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HIGHLIGHTS

� In a murine model of CA and CPR,

intravenous application of hydrophilic

pravastatin resulted in increased survival

and neurofunctional outcome.

� In contrast, intravenous application

of lipophilic simvastatin did not

improve survival or neurofunction

following CA/CPR.

� Pravastatin, but not simvastatin,

treatment reduced post-resuscitation

pulmonary edema and augmented

pulmonary function.

� In vitro, pravastatin augmented

endothelial cell function, whereas

simvastatin induced endothelial cell

apoptosis.

� This study supports previous requests for

an intravenous formulation of hydrophilic

statins for clinical use.
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ABBR EV I A T I ON S

AND ACRONYMS

CA = cardiac arrest

COX2 = cyclooxygenase-2

CPR = cardiopulmonary

resuscitation

ROSC = return of spontaneous

circulation
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SUMMARY
Cardiac arrest (CA) followed by cardiopulmonary resuscitation (CPR) is associated with high mortality and poor

neurological outcome. We compared the effects of pravastatin and simvastatin on survival and neurofunction in

a murine model of CA/CPR. Pravastatin, a hydrophilic statin, increased survival and neurofunction during a

28-day follow-up period. This therapy was associated with improved pulmonary function, reduced pulmonary

edema, and increased endothelial cell function in vitro. In contrast, lipophilic simvastatin did not modulate

survival but increased pulmonary edema and impaired endothelial cell function. Although pravastatin may

display a therapeutic option for post-CA syndrome, the application of simvastatin may require re-evaluation.

(J Am Coll Cardiol Basic Trans Science 2017;2:149–59) ©2017 TheAuthors. Published by Elsevier on behalf of the

American College of Cardiology Foundation. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
P atient outcome following out-of-hospital
cardiac arrest (CA) is poor. Return of sponta-
neous circulation (ROSC) and hospital admit-

tance is achieved in only 40% to 50% of patients. In
patients who have experienced CA, only 7% to 10%
can be discharged from the hospital (1,2). Although
research and the consequent implementation of
resuscitation guidelines led to some improvement in
patient outcome, neurofunctional deficits have the
highest impact on patients’ quality of life (3–6).
High mortality rates and impaired neurofunction
after cardiac arrest and cardiopulmonary resuscita-
tion (CA/CPR) are ascribed to the occurrence of post-
CA syndrome following ROSC. Post-CA syndrome is
characterized by response to systemic ischemia, fol-
lowed by reperfusion injury after CA/CPR. It consists
of activation of inflammatory signaling cascades,
reactive oxygen species regeneration, changes to-
ward a pro-coagulatory state, attenuation of vascular
reactivity, and impaired organ perfusion (7). The
brain is at particular risk for parenchymal injury
following ischemia and reperfusion due to loss of
vascular autoregulation and its low tolerance for
ischemia (8). Neurological deficit from brain injury,
thus, accounts for two-thirds of mortality and is the
primary obstacle to rehabilitation of patients after
CA/CPR (9).

Statins belong to the most widely prescribed class
of drugs around the world. Their use has extended
from lowering cholesterol levels to preventing
cardiovascular disease in almost any patient over
50 years of age (10). The drug’s success is mainly due
to its pleiotropic effects, that is, those beyond its
lipid-lowering action. The pleiotropic effects of sta-
tins include anti-inflammatory and antioxidant
properties and decrease of vascular dysfunction (11).
As the pleiotropic effects multiplicity address the
major hallmarks of post-resuscitation syndrome
pathophysiology, we aimed to determine whether
application of statins by the time CPR was begun
would alter survival and neurofunctional outcome of
mice following CA.

There are currently 7 statins on the market. They
differ in chemical structure, characteristics, and side
effects (12). Clinical and experimental studies suggest
differences of statins in acid form soluble in water
(i.e., pravastatin, rosuvastatin, pitavastatin, and
fluvastatin) and those in lipophilic lactone form
(i.e., simvastatin, atorvastatin, and lovastatin) (13,14).

We hypothesized that the potential modulation of
survival and neurofunctional outcome after CA/CPR
may differ when a hydrophilic statin such as
pravastatin or a lipophilic statin such as simvastatin is
administered. For the purpose of the study, we used a
previously established mouse model of CA/CPR, using
a modified sewing machine (15). We conducted
potassium-induced CA for 10 min before initiating
CPR and monitored survival and neurofunction for a
period of 28 consecutive days.

