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Abstract

Background: Sphingolipids are versatile signaling molecules derived from membrane lipids of
eukaryotic cells. Ceramides regulate cellular processes such as proliferation, differentiation
and apoptosis and are involved in cellular stress responses. Experimental evidence suggests a
pivotal role of sphingolipids in the pathogenesis of cardiovascular diseases, including ischemic
stroke. A neuroprotective effect has been shown for beta-adrenergic antagonists in rodent
stroke models and supported by observational clinical data. However, the exact underlying
pathophysiological mechanisms are still under investigation. We aimed to examine the
influence of propranolol on the ceramide metabolism in the stroke-affected brain.

Methods: Mice were subjected to 60 or 180 min transient middle cerebral artery occlusion
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transduction in health and disease states. Of this
class of signaling molecules, ceramides regulate
pleiotropic cellular processes such as prolifera-
tion, differentiation, senescence and apoptosis
and are involved in cellular stress responses, for
example secondary to ischemia.? In particular,
several different animal models of ischemia/reper-
fusion injury have shown that ceramide accumu-
lation in ischemic tissue might be a crucial trigger
of apoptosis. Endogenous ceramides are gener-
ated compartment-specifically in the plasma
membrane, the endoplasmic reticulum, the Golgi
apparatus and in mitochondria.2 Regarding the
latter site, various studies have suggested a close
interplay between ceramide signaling, mitochon-
drial function and cell viability.3-*

Mitochondrial dysfunction is a hallmark of cell
death in ischemia/reperfusion injury. In particu-
lar, it has been proposed that ceramide accumula-
tion in mitochondria leads to mitochondrial
dysfunction by inducing the production of reactive
oxygen species causing the disruption of the
electron transport chain, the discharge of the mito-
chondrial transmembrane potential and the
release of pro-apoptotic mitochondrial proteins.3->
However, hitherto the time profile and the mech-
anisms of ceramide generation in response to
ischemic stroke are poorly characterized.

Endogenous ceramides are generated by three
different biochemical pathways, both in an ana-
bolic and catabolic manner: ceramides can be
produced via the so called de novo pathway involv-
ing several catalytic steps. At first, L-serine and
palmitoyl-CoA are condensed to 3-ketosphinganine
via L-serine palmitoyltransferase. Then
3-ketosphinganine is reduced by 3-ketosphinganine-
reductase to generate sphinganine. N-acylation of
sphinganine by ceramide synthase leads to the
formation of dihydro-ceramide, which is finally
converted to ceramide.®

It is known that six types of ceramide synthases
exist in mammals, and that each of them attaches
a specific length of fatty acyl-CoA to long chain
bases.” Therefore, ceramides can be classified in
long chain (C14:0/C16:0/C18:0) and very long
chain (C20:0/C22:0/C24:0) ceramides, due to
their different length of fatty acyl-CoA residues
after N-acylation of sphingosine.

In addition to the de novo pathway, ceramide can
also be formed wvia the salvage pathway by

re-acylation of sphingoid long chain bases, such
as sphingosin. This method of ceramide genera-
tion relies upon the reverse activity of the enzyme
ceramidase (CDase).® Finally, through a cata-
bolic pathway, ceramides can be generated
through hydrolysis of complex sphingolipids.”:8

Apart from the local ischemic tissue damage,
there is ample evidence that ischemic stroke also
causes severe systemic reactions, affecting the
homeostasis of the immune system and causing
severe metabolic alterations that in turn may con-
tribute to a worse clinical outcome. These ‘dis-
tant effects’ have been shown to be mediated by
brain-derived cytokines and danger-associated
molecular patterns (DAMPs), which are released
into the systemic circulation.® Recently, the
importance of an activation of T-lymphocytes in
the periphery for the early exacerbation of
ischemic injury has been emphasized. The immu-
nomodulatory sphingosine 1-phosphate analog
FTY720 (fingolimod), which induces lymphope-
nia by preventing the egress of lymphocytes from
lymph nodes in the periphery, has been shown by
several independent groups to reduce ischemic
lesion size and to improve functional outcome in
the acute and recovery phase after stroke.10-12

In addition to the immunological alterations, a
well-known metabolic phenomenon in the con-
text of acute stroke is the development of post-
stroke hyperglycemia.!? Possible explanations for
this observation include brain injury-induced
activation of the hypothalamus—pituitary—adrenal
(HPA) axis triggering serum glucocorticoid
release and activation of the sympathetic nervous
system resulting in catecholamine-mediated sys-
temic hyperglycemia.l%15 However, in ischemic
brain damage glucose has dual roles in cerebral
energy metabolism and oxidative stress. On the
one hand, ischemia itself is deleterious for the
brain, since the brain heavily relies on a constant
supply of oxygen and glucose to maintain its nor-
mal function whereas other tissues can alterna-
tively quickly switch to metabolize fatty acids,
amino acids and ketone bodies instead of glucose.
On the other hand, accumulating experimental
evidence indicates detrimental effects of post-
stroke hyperglycemia exacerbating ischemic neu-
ronal damage by various mechanisms: In animal
models of cerebral ischemia/reperfusion,
increased glucose delivery during the reperfusion
phase was suggested to be accompanied by pro-
nounced production of reactive oxygen species in
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the ischemic tissue.l® Reactive oxygen species are
relevant mediators of ischemic brain injury.
Especially after restoration of blood flow, detri-
mental reactive oxygen species, such as superox-
ide, are generated in an oxygen-dependent
manner by donation of glucose-derived reducing
equivalents to molecular oxygen. This process is
strongly glucose-dependent since glucose is the
source for many reducing equivalents passing
through the mitochondrial electron transport
chain.!?

