1 and T2, C16:0/C24:0 ratio at T2, ceramide
score at T2 and glycated hemoglobin (HbAlc) levels. Since
ceramide score is directly associated with ceramide levels and
ratios it was used in a separate multivariate ordinal logistic
model with HbA1c. Greater ceramide score and HbAlc levels
were both associated with greater neurological disability, P =
0.005 and P=10.019, respectively.

Since C18:0 is incorporated in C18:0/C24:0 ratio, the ratio
was used instead in the multivariate model. Separate multivari-
ate ordinal regression models were performed for T1 and T2.

Multivariate regression model including C18:0/C24:0 ra-
tio at T1 and HbA1c showed that both variables were associ-
ated with mRS score, P =0.0108 and P = 0.0229, respectively.
Multivariate regression model including C18:0/C24:0 and
C16:0/C24:0 ratios at T2 and HbA1c showed that only C18:0/
C24:0 ratio was associated with mRS score, P=10.0119.

Validation of proposed cut-off values for prediction of risk
and severity of stroke

We applied the following cut-off values proposed by Gui et
al [14] for auxiliary diagnosis of stroke at two time points:
C16:0-ceramide (0.26 pmol), C22:0-ceramide (0.62 pumol),
and C24:0-ceramide (2.27 pmol).

AtTI1 (<12 h from LKW) in cohort of 25 patients (AIS (n
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Table 1. Demographic, Clinical and Laboratory Characteristics of the Study Participants

N(%) or median (range)

P value?
All (n =23) Statin-naive (n = 13)* Statin-exposed (n = 10)
Demographic characteristics
Female 12 (52%) 7 (54%) 5 (50%) 1.000
Age, years 76 (45 - 96) 76 (45 - 96) 77 (53 - 92) 0.7093
BMI, kg/m? 25.6 (20.5-46.6)  28.9 (20.5 - 46.6) 24.7 (20.9 - 38.4) 0.2036
Risk factors
Hypertension 20 (87%) 11 (85%) 9 (90%) 1.000
Diabetes mellitus 7 (30%) 3(23%) 4 (40%) 0.6500
Hyperlipidemia 19 (83%) 9 (69%) 10 (100%) 0.1045
Obstructive sleep apnea 6 (26%) 2 (15%) 4 (40%) 0.3413
Cardiac disease 15 (65%) 8 (62%) 7 (70%) 1.000
Prior stroke 8 (35%) 3(23%) 5 (50%) 0.2213
Deep vein thrombosis 3 (13%) 2 (15%) 1 (10%) 1.000
Medications prior to admission
Antiplatelet therapy 13 (57%) 7 (54%) 6 (60%) 1.000
Anticoagulation 4 (17%) 1 (8%) 3 (30%) 0.2806
Acute ischemic event characteristics
NIHSS score 5(0-27) 8(0-27) 4(0-22) 0.4541
Infarct volume, cm? 1.4 (0.0 - 36.5) 2.3 (0.04 - 36.5) 1.2 (0.0 - 25.5) 0.6418
Systolic BP, mm Hg 158 (98 - 190) 149 (98 - 190) 160 (136 - 175) 0.4949
Diastolic BP, mm Hg 89 (47 - 127) 89 (47 - 127) 87 (64 - 109) 0.8768
IV-tPA administered 10 (44%) 7 (54%) 3 (30%) 0.4015
Embolectomy 5 (22%) 4 (31%) 1 (10%) 0.3394
Modified Rankin scale 2(0-6) 2(0-6) 1.5(0-3) 0.6784
Mechanism of the acute ischemic event
Cardioembolic 8 (35%) 6 (46%) 2 (20%) 0.3788
Large vessel occlusion 4 (17%) 2 (15%) 2 (20%) 1.000
ESUS 7 (31%) 2 (15%) 5 (50%) 0.1688
Other® 4 (17%) 3 (23%) 1 (10%) 0.6036
Laboratory results
Total cholesterol, mg/dL 161 (110 - 244) 177(111 - 244) 146 (110 - 240) 0.0694
LDL, mg/dL 79 (55 -162) 120 (55 - 125) 70 (55 -162) 0.01582
HDL, mg/dL 45 (20 - 76) 40 (20 - 67) 51 (29 -76) 0.2758
Triglycerides, mg/dL 114 (59 - 355) 132 (59 - 355) 88 (70 - 171) 0.9474
Hemoglobin Alc, % 5.7(5.1-9.3) 5.5(5.1-9.3) 59(5.2-7.1) 0.0964
Ejection fraction, % 60 (14 - 73) 64 (14 - 73) 55 (20 - 60) 0.0742
Time from LKW to blood sample acquisition
T1, hours 8.5(3.8-11.5) 8.8(3.8-11.0) 8.4 (5.5-11.5) 0.8515
T2, hours 44.5 (24.3 - 151) 43.5(29.0 - 183) 46.9 (24.3 - 151) 0.8768