METHODS

VERIFICATION OF STATIN DELIVERY AND EFFICACY.

Female C57BL/6J mice (N ¼ 28; 12 to 16 weeks of age;
19 to 22 g) were anesthetized by intraperitoneal in-
jection, and blood was drawn from the inferior caval
vein. Plasma samples were stored at �80�C pending
analysis. After a recovery period of 2 weeks, mice
were randomly assigned to receive daily intravenous
injections of 0.1 ml of 0.5 mg/g pravastatin sodium
hydrate (catalog number P4498, lot number
110M4707V, Sigma-Aldrich Chemie GmbH, Steinheim,
Germany), 0.5 mg/g simvastatin (catalog number
S6196, lot number 101M4743V, Sigma-Aldrich Chemie
GmbH), saline (NaCl 0.9%, batch number 1640023B;
Braun Melsungen AG, Melsungen, Germany), or lipid
emulsion (batch number 16B24N31, ClinOleic 20%,
Baxter Germany GmbH, Unterschleissheim, Germany)
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for 7 days. Injections were performed while the ani-
mals were under inhalative (isoflurane) general
anesthesia by injections into the retro-orbital venous
plexus (16). On day 8, plasma concentrations of
cholesterol and high- and low-density lipoprotein-to-
very-low-density lipoprotein ratios were determined
using enzyme-linked immunosorbent assay (catalog
number EHDL-100, EnzymeChrome, BioAssay
Systems, Hayward, California) and a microplate
reader (Sunrise Remote, Tecan Austria GmbH, Salz-
burg, Austria). Measurements of body weight were
performed daily.
MURINE MODEL OF CA/CPR. All animal procedures
were approved by the governmental ethical board
(LALLF 7221.3-1.1-022/11) in accordance with institu-
tional, national, and European guidelines for the care
and use of laboratory animals. The model of CA/(CPR)
was conducted as described previously (15). A total of
124 female C57BL/6J mice (12 to 16 weeks of age; 19 to
22 g) were anesthetized by intraperitoneal injection of
12 mg/g ketamine and 8 mg/g xylazine and subjected to
oral intubation and mechanical ventilation (0.21
inspired oxygen fraction). A central venous catheter
was inserted into the right jugular vein, blood pres-
sure was monitored noninvasively, and electrocardi-
ography monitoring was initiated. CA was induced by
injection of 80 mg/g potassium chloride, and me-
chanical ventilation was interrupted upon verifica-
tion of CA by electrocardiography. Resuscitation was
initiated following 10 min of CA, ventilation was
resumed (220/min; FiO2 1.0), precordial chest com-
pressions were begun with a frequency of 450/min,
using a modified sewing machine, and 0.4 mg/g
epinephrine was injected. At the beginning of CPR,
mice were subjected to treatment with either 0.5 mg/g
pravastatin sodium hydrate (Sigma-Aldrich Chemie),
0.5 mg/g simvastatin (Sigma-Aldrich Chemie), saline
(NaCl 0.9%, B. Braun Melsungen AG), or lipid emul-
sion (ClinOleic 20%, Baxter Germany GmbH) through
the jugular vein catheter. Following 2 min of CPR,
FiO2 was reduced to 0.6 and returned to baseline
(FiO2 0.4) after 20 min of successful resuscitation.
One h after ROSC, the jugular vein catheter was
removed, wounds were surgically ligated, and mice
were weaned from mechanical ventilation. To pre-
vent dehydration, mice received 0.5 ml of saline
subcutaneously. All mice were weighed on the day of
CPR (day 0, prior to CA/CPR) and on each of the
following 14 days and the day of the end of the
observation period of the study (day 28). Following 10
min of CA, all mice exhibited ROSC following CPR and
epinephrine injection and were successfully weaned
from mechanical ventilation (Supplemental Table 1).
After the central venous catheter was removed,
statins, saline, or lipid emulsion was delivered by
injection into the retroorbital venous plexus (16).