Also in an animal model of tissue plasminogen
activator-induced intracerebral hemorrhage, a
causal relationship between hyperglycemia-
induced production of superoxides, blood—brain
barrier damage and the extent of hemorrhage has
been suggested.!® Moreover, other animal experi-
ments indicated a hyperglycemia-mediated dis-
turbance of the cerebral microcirculation and
increased blood—brain barrier disruption.!®

Consequently, a mutually reinforcing pathophysi-
ological link between both detrimental effects,
post-stroke hyperglycemia and cerebral ceramide
accumulation, might be a ceramide-induced and
glucose-dependent production of reactive oxygen
species in the mitochondria leading to exacerba-
tion of ischemic brain damage.

This is translationally relevant since observational
clinical studies show an association of increased
blood glucose levels after stroke with increased
mortality and poor functional recovery. However,
hitherto no randomized control trial could show a
clinical benefit from intensified blood glucose
management in the treatment of acute ischemic
stroke.20

The aims of this study were the parallel charac-
terization of the kinetics of post-stroke hypergly-
cemia and the temporal regulation of the cerebral
ceramide metabolism in the acute phase of
ischemic stroke. In a second step, we investigated
the effect of two different pharmacological inter-
ventions on (1) the development of post-ischemic
hyperglycemia, (2) the alteration of ceramide
metabolism in the ischemic brain tissue, and (3)
the development of the ischemic lesion size and
functional outcome in experimental stroke. One
of the two interventions was the beta-adrenergic
antagonist propranolol to target the sympathetic
autonomic nervous system and its potentially det-
rimental effects in the context of acute stroke.

The other was treatment with FTY720 which,
besides its immunomodulatory effects,1%-12 has
been shown to reduce ceramide generation via
the de novo pathway by inhibiting ceramide syn-
thases.?1:22 We hypothesized that treatment with
FTY720 might also reduce cerebral ceramide
accumulation in the ischemic brain tissue, thereby
possibly mediating an alternative way of neuro-
protection independently of its immune cell-
directed actions.

Materials and methods

Animals

For all experiments, male C57BL/6 mice (strain J,
11-12 weeks, mean 26.1 g range 21.0-28.3 g,
Charles River Laboratories, Sulzfeld, Germany)
were used according to the National Institute of
Health Guide for the Care and Use of Laboratory
Animals (NIH Publications No. 80-23, revised
1996). All experiments were approved by the local
governmental authorities (Regierungspraesidium
Darmstadt, approval number F143/65). ARRIVE
guidelines were considered to rise the reproduci-
bility and quality of the data.

Sample size calculation and exclusion criteria

Sample size calculation was based upon clinical
observations in humans assuming a post-stroke
blood glucose increase from physiological values
of about 100 mg/dl to around 180 mg/dl!? with a
standard deviation of 30%. To detect this differ-
ence with a power (1-b) of 0.8 and a level of
acceptability of a false positive result (a) of 0.05, a
sample size of seven animals per group was
required. Due to a relevant drop-out rate, mainly
in the groups with long observation time (72 h)
and severe cerebral ischemia [3 h of transient mid-
dle cerebral artery occlusion (tMCAO)], the
intended sample size was not met in all of the
experimental groups (Supplemental Table 1).

The following exclusion criteria were predefined:
mice with a subarachnoid hemorrhage (SAH) or
death due to SAH were excluded from further
analysis. Mice which were found dead before the
end of the respective observation period were
excluded regarding ischemic lesion size and tan-
dem mass spectrometry (LC-MS/MS) analyses.
A further exclusion criterion was death not related
to cerebral ischemia. Hence, every mouse which
died of an unknown cause received a complete
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autopsy. Mice that died within the respective
observation period were included in the func-
tional outcome analysis after subarachnoid hem-
orrhage (SAH) was ruled out. They were given
the worst possible neuro-score in the functional
outcome analysis.

Experimental model of middle cerebral artery occlu-
sion. For the experiments with pharmacological
interventions, the surgeons (SL and AS) were
blinded to the drug (propranolol or FTY720 versus
saline) pretreatment and sham and control animals
were alternately operated. Mice were randomly
assigned to the treatment groups regarding dura-
tion of tMCAO (60 wversus 180 min), observation
period (12, 24 or 72 h) and drug pretreatment.

Right tMCAO for 60 or 180 min was achieved as
described previously.2? In brief, surgery was per-
formed under anesthesia with 1.5% isoflurane
(Forene TM, Abbott, Wiesbaden, Germany) and
0.1 mg/kg buprenorphine (Temgesic TM, Essex
Pharma, Munich, Germany) under spontaneous
respiration. Focal cerebral ischemia was induced
after a midline cervical incision and exposure of
the right carotid bifurcation by introducing a
standardized silicone-coated monofilament with
a tip diameter of 0.23 mm (Doccol, Redlands,
CA, USA) and advancing it along the internal
carotid artery until the tip occluded the proximal
stem of the middle cerebral artery. At 60 min or
180 min after induction of ischemia, the filament
was withdrawn to initiate reperfusion. Control
animals underwent the same operation procedure
up to the exposure of the internal carotid artery to
avoid cerebral ischemia (sham operation).
Animals were sacrificed after 12, 24 or 72 h after
the initiation of ischemia. Directly following the
intervention, all animals received regular drinking
water and food without restrictions.

Pharmacological interventions with propranolol
and FTY 720. Propranolol [(*)-propranolol
hydrochloride, Sigma-Aldrich], was dissolved in
0.9% sodium chloride solution and administered
10 mg/kg intra peritoneally (i.p.) at 0, 4 and 8 h
after tMCAO as previously described.2¢ The con-
trol animals were treated with sodium chloride
0.9% (saline) i.p. at the corresponding time
points.

FTY720 (Cayman Chemicals) was dissolved in
0.9% sodium chloride solution (saline) at a final
concentration of 10 pg/100 ul for i.p. injection.