LKW: last known well; BMI; body mass index; NIHSS: National Institutes of Health Stroke Scale; BP: blood pressure; IV-tPA: intravenous tissue
plasminogen activator; ESUS: embolic stroke of undetermined source; LDL: low-density lipoprotein; HDL: high-density lipoprotein; T1: time point 1;
T2: time point 2. @Statin-naive: participants were not on statin therapy prior to admission. °For categorical variables, P values are from Fisher’s exact
test; for continuous, from Wilcoxon rank sum test. °Other mechanisms: dissection (n = 1), hypotension (n = 1), transient ischemic attack (n = 1), small
vessel occlusion (n = 1).
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Figure 1. Box plots showing difference in ceramide levels and ratios between two time points. Coral box plots represent circulat-
ing plasma ceramide levels (a) or ratios (b) at time point 1 (< 12 h from the symptom onset), and teal box plots represent ceramide
levels or ratios at time point 2 (> 24 h from the symptom onset). The line in box plots represents the median, interquartile range
and the whiskers correspond to minimum and maximum values. Wilcoxon signed rank test results are displayed above each
comparison. ns: not significant, P 2 0.05. *0.01< P <0.05. **0.001< P <0.01. *** P < 0.001.

=22), TIA (n = 1), functional spell (n = 2)) proposed cut-off
values were C16:0 and C22:0 cut-off values were quite sensi-
tive, but not specific. At T2 (> 24 h of LKW) the proposed cut-
off values were able to diagnose stroke with slightly improved
specificity, but at cost of sensitivity (Table 3A).

We applied the following cut-off values proposed by Gui
et al [14] for prediction of moderate-severe stroke defined as
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NIHSS > 6 at two time points: C16:0-ceramide (0.30 pmol),
C22:0-ceramide (0.71 pmol), and C24:0-ceramide (2.38
pmol).

At T1 in cohort of 22 patients with confirmed stroke, 9/22
(41%) having NIHSS > 6, C16:0 and C22:0 proposed cut-off
values were moderately sensitive, but not specific with even
worse performance in subacute phase of stroke (Table 3B).
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Figure 2. Box plots showing difference in levels of ceramides and ceramide ratios between two time points stratified by prior
statin exposure. Light blue and orange box plots represent circulating plasma ceramide levels (a, c) or ratios (b, d) at time point
1, and dark blue and orange box plots represent ceramide levels or ratios at time point 2. Panels (a) and (b) show data for statin-
naive participants; panels (c) and (d) show data for participants with prior statin exposure. The line in box plots represents the
median, interquartile range and the whiskers correspond to minimum and maximum values. Wilcoxon signed rank test results are
displayed above each comparison. ns: not significant, P > 0.05. *0.01< P <0.05. **0.001< P <0.01. *** P < 0.001.

Discussion

Unraveling pathogenic mechanisms underlying acute cerebral
ischemia as well as their dynamics over time are essential for
better prevention, management and recovery of stroke and TIA
patients. In this study we report that long-chain and very-long-
chain ceramides have inverse dynamics in acute vs. subacute
phases of cerebral ischemia with levels of long-chain cera-
mides increasing over time and very-long-chain ceramides de-
creasing. Prior exposure to statins might have a role in altera-
tion of these dynamics by attenuation of the rise in long-chain
ceramide levels. We also report that higher ceramide score,
C18:0/C24:0 ratio and HbAlc levels are negative prognostic
factors of neurological disability at 90 days after the event.
Our finding of increased circulating plasma levels of long-
chain ceramides, in our case specifically C18:0-ceramide, is
in keeping with previously published preclinical and clinical
studies [12, 14]. Murine studies showed that plasma levels of
long-chain ceramides even though rising in the first hours of
AIS reached their peaks at least 24 h after ischemic insult [12]
with similar findings in the ischemic tissue [11, 29, 30]. Our
study is the first report to date which now recapitulates these
animal findings in humans. Noteworthy, the rise in ceramide
levels was previously observed only in animal models with
successful reperfusion versus complete or more prolonged
occlusion of the cerebral blood flow [29-31]; whether same
relationship exists in clinical patients is yet to be determined.
Long-chain ceramides are involved in apoptotic pathways, in-
flammation and JNK signaling activated by cerebral ischemia
and leading to mitochondrial dysfunction [29, 32]. Therefore,
rise in ceramide levels is most likely the sign of ongoing in-
flammation and tissue damage which is still happening after
reperfusion and in subacute phases of stroke. Interestingly,
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we found temporal rise in C18:0 levels extending to subacute
phase of stroke only in statin-naive patients. Daily atorvastatin
has been shown to reduce the risk of a recurrent stroke in pa-
tients who experienced AIS through predominantly reduction
in low-density lipoprotein (LDL) cholesterol levels [28]. Cera-
mide levels have also been shown to decrease with statin use
[33, 34]. Murine study showed that administration of atorvas-
tatin within 1 h of AIS prevented the rise of long-chain cera-
mides levels both at 3 and 24 h post-occlusion. Hence, statins
might serve an important role in reduction of inflammation and
tissue damage during AIS.