FTY720 (1 mg/kg) was administered i.p. after the
initiation of anesthesia as previously described.!?
The control animals were treated with corre-
sponding volumes of saline i.p. All treatments
were administered by RV, who was not involved
in the tMCAO operation and further sample pro-
cessing and analyses.

Oral glucose tolerance test and blood glucose
measurements. Glucose tolerance was deter-
mined by means of an oral glucose tolerance tests
(OGTT). The tMCAO and sham-operated mice
were fasted for 12 h before performing OGTT.
Glucose syrup (Accu-Chek®Dextrose O.G-T,
Roche Diagnostics, Mannheim, Germany) was
administered via oral gavage (2 g/kg body weight).
Blood samples (about 0.6—1 ul) were obtained
from the tail vein right before and 0, 30, 60, 120
and 180 min after glucose intake. Blood glucose
concentration in mg/dl was measured using the
Accu-Chek® Aviva test system.

Assessment of the neurological deficit. A neuro-
logical examination was performed at the end of
the respective observation period (12 h, 24 h or
72 h) using the modified Bederson score (Beder-
son and colleagues)?> and the grip test for func-
tional assessment in the rodent stroke model
(Supplemental Table 2).26 The modified Beder-
son score evaluates walking behavior, hemiparesis
and resistance to lateral push on a scale between
0 to 5. The grip test evaluates the ability of the
mice to clutch to a wooden bar on a scale of 5 to
0. For the grip test, the mice were placed carefully
on a wooden bar (8 mm diameter) 20 cm above
the ground until they attained firm grip. The time
period to fall off was recorded with a maximum of
60 s. Mice were not trained before. The neuro-
logical examinations were videotaped and the
assessment was performed in a blinded fashion
(RB and WP). Mice that died within the observa-
tion period were assessed per protocol and given
the worst outcome score in both functional out-
come analyses.

Volumetry of ischemic lesion size. Animals were
sacrificed 12, 24, or 72 h under deep anesthesia
and perfused transcardially with saline solution.
Brains were harvested and sliced using a mice
brain matrix (ASI Instruments, Warren, USA)
generating brain slices of 1 mm thickness, which
were stained with 2% 2,3,5-triphenyltetrazolium
chloride (TTC; Merck KgaA, Darmstadt, Ger-
many) in phosphate buffered saline (PBS; pH 7.4)
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for 10-15 min at 37°C as described previously.!4
TTC is processed to a red dye by vital mitochon-
dria, whereas unstained, white tissue represents
the definite brain infarct. After staining, brain
slices were positioned between transparent foils
and front and back surfaces of the slices were
scanned using a flatbed color scanner (CanoScan
LiDE 100; Canon, Tokyo, Japan; settings: 600
dpi, full color).

Volumetry of the ischemic lesion, the contra- and
the ipsilesional hemisphere was performed using
a previously established automated Image] macro
(Image] software, National Institutes of Health,
Bethesda, USA).27 Lesion size was corrected for
edema by multiplying the infarct volume by the
ratio of the contralateral to the ipsilateral hemi-
sphere volume.

Determination of sphingolipid concentration in
brain tissue by LC-MS/MS. Animals were sacri-
ficed 12, 24, or 72 h after induction of focal cere-
bral ischemia. After perfusion, cortical samples of
the brain tissue were immediately shock frosted in
fluid nitrogen and stored at —80°C.The measure-
ment of the cerebral ceramide species (ng/mg
brain tissue) was performed by LC-MS/MS as
described previously in detail.28:29

Flow cytometry analysis of blood cell counts. With
capillaries [microtubes, flushed with ethylenedi-
aminetetraacetic acid (EDTA)], about 40 ul of
blood were drawn from the facial vein of each ani-
mal per group (1 mg/kg bodyweight FTY720 ver-
sus saline) 24 h after surgical intervention. Each
blood sample was immediately transferred to a
Falcon tube with ice-cold 15 ml RPMI-1640 cell
culture medium with 100 ul of EDTA (0.5 molar,
pH 8). Falcon tubes were centrifuged for 7 min at
1000 rpm, 4°C and the supernatant was dis-
carded. Erythrocytes were lysed with red cell lysis
buffer (8.3 g NH,Cl in 0.01 mol/l Tris-HCI, pH
7.4). After washing with RPMI, samples were
incubated with FACS buffer (1% fetal calf serum
in PBS/0.01% NaN;) and the respective antibod-
ies for 30 min. Samples were analyzed on a BD
FACSCanto II (BD Biosciences, Heidelberg,
Germany). The following fluorescently labeled
anti-mouse monoclonal antibodies (BD Pharmin-
gen, Heidelberg, Germany) were used: CD4 (cat.
no. 553052, T-helper cells), CD8a (cat. no.
560469, cytotoxic T-cells), CDI11b (cat. no.
557396, macrophages), CD11c (cat. no. 550261,
dendritic cells), CD45 (cat. no. 553089, B-cells).

Statistical analyses. Prism 7 (GraphPad Soft-
ware, La Jolla, CA, USA) was used for statistical
analysis. Results are expressed as means * stan-
dard deviation (SD). Statistical significance was
assessed either with Student’s ¢ test for unpaired
two-group analyses or a one-way analysis of vari-
ance (ANOVA) with Bonferroni correction for
multigroup comparisons. Neuroscore data are
given as median and range and depicted in a dot
plot. Statistical significance was assessed using a
Mann-Whitney test with Gaussian approxima-
tion. Mice that died within the observation period
were assessed per protocol and given the worst
outcome score in both functional outcome analy-
ses. To analyze the time kinetics of cerebral
ceramide species a linear regression model was
used comparing slopes and calculating a p-value
(two-tailed) testing the null hypothesis that the
slopes are identical. With a p-value <0.5 it was
concluded that slopes were significantly different.
R? was chosen as a measure of goodness of fit.

Results

Ischemic lesion size in the time course of up to

72 h after 60 min and 180 min of tMCAO

A tMCAO of longer duration (3 h versus 1 h)
leads to significantly larger infarct volumes 24 h
(p = 0.005) after induction of focal cerebral
ischemia. The 12 h and 72 h observation cohort
showed similar trends (Figure 1).

Kinetics and profile of ceramide species in the
ischemic cerebral cortex after focal cerebral
ischemia

Focal cerebral ischemia led to an increase of cera-
mide species in the ischemic cerebral cortex in
comparison with the respective sham-operated
control group; an increase was found for both
long chain (C16:0) and very long chain (C20:0,
C24:0) ceramides. Notably, C14:0 ceramide was
exclusively detectable in the ischemic cortex,
whereas in the nonischemic control brain samples
it was not present at relevant concentrations. This
ischemia-induced increase was also found for
dihydro-ceramides, which are direct precursors of
ceramide in the de novo pathway of ceramide syn-
thesis (Figure 2). Using a linear regression model,
we also found a significant time-dependent
increase over an observation period of 12, 24, and
72 h after both 1 h and 3 h of tMCAO for the fol-
lowing ceramide and dihydro-ceramide species:
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Figure 1. A tMCAO of longer duration (3 h versus 1 h] leads to a significant increase of infarction volume 24 h
after induction of focal cerebral ischemia [24 h post-tMCAQ: 1 h tMCAO n = 5; 3 h tMCAO n = é; Figure 1(b]].
After an observation period of 12 h resp. 72 h there was a trend towards larger infarct volumes (12 h post-
tMCAO: 1 h tMCAO n = 5; 3 h tMCAO n = 7; 72 h post-tMCAQ: 1 h tMCAO n = 4; 3 h tMCAO n = 3). The box
boundaries mark the 25th and 75th percentile, the line within the box indicates the mean. Whiskers above and
below the box mark the minimum and maximum. Statistical significance was assessed with Student’s t test,

**p = 0.005.
tMCAQO, transient middle cerebral artery occlusion.

C16 (p = 0.004, R? = 0.52; p = 0.02, R2 = 0.35);
C20 (p = 0.05, R2 = 0.29; p = 0.007, R2 = 0.47);
C24 (p = 0.01, R? = 0.43; p = 0.02, R2 = 0.35);
C24:1dh (p = 0.008, R2 = 0.49; p = 0.01,
R? = 0.48). For the following ceramide and dihy-
dro-ceramide species a significant time-depend-
ent increase could only be shown after 3 h of
tMCAO: C14 (p = 0.02, R?2 = 0.36); Cl16dh
(p = 0.003, R = 0.5), C24dh (p = 0.05, R2 = 0.27).
For C18dh a significant linear time-dependent
increase could not be shown.

Further analyses focused on sphinganine, a direct
precursor of dihydro-ceramide in the de novo
pathway and sphingosine, a direct precursor of
ceramide in the salvage pathway: Sphinganine
showed a significant increase 24 h after 60 min of
tMCAO. Whereas, a longer duration (180 min)
of tMCAO led to a significant decrease of sphin-
ganine 24 h after cerebral ischemia in comparison
with a shorter duration (60 min) of tMCAO
[Figure 3(a)]. The concentration of sphingosine
gradually decreased along with the duration of
cerebral ischemia in a 12, 24 and 72 h period after
tMCAO with significant values 12 h after t MCAO
[Figure 3(b)].

Focal cerebral ischemia leads to impaired

glucose tolerance in the OGTT

Blood glucose concentration was measured at the
indicated time points before and after oral glu-
cose administration. Fasting blood glucose con-
centration (time point 0) did not differ significantly
compared with the sham group (data not shown).

Cerebral ischemia led to impaired glucose tolerance
in an occlusion time-dependent manner: 180 min of
tMCAO resulted in long lasting and significantly
higher blood glucose concentrations in the OGTT
conducted 24 h after the induction of ischemia in
comparison with the sham-operated control mice.
For 60 min of tMCAOQO a definite trend towards
higher blood glucose concentrations could be
shown, however without significant values (Figure 4).
At 12 h post-ischemia, blood glucose levels in the
tMCAO groups in comparison with the sham-oper-
ated groups did not differ (data not shown).

Timing of the pharmacological intervention with
propranolol and FTY720

To evaluate the impact of the pharmacological
interventions on ischemic lesion size, functional
outcome, blood glucose, systemic immune cell
counts, and brain tissue ceramide levels and a 24
h observation window was chosen, since a rele-
vant impairment of blood glucose homeostasis
could be observed at this time point.

Treatment with FTY720 but not with propranolol
reduced circulating blood leukocytes

As expected, FACS analysis documented the
rapid effect of FTY720 on systemic leukocyte
counts revealing a strong reduction of B-cells,
CD4+- and CD8+ lymphocytes at the time point
24 h after t MCAO (Supplemental Figure 1) cor-
responding to the sequestration of circulating
immune cells in the lymphoid organs as the key
mechanism of action of FTY720. In contrast
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Figure 2. Concentrations of different ceramide species in the ischemic cortex after 1 h or 3 h of tMCAQO at the
time points 12 h, 24 h and 72 h after tMCAOQ. The sphingolipid concentrations (ng/mg) determined by LC-MS/
MS were related to the wet weight of the brain tissue. The values are the means + SD of n = 3 to 7 mice for
each group. Statistical significance was assessed with one-way ANOVA and Bonferroni correction. *p < 0.05,

*5p < 0.01, ***p < 0.001.

ANOQVA, analysis of variance; LC-MS/MS, tandem mass spectrometry; SD, standard deviation; tMCAO, transient middle

cerebral artery occlusion.
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Figure 3. Concentration of sphinganine (a) and sphingosine (b] in the ischemic cortex after 1 h or 3 h of tMCAO
at the time points 12 h, 24 h, and 72 h after tMCAOQ. The sphingolipid concentrations (ng/mg) determined by
LC-MS/MS were related to the wet weight of the brain tissue. The values are the means + SD of n = 3to 7
mice for each group. Statistical significance was assessed with one-way ANOVA and Bonferroni correction.
**p < 0.01, ***p < 0.001.