Contrary to the rising long-chain ceramide levels, we ob-
served decreasing over time levels of very-long-chain cera-
mides which is also consistent with reported results [12, 13].
Production of long-chain and very-long-chain ceramides is
regulated by different ceramide synthases [35]; in contrast to
long-chain ceramides, very-long-chain ceramides have been
linked to cell proliferation and potentially neuroprotective
effects during anoxia [35, 36]. Reduction in very-long-chain
ceramide levels was more prominent in statin-exposed patient
though still statistically significant for C(22:0)-ceramide in
statin-naive patients which is discordant with the murine study
where a decrease in very-long-chain ceramide levels was not
observed upon administration of atorvastatin [12]. One of the
possible explanations of the difference in clinical and murine
findings can be linked to the time of statin administration.
Whereas in the murine study atorvastatin was administered
1 h post-ischemia, patients in our study have been on statin-
therapy prior to admission and inpatient administration of ator-
vastatin exceeded 1 h post-occlusion in all cases. Additionally,
due to limited studies in humans it is unclear whether same
ceramide synthase types are equally expressed and enriched
in the same tissues types in humans as they are described in

www.neurores.org
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Table 2. Median Difference in Levels of Circulating Ceramides Between the Two Time Points

Time point 1? Time point 2 Median difference (95% CI)® P value®

All study participants (n = 23)

C(16:0), pmol 0.33 (0.18 - 0.70) 0.32(0.20 - 0.48) -0.01 (-0.02, 0.01) 0.5235
C(18:0), umol 0.14 (0.04 - 0.33) 0.14 (0.05 - 0.30) 0.02 (0.00, 0.03) 0.0243
C(20:0), umol 0.10 (0.05 - 0.25) 0.10 (0.05 - 0.17) -0.01 (-0.01, 0.00) 0.0562
C(22:0), pmol 0.87 (0.63 - 2.38) 0.81 (0.54 - 1.41) -0.10 (-0.14, -0.06) <0.0001
C(24:0), pmol 2.63 (1.70 - 6.64) 2.56 (1.47 - 3.95) -0.34 (-0.49, -0.14) 0.0002
C(24:1), umol 1.05(0.48 - 2.73) 1.04 (0.55 - 2.02) -0.02 (-0.09, 0.05) 0.4591
Total C, umol 5.32(3.62 - 13.03) 5.23(3.22 - 8.16) -0.39 (-0.69, -0.14) 0.0012
C(16:0)/(24:0) 0.12 (0.07 - 0.21) 0.12 (0.09 - 0.20) 0.01 (0.00, 0.02) 0.0160
C(18:0)/(24:0) 0.05 (0.01 - 0.11) 0.06 (0.02 - 0.12) 0.01 (0.007, 0.012) <0.0001
C(24:1)/(24:0) 0.39 (0.15-0.76) 0.44 (0.19-0.74) 0.04 (0.03, 0.05) 0.0013
C(24:0)/C(24:1) 2.53(1.32-6.57) 228 (1.35-5.15) -0.25 (-0.42, -0.14) <0.0001
Ceramide score 8(0-12) 9(1-12) 1(0,2) 0.0543
Statin-naive participants (n = 13)
C(16:0), pmol 0.36 (0.19 - 0.70) 0.36 (0.20 - 0.48) 0.00 (-0.03, 0.02) 0.6836
C(18:0), pmol 0.15 (0.05 - 0.33) 0.15 (0.07 - 0.30) 0.02 (0.003, 0.04) 0.0303
C(20:0), pmol 0.10 (0.05 - 0.25) 0.11 (0.05-0.17) 0.00 (-0.01, 0.01) 0.6537
C(22:0), pmol 0.93 (0.63 - 2.38) 0.89 (0.56 - 1.41) -0.07 (-0.12, -0.02) 0.0247
C(24:0), pmol 3.26 (1.70 - 6.64) 3.00 (1.80 - 3.95) -0.21 (-0.51, 0.02) 0.0803
C(24:1), pmol 1.05 (0.48 - 2.73) 1.26 (0.55 - 2.02) 0.00 (-0.08, 0.07) 0.9597
Total C, umol 5.70 (3.62, 13.03) 5.52(3.53, 8.16) -0.23 (-0.62, 0.07) 0.0942
C(16:0)/(24:0) 0.12 (0.07 - 0.21) 0.12 (0.09 - 0.19) 0.00 (-0.004, 0.01) 0.3320
C(18:0)/(24:0) 0.05(0.02 - 0.11) 0.06 (0.03 - 0.12) 0.01 (0.01, 0.02) 0.0020
C(24:1)/(24:0) 0.36 (0.22 - 0.76) 0.44 (0.25 - 0.74) 0.03 (0.01, 0.05) 0.0234
C(24:0)/C(24:1) 2.78 (1.32 - 4.63) 2.29 (1.35-4.02) -0.25 (-0.47, -0.09) 0.0034
Ceramide score 8(1-12) 10 (2-12) 1(0,2) 0.0508
Statin-exposed participants (n = 10)
C(16:0), pmol 0.31(0.18 - 0.41) 0.31(0.22 - 0.39) -0.01 (-0.06, 0.05) 0.6738
C(18:0), pmol 0.14 (0.04 - 0.17) 0.12 (0.05 - 0.20) 0.01 (-0.02, 0.02) 0.4922
C(20:0), pmol 0.11 (0.06 - 0.14) 0.08 (0.06 - 0.13) -0.01 (-0.024, -0.004) 0.0194
C(22:0), umol 0.80 (0.67 - 1.19) 0.61 (0.54 - 0.94) -0.14 (-0.21, -0.09) 0.0003
C(24:0), umol 2.48 (1.88-4.43) 2.22(1.47-3.71) -0.42 (-0.57,-0.27) 0.0039
C(24:1), pmol 1.04 (0.52 - 1.74) 0.90 (0.62 - 1.56) -0.06 (-0.23, 0.06) 0.3398
Total C, pmol 4.88 (4.03 - 8.04) 4.04 (3.22 - 6.76) -0.65 (-1.28,-0.09) 0.0098
C(16:0)/(24:0) 0.13 (0.07-0.17) 0.14 (0.09 - 0.20) 0.02 (0.002, 0.05) 0.0469
C(18:0)/(24:0) 0.06 (0.01 - 0.07) 0.06 (0.02 - 0.10) 0.01 (0.00, 0.02) 0.0547
C(24:1)/(24:0) 0.40 (0.15 - 0.67) 0.45(0.19 - 0.62) 0.04 (0.00, 0.08) 0.0859
C(24:0)/C(24:1) 2.52 (1.49 - 6.60) 2.21(1.61-5.15) -0.30 (-0.76, -0.04) 0.0371
Ceramide score 8(0-10) 7(1-10) 1(-3,3) 0.6328

Cl: confidence interval; C: ceramide. 2Data shown for time point 1 and 2 are median (range). PMedian difference and 95% confidence intervals are
from smoothed empirical likelihood quantiles. °P values shown are from Wilcoxon signed rank test, P < 0.05 was considered statistically significant.

the murine models. There is some evidence in discordance of clinical phenotype in humans when same ceramide synthase
ceramide synthase enrichment in a specific tissue in mice and or the levels of ceramide it produces are altered [37]. It is also
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Table 3. Sensitivity and Specificity of Proposed Ceramide Cut-Off Values for Prediction of Risk and Severity of Stroke

Time point 2 (LKW > 24 h)

Time point 1 (LKW< 12 h)

Sensitivity Specificity

AUROC

Sensitivity Specificity

AUROC

A. Plasma ceramide levels and the risk of stroke

67%
67%

86%
73%

0.70
0.