ANOVA, analysis of variance; LC-MS/MS, tandem mass spectrometry; SD, standard deviation; tMCAQ, transient middle
cerebral artery occlusion.
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Figure 4. Time course of blood glucose concentration after OGTT conducted 24 h after tMCAO, comparing 1
h of tMCAO (a) and 3 h of tMCAO (b) with the sham-operated control group. The values are the means + SD
of n = 5to 7 mice for each time point. (c) shows the quantitative evaluation of OGTT results. The area under
the curve (AUC) in (a) and (b) was calculated. The values are the means + SD. Statistical significance was
assessed with one-way ANOVA and Bonferroni correction. **p < 0.01.

ANOVA, analysis of variance; AUC, area under the curve; LC-MS/MS, tandem mass spectrometry; OGTT, oral glucose
tolerance test; SD, standard deviation; tMCAQ, transient middle cerebral artery occlusion.

suppression of the HPN-axis via administration count of the circulating blood leukocytes in our
of propranolol did not have any effect on the hands (Supplemental Figure 2).
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Saline vs. Propranolol
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Figure 5. Ischemic lesion size in propranolol-treated (a) FTY720-treated (b) and the respective vehicle-treated
control mice with tMCAOQ of 1 h occlusion time after an observation period of 24 h after tMCAO (propranolol: n
= 7, vehicle: n = 9; FTY720: n = 8, vehicle: n = 10). The box boundaries mark the 25th and 75th percentile, the
line within the box indicates the mean. Whiskers above and below the box mark the minimum and maximum.
Statistical significance was assessed with Student’s t test, *p = 0.01.

FTY720, fingolimod; tMCAQ, transient middle cerebral artery occlusion.

Treatment with Propranolol and FTY720 both
reduced ischemic brain lesion size

Both pharmacological interventions signifi-
cantly reduced ischemic brain damage [pro-
pranolol-treated mice: 11 * 4% of contralateral
hemisphere, n = 7; vehicle-treated mice: 27 *=
4%, n = 9, p = 0.01, Figure 5(a); FTY720-
treated mice: 19 = 3% of contralateral hemi-
sphere, n = 8; vehicle-treated mice: 37 = 7% of
contralateral hemisphere, n = 10, p 0.04,
Figure 5(b)].

I+

Influence of pharmacological interventions

on functional outcome after focal cerebral
ischemia

Treatment with propranolol improved functional
outcome after tMCAO. At 24 h after tMCAOQO,
the median value in the grip test was 4 (range
0—4) in the propranolol-treated mice and 2 (range
1-4) in the saline-treated mice, showing a signifi-
cant improvement (p = 0.01) of neurological out-
come. Also in the Bederson score, a trend towards
a better functional outcome was obvious, how-
ever not statistically significant [median Bederson
score: propranolol-treated mice: 3 (range 2-4),
saline-treated mice: 1 (range 1-5), p = 0.06,
Figure 6]. In spite of the significant reduction in
infarct volume, the FTY720-treated mice in our
study did not show significant functional improve-
ment compared with the saline-treated control
group in both neurological assessment tests at the
timepoint 24 h after tMCAO [median grip test
score: FTY-treated mice: 2.5 (range 5-0), saline-
treated mice: 3 (5-0); median Bederson score:

FTY-treated mice: 3 (range 1-5), saline-treated
mice: 3 (range 1-5)].

Treatment with propranolol but not with FTY720
decreased ceramide species in the ischemic
cerebral cortex after focal cerebral ischemia
Beta-adrenergic antagonism with propranolol
decreased several ceramide species in the ischemic
cerebral cortex in comparison with the saline-
treated control group: A significant reduction was
found for C14, C16, C20 and C24 ceramides, as
well as for C16-, C18-, C24:1-dihydro-ceramides.
In contrast, sphingosine levels were significantly
increased in the propranolol-treated group.
Concentration of sphinganine in the ischemic
cortex was not altered by propranolol treatment
(Figure 7). Despite a similar reduction of infarct
size, treatment with FTY720 had no significant
effect on the concentration of neither of the afore-
mentioned ceramide species in the ischemic cer-
ebral cortex (data not shown).

Treatment with propranolol but not with FTY720
reduced impaired glucose tolerance after focal
cerebral ischemia

Blood glucose concentration was measured at the
indicated time points before and after oral glucose
administration. Treatment with propranolol signif-
icantly reduced impaired glucose tolerance caused
by cerebral ischemic stress in comparison with the
saline-treated group (Figure 8). Fasting blood glu-
cose concentration (time point 0) did not differ sig-
nificantly compared with the saline-treated group
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Figure 6. Neurological function was assessed by the Bederson score (a) and grip test (b) in propranolol-
treated and vehicle-treated mice 24 h after tMCAO with 1 h occlusion time. The values of single mice and the
median are depicted in a dot plot. Statistical significance was assessed with a Mann-Whitney test for two

groups. *p < 0.05.
tMCAQO, transient middle cerebral artery occlusion.

(data not shown). Treatment with FTY720 had no
significant effect on the development of impaired
glucose tolerance (data not shown).

Discussion

The aim of this study was to shed light on a pos-
sible interplay between the local ceramide genera-
tion in the ischemic brain tissue and stroke-induced
glucose intolerance in an animal model of ischemic
stroke.

In the first part of our study focusing on altera-
tions of the cerebral sphingolipid metabolism
following cerebral ischemia and reperfusion, we
found a significant increase of both long chain
and very long-chain ceramide species in the
ischemic cerebral cortex in comparison with the
sham-operated control group. In line with other
studies?® investigating healthy brain tissue, long
chain ceramide species (C16:0, C18:0, C20:0),
were the most abundant in both healthy and
ischemic brain tissue. However, not only the
temporal dynamics of ceramide accumulation,
but also their local tissue composition regarding
specific chain lengths and regarding different
pathways of ceramide synthesis might influence
the biological role of the ceramides. It has already
been shown that critical effects of ceramides
exerted under physiological conditions but also

in various neurodegenerative and inflammatory
diseases are chain length-specific. Ceramide syn-
thases (CerSs) determine chain length of the
ceramides and are differentially distributed
among tissues;” in the central nervous system
C18 ceramide is abundantly produced via cera-
mide synthase 1 (CerS1), which is highly
expressed in neurons and essential for normal
neuronal development. Ceramide synthase 2
(Cers2) producing C22-C24 ceramides is
expressed in oligodendrocytes during myelina-
tion.8 However, in brain tissue samples from
patients with Alzheimer’s disease, it could be
shown that the amount of long chain ceramides
C18:0 and C24:0 contributes to disease sever-
ity.39 Moreover, in head and neck squamous cell
carcinoma an equipoise between C18 ceramide,
which is supposed to be a prerequisite of chemo-
therapy induced apoptosis, and C16, which
reduces endoplasmic reticulum stress, hampers
apoptosis and is associated with lymphovascular
invasion, is an important regulator of cell sur-
vival.31-33 Regarding the influence of ceramides
on inflammatory processes, it could be shown,
that an increase in long chain ceramides (C16—
C20) in airway epithelium of patients with cystic
fibrosis facilitates apoptosis.®

Possible pathophysiological links between cera-
mide metabolism and the induction of apoptosis
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Figure 7. Concentration of different ceramide species in the ischemic cortex after 1 h of tMCAO after an
observation period of 24 h after tMCAOQ in propranolol-treated mice (n = 7) in comparison with vehicle-treated
control mice (n = 9). The sphingolipid concentrations (ng/mg) determined by LC-MS/MS were related to the
wet weight of the brain tissue. The values are the means = SD. Statistical significance was assessed with

Student’s t test, *p < 0.05, **p < 0.01, ***p < 0.001.

LC-MS/MS, tandem mass spectrometry; SD, standard deviation; tMCAO, transient middle cerebral artery occlusion.

rely on mitochondrial proteins. The proteins Bak
and Bax play a crucial role in the process of the
mitochondrial outer membrane permeabilization
enabling the release of proapoptotic molecules
from the mitochondrial membrane spaces to the
cytosol.” It is supposed that Bak triggers ceramide
synthesis by binding and activating CerS, con-
secutively leading to the formation of ceramide-
rich macrodomains in mitochondrial membranes
and the activation of Bax fostering mitochondrial

outer membrane permeabilization.8 It is notewor-
thy that both the activation of the de novo pathway
and the activation of the salvage pathway have
been described in the context of apoptosis regula-
tion. However, it has to be stressed that not all
ceramide species per se, irrespective of chain
length, induce apoptosis. It is supposed that the
equilibrium between long chain and very long
chain ceramides determine the cell’s fate in the
regulation of cell death.34
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Figure 8. (a) Time course of blood glucose
concentration after OGTT conducted 24 h after
tMCAO with 1 h occlusion time after treatment with
propranolol (n = 7) or saline (n = 9). The values are
the means =+ SD. (b) Quantitative evaluation of OGTT
results. The AUC in (a) was calculated. The values
are the means + SD. Statistical significance was
assessed with Student’s t test. *p < 0.05.

AUC, area under the curve; OGTT, oral glucose tolerance
test; SD, standard deviation; tMCAQO, transient middle
cerebral artery occlusion.

In our study, we found an alteration of both long
chain (C16:0) and very long chain (C20:0,
C24:0) ceramides as well as their respective dihy-
dro-ceramides, precursors in the de novo pathway,
in the ischemic brain tissue in comparison with
the sham-operated controls, suggesting a regula-
tory role in apoptotic cell death.

Interestingly, C14:0 ceramide was exclusively
detectable in the ischemic brain tissue, whereas in
the nonischemic control brain samples it was not
present at all. C14:0 ceramide is a long chain cer-
amide, which is mainly synthesized by CerS 5 and
6.35 Previous data suggested that CerS 5 might
have a housekeeping function for the synthesis of
C14:0 and also C16:0 ceramides as membrane
components, since it showed a higher extent of
expression in comparison with CerS 6 in different
kind of tissues.?° In contrast, CerS 6 may gener-
ate lipids under stress conditions, since it is mainly
upregulated during apoptotic3®37 and inflamma-
tory processes,® both of which occur in ischemic
brain damage.

Interestingly, recent studies showed, that certain
ceramides might modulate autophagy, a lysoso-
mal pathway which is involved in the turnover of
proteins and cellular organelles under stress con-
ditions.* Previous data suggested that Cl14-
ceramide synthesized by CerS 5 is required to
induce cardio myocyte autophagy.3® Moreover, in
an in vitro model it could be shown that experi-
mental knock-down of CerS2 is accompanied by
a significant increase in C14:0 and C16:0 cera-
mides and induces autophagy, while in parallel
C24:0 and C24:1 ceramides are significantly
downregulated.? Similarly, experimental induc-
tion of autophagy in an experimental model of
photo damage is accompanied by an increase in
C14:0 and C20:0 ceramides, but in a much lesser
extend for C22:0 — C26:0 ceramides, indicating
that an equilibrium between long chain and very
long chain ceramides is necessary for the regula-
tion of autophagy.*® A plausible inductor of
autophagy is nutrient deprivation, which is a typi-
cal feature of ischemic stress. However, in our
experimental study we did not further investigate
possible mechanisms of autophagy, therefore it
just can be speculated whether the accumulation
of C14 ceramide plays a critical role in autophagy
regulation in ischemic brain tissue, which is ulti-
mately a protective response of the organism to
limit damage under stressful conditions.