0%
0%
33%

87%

0.68
0.66
0.42

C(16:0)
C(22:0)
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74

100%
64%

33%

54%

0.50

C(24:0)
B. Plasma ceramide levels and the severity of stroke (NIHSS > 6)

23%
23%
31%

0.63 56%

31%

78%
78%
33%

0.51
0.74
0.78

C(16:0)
C(22:0)

44%

0.76

15%
15%

33%

0.74

C(24:0)

C: ceramide; AUROC: area under the receiver operating curve; LKW: last known well; NIHSS: National Institutes of Health Stroke Scale

possible that other factors interfered with statin effect on SPL
metabolism in statin-naive and statin-exposed patients.

We found an association between higher levels of HbAlc,
ceramide score and specific ceramide levels and ratios with
worse neurological outcomes. Our findings are consistent
with previous reports on hemoglobin Alc levels [38-40] as
well as association of elevated C18:0-ceramide levels with
poor outcomes for stroke patients [41]. Rather than individual
ceramide level dynamics we found the C18:0/C24:0 ratio to
be the stronger prognostic factor as it reflects the dynamics
of both classes of ceramides that have undergone temporal
change, long-chain and very-long chain. It is important to
mention that C18:0/C24:0 ratio was strongly associated with
poor neurological outcomes during both, acute and subacute
phases of ACI suggesting that C18:0/C24:0 may be a good
lipidomic biomarker. Higher ceramide score was also associ-
ated with greater neurological disability at 90 days post-ACI
which might expand its utility beyond cardiovascular risk as-
sessment [5, 8]. Whereas not found significant in our cohort
other clinical characteristics such as the subtype of ischemic
stroke, particularly cardioembolic strokes, have been associ-
ated with increased mortality [42] and therefore further studies
on prognostic biomarkers are warranted.

It is unclear what caused the elevation of ceramide levels
in acute and subacute phases of AIS: de novo synthesis or de-
myelination of sphingomyelin? We did not observe changes in
sphinganine, sphingosine and sphingosine-1-phosphate levels
to support de novo synthesis of ceramides or their production
through salvage pathways [12, 43]; therefore, it is possible that
the majority of ceramides were the product of demyelination;
however, we did not formally assess it.

Another possibility is that acute stress due to ischemia
lead to a shift in ceramide synthase activity favoring produc-
tion of long-chain ceramides versus very long-chain. Preferen-
tially increased activity of ceramide synthase 1 (CerS1) would
explain the rise of C18:0-ceramide levels only and no other
long-chain ceramides as it is specific for C18:0-ceramide pro-
duction [44].

As a secondary aim of our study we assessed the validity
and utility of proposed cut-off values for ceramides for predic-
tion of stroke and severity [5] in our cohort. In our experience
in acute phase of stroke some proposed cut-off levels were
quite sensitive, but not specific for stroke; specificity improved
in subacute phase of stroke. Long-chain ceramide C16:0 cut-
off value was the most useful whereas very-long chain cera-
mide cut-off levels had little clinical utility potentially because
we saw an association represented by AUROC with the de-
crease in these ceramide levels in our cohort rather than an
increase. Ceramide C16:0 levels might be useful in cases when
diagnosis is not clear and imaging is not available; however, in
acute setting its utility is limited.

The proposed cut-off values performed poorly in severity
of stroke prediction with even worse sensitivity and specificity
in the subacute phase. Ethnic differences in metabolic profiles
might be responsible for differences in performance since the
referring cohort is Chinese and all patients in our study are
Caucasian. Another explanation of differences in performance
could be related to the fact that the reference cohort included
only patients with the first ever stroke whereas a third of pa-
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tients from our cohort had a history of AIS or TIA.

Prospective design, adherence to strict inclusion/exclusion
criteria, paired plasma samples as well as ample clinical and
laboratory phenotyping of the participants are the strengths of
this study. Our findings, however, need to be interpreted with
caution due to a number of limitations. A modest sample size
reduced the power of the study and our ability to detect pos-
sibly significant differences. Since all the participants were
Caucasian it reduces generalizability of our results to other
ethnicities. Lastly, we did not have a matched healthy control
group to assess the magnitude of fluctuation of ceramide levels
in AIS patients compared to healthy controls.

In the current era of clinical trials assessing acute stroke
management it is tantamount to explore the pathogenesis of
AIS to direct the development of novel therapies and preven-
tion tools. Ceramides are highly involved in the pathological
processes occurring during, after, and, most likely, before AIS;
therefore, understanding of the ways how to manage their lev-
els might lead to prevention of poor outcomes and/or provide
adjuvant therapies [45].
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