Ceramide accumulation in the ischemic brain tissue
positively correlated with the time elapsing after
transient induction of cerebral ischemia over an
observation period of 12, 24 and 72 h. This is in line
with previous studies suggesting that the restoration
of blood flow to the ischemic tissue, the reperfusion
phase, is crucial for the ceramide deposition.> This
could be consistently observed in various ischemia/
reperfusion i vivo models for heart, kidney, lung
and also the brain.#! Therefore, we assume that rep-
erfusion is the key trigger of ceramide generation in
our model and that ceramide species accumulate
over time in the ischemic brain tissue.

To investigate the relation between ischemic
lesion size and ceramide deposition, two different
vessel occlusion times (60 min versus 180 min
tMCAQO) where chosen. Whereas a longer
tMCAO duration was as expected associated with
larger ischemic brain lesions, this did not signifi-
cantly increase ceramide accumulation, showing
that the time elapsed since the initiation of reper-
fusion and not the severity of the ischemic insult
to the brain tissue determined the extent of cera-
mide production. Interestingly, in our study for
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several dihydro-ceramide species (C16dh,
C24dh, C18dh) a time-dependent increase was
only observed after 3 h of tMCAO but not after a
shorter duration of 1 h of ischemia. This may
insinuate that also the intensity of ischemia/
hypoxia may lead to an increase especially of
dihydro-ceramides in the ischemic brain tissue.
This finding may be explained by other data,
derived from experimental models of hypoxia,
where increased levels of dihydro-ceramides were
mediated by the inhibition of dihydro-ceramide
desaturase 1 (DEGS1) under hypoxic conditions.42
The dihydro-ceramide increase was shown to be
proportional to the depth and duration of the
hypoxic stress.*> Since the desaturase reaction
(introduction of double bond) requires oxygen as
electron acceptor, hypoxic conditions inhibit
DEGSI1 activity. Therefore, it was suggested that
DEGS1 may act as an oxygen biosensor that
modulates ceramide metabolism and that
increased dihydro-ceramide levels may act as a
hypoxic signal regulating cellular stress responses.
Vice versa, increased DEGS1 activity upon reox-
ygenation (or in our case restoration of blood
flow) was supposed to increase ceramide levels
and contribute to the deleterious ischemia-reper-
fusion injury.%

Sphinganine, a central precursor of ceramides in
the de novo pathway, which is further processed to
dihydro-ceramides and in a next step desaturated
to ceramides, is found to be elevated up to 24 h
after 1 h of tMCAQO and might indicate that
ischemia and reperfusion activate the anabolic de
novo pathway of ceramide synthesis in the first
hours following the insult. However, in the brain
lesions induced by 3 h tMCAOQ, there was no con-
sistent increase of sphinganine at all three observa-
tion time points, indicating that the de novo
pathway may be less active in very severe tissue
injury. This is in line with previous experimental
findings indicating that mild cerebral ischemia/
reperfusion injury causes ceramide accumulation
via stimulation of mitochondrial ceramide syn-
thase activity rather than from hydrolysis of sphin-
gomyelin.#> Vice versa, other data derived from
animal experiments showed that ceramide accu-
mulation after lethal cerebral ischemia/reperfusion
damage or after chronic cerebral ischemia is due
to sphingomyelin hydrolysis via activation of acid
sphingomyelinases.>46:47

Sphingosine, which is a precursor of ceramides
generated wvia the salvage pathway showed a

tendency to decrease at all three observation time
points especially in the brain tissue after 3 h
tMCAO in comparison with 1 h tMCAO with the
strongest effects early (12 h) after tMCAO. It
might be hypothesized that moderate ischemic
stress activates the de novo pathway upon reperfu-
sion leading to an increase of both sphinganine
and ceramide, whereas severe ischemic stress
rather impairs the activity of the de novo pathway.
The fact that the decrease of sphingosine follow-
ing cerebral ischemia and reperfusion is stronger
after a severe tissue insult of 3 h tMCAO as com-
pared with 1 h tMCAO insinuates that following
a more severe insult, the ceramide production is
then gradually shifted to the salvage pathway,
where in the final common path sphingosine is
converted to ceramide. Also regarding the salvage
pathway, it is suggested that the metabolism of
bioactive sphingolipids is highly compartmental-
ized: complex sphingolipids undergo constitutive
degradation in the late endosome and the lyso-
some-generating ceramide. Lysosomal-generated
ceramide cannot leave this cellular compartment
unless converted into sphingosine by acid cerami-
dase. Free sphingosine could be released from the
lysosome and consecutively re-acylated by cera-
mide synthase to ceramide again.’> The intercon-
nectivity between the different sphingolipid
generating pathways is also documented by sev-
eral other experimental studies, reporting sphin-
gomyelin hydrolysis and consecutive ceramide
accumulation after severe cerebral ischemia/rep-
erfusion damage. These data indicate that cere-
bral ischemia/reperfusion injury could also trigger
sphingolipid recycling via the salvage pathway,
whereby degradation of complex sphingolipids
(glycosphingolipids) produces ceramide and then
sphingosine, which is re-acylated to ceramide.48:4°
However, in contrast with our findings, in the
study of Chudakova and colleagues hydrolysis of
sphingomyelin in the salvage pathway after severe
ischemic stress/reperfusion damage was accom-
panied by both the accumulation of ceramide and
sphingosine in the ischemic brain tissue, high-
lighting the complexity of sphingolipid signaling.

Summarizing the results of our ceramide profiling
of the ischemic brain, it might be hypothesized
that moderate ischemic stress activates the ana-
bolic de novo pathway of ceramide production,
whereas the ceramide generation following a
severe insult relies on the salvage pathway. Our
findings are in line with previous data, suggesting
that the mechanism of ceramide deposition
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depends on the severity of the ischemic brain
damage.>

In the second part of our study focusing on glu-
cose metabolism, we investigated the effect of two
licensed drugs, propranolol and FTY720, on
stroke-induced glucose intolerance and local cer-
amide accumulation in the ischemic brain. We
found impaired glucose tolerance after tMCAO
in line with previously published observations!4!5
and the clinical observation of the phenomenon
of post-stroke hyperglycemia.!> The impaired
glucose metabolism is not an immediate effect
appearing directly after tMCAOQO, but occurs with
a delay shown by a pathological OGTT 24 h after
focal cerebral ischemia in comparison with sham-
operated control animals. Since the activation of
the HPN-axis is one putative pathophysiological
mechanism leading to systemic post-stroke hyper-
glycemia,®® one pharmacological intervention
with propranolol aimed at blocking the sympa-
thetic nervous system.

As a second pharmacological intervention, we
chose to administer the immunomodulatory
sphingosine 1-phosphate analog FTY720. In
addition to its amply demonstrated neuroprotec-
tive and pro-regenerative effects after stroke,10-12
recent i vitro data suggested that FTY720 also
directly blocks ceramide production through
inhibition of CerSs.21:22

Both pharmacological interventions significantly
reduced ischemic lesion size after experimental
stroke in comparison with the vehicle-treated
stroke animals. While the neuroprotective effect of
FTY720 is well characterized and seems to rely
mainly on the lymphocyte depletion induced by
this drug,!! it has recently been shown that a com-
bined inhibition of the sympathetic nervous system
with propranolol and the HPA axis with mifepris-
tone also reduce ischemic lesion size in the acute
phase.5! While both interventions reduced ischemic
lesion size in our experimental setting, only pro-
pranolol but not FTY720 significantly improved
the stroke-induced impairment of glucose toler-
ance in comparison with vehicle-treated mice. The
fact that both pharmacological interventions
reduced ischemic lesion sizes in a standardized
mouse model, but only blockage of the HPA axis
with propranolol additionally ameliorated glucose
utilization, hints at the possibility that the post-
ischemic impairment of glucose metabolism is not
a metabolic epiphenomenon of a particularly severe

brain damage, but rather an additional (treatable)
factor influencing the outcome after ischemic
stroke. In addition to the differential effects of
these two drugs on glucose metabolism, proprano-
lol also decreased the production and deposition of
ceramide species in the ischemic brain tissue in
comparison with the saline-treated stroke mice,
whereas FTY720 had no relevant influence on
ceramide levels in the ischemic brain.

Taking these together, it may be speculated that
post-stroke impaired glucose intolerance is a key
trigger of cerebral ceramide deposition after
ischemic stroke. Thus, on the one hand, suppres-
sion of the HPA axis via treatment with propran-
olol abolishes stroke-induced glucose intolerance
with consequent reduction of ceramide species in
the ischemic cortex. On the other hand, our data
suggest that FTY720 exerts its principle effects
on reducing infarct growth mainly via immu-
nomodulatory mechanisms and without influence
on glucose metabolism or direct effects on sphin-
golipid metabolism. Although it has been shown,
that FTY720 (at least in vitro) has the potential to
inhibit ceramide de novo synthesis,?!-22 in light of
our data, it may be speculated that ceramide dep-
osition induced wia stroke-induced impairment of
glucose metabolism is such a strong effect, which
cannot be abolished by FTY720’s additional ‘off-
target’ effect on ceramide metabolism.

On the basis of these findings, we speculate that
there may be a direct link between the severity of
the ischemic brain insult and the impaired glucose
metabolism on the one hand but also between the
systemic metabolic alterations and the cerebral
ceramide deposition on the other. This is sup-
ported by the finding of a significant increase of
cerebral ceramide species in an animal model of
diabetes type 1 with streptozotocin-induced severe
hyperglycemia.>? The authors hypothesized detri-
mental effects of hyperglycemia-mediated cerebral
ceramide deposition, which may constitute an
important contribution to hyperglycemia-linked
neuro-dysfunction. However, further research is
highly warranted to decipher the exact mechanism
of pathophysiological connectivity between stroke-
induced hyperglycemia and ceramide deposition
in the ischemic brain tissue.

However, this experimental study has some limi-
tations that need to be addressed. Due to a rele-
vant drop-out rate, mainly in the groups with long
observation time (72 h) and severe cerebral
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ischemia (3 h MCAO), the intended sample size
was not met in all of the experimental groups,
surely affecting the power of the study. This also
probably explains, why in the FTY720-treated
mice, despite significant decrease in infarct size,
we did not find a significant amelioration of the
functional neurological deficit.

Since we aimed to set the focus rather on the
interplay between post-stroke glucose metabo-
lism and ceramide deposition, we did not perform
further expression or activity analyses regarding
ceramide generating enzymes (e.g. sphingomyeli-
nases, CerSs), so we can only provide ‘static
images’ of cerebral ceramide concentrations at
different time points after ischemic brain damage.
However, by using LC-MS/MS we used a very
reliable technique to measure tissue sphingolipid
concentrations and our data are consistent with
previous studies investigating ceramide deposi-
tion after ischemia/reperfusion tissue damage.

In summary, our data show that stroke-induced
glucose intolerance and the accumulation of cera-
mide species in the ischemic brain tissue occur in
parallel.

Both pharmacological interventions, propranolol
and FTY720 had positive effects on ischemic
lesion size. But only blockade of the sympathetic
nervous system by propranolol abolished post-
stroke glucose intolerance and reduced post-
ischemic cerebral ceramide deposition. Further
research regarding the mode of local ceramide
deposition in the ischemic brain tissue and the
exact interplay with the stroke-induced hypergly-
cemia is highly warranted.
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