ANALYSIS OF NEUROLOGICAL FUNCTION. Analysis
of neurological function was performed as previously
described (15). The NeuroScore scoring system
including consciousness, corneal reflex, respirations,
righting reflex, coordination, and movement/activity
was used. Within each item, 0, 1, or 2 points were
assigned, resulting in 12 points representing the
maximum score (17,18). Assessment was performed
by an unbiased observer. Using the RotaRod test,
mice were subjected to balancing on a rotating cyl-
inder (12.5 revolutions/min) for 3 attempts of 300 s
(900 s total), and the time until mice fell off the rod
was recorded (19,20). Both the NeuroScore and
RotaRod tests were applied on the day of CA/CPR (day
0, 1 h prior to CA/CPR) and on each of the following
days until day 5 and then on days 7, 14, and 28 after
CA/CPR. We used the water maze test in which mice
were trained daily (twice a day at 8 AM and 6 PM, 5
attempts in each session) beginning on day 5, until
the day before CA/CPR to find a 5 � 5-cm escape
platform located 0.5 cm below the water surface in a
circular tank (60 cm in diameter, 40 cm in height)
filled with water (21). For the investigation of mouse
memory function following CA/CPR, the time
required to find the platform was again measured
when animals were placed at the same starting posi-
tion within the tank. In order to avoid loss of animals
from drowning due to general weakness of catabolic
state, mice underwent the test after CA/CPR only
when they had reached a maximum score in the
NeuroScore; had fulfilled an attempt of 300 s on the
RotaRod; and had stopped losing body weight (day X
following CA/CPR). The test was then performed daily
until day Xþ2. To investigate the capability of new
spatial learning after CA/CPR, we randomly changed
the position of the escape platform on day 10, and the
test was performed for the next 5 days in the same
manner as described above, before CA/CPR.

BLOOD GAS ANALYSIS. An additional set of animals
(n ¼ 7 mice/group that received identical treatment as
described above) was used, and blood was drawn
from the right carotid artery 8 h after resuscitation.
Animals were then sacrificed, and lungs harvested for
histological and molecular biological analysis.

ANALYSIS OF PULMONARY EDEMA AND ALVEOLAR

LEUKOCYTE INFILTRATION. Animals were sacrificed
and lung tissue was fixed in formalin. Following
paraffin-embedding, lung tissue slices were stained
with hematoxylin-eosin. Alveolar septal wall thick-
ness and number of leukocytes were assessed in 10
random high-power fields per mouse using brightfield
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microscopy. For analysis, ImageProPlus version 4.5
software (MediaCybernetics, Rockville, Maryland)
and Prism version 6.0 software (GraphPad, La Jolla,
California) was used.

STATISTICAL ANALYSIS. Statistical analysis was
performed using Sigma Plot 10 (Jandel Corp., San
Rafael, California) and Prism version 6.0 software
(GraphPad), and statistical significance was defined
as a p value of <0.05. Data for Kaplan-Meier survival
analysis were tested using log-rank test and cor-
rected for multiple comparison analysis by using the
Holm-Sidak method. Time of CA was defined as the
start point for survival analysis, and all animals
could be resuscitated and were followed for 28 days
or until death. Results from the water maze test
were analyzed using Kolmogorov-Smirnov test for
normal distribution and Wilcoxon matched-pairs
signed-rank test. For analysis of quantitative data,
Student t test was used for the comparison of 2
groups and ANOVA followed by Bonferroni correc-
tion for multiple comparisons for comparison of 3 or
more groups. A numerical difference in participants
in the water maze test after CA/CPR was evaluated
by chi-square test. Because separate control groups
had to be used due to statin solubility (i.e., saline or
lipid emulsion), statistical comparisons were made
between the control groups only (Supplemental
Methods).

RESULTS

VERIFICATIONOFSTATINDELIVERYANDEFFICACY. After
7 days of intravenous injection, plasma levels of
cholesterol were significantly reduced in pravastatin-
and simvastatin-treated animals, compared to their
baseline values (baseline: 101.8 � 4.19 mg/dl; pra-
vastatin: 89.4 � 2.66 mg/dl; simvastatin: 91.6 � 2.6
mg/dl; p < 0.05) (Supplemental Figures 1A and 1B).
After 4 days (pravastatin treatment) or 3 days (sim-
vastatin treatment) of daily injection, statin-treated
mice showed a significant reduction in relative body
weight compared to that in controls (day 8 saline:
101.5 � 0.25% simvastatin vs. 96.74 � 0.59% pravas-
tatin; lipid emulsion: 100.8 � 0.22% pravastatin vs.
92.38 � 1.5% simvastatin; p < 0.05) (Supplemental
Figures 1C and 1D).

SURVIVAL OF MICE AFTER CA/CPR. Following CA/
CRP, all mice exhibited ROSC and comparable heart
rates, mean arterial blood pressures, and body tem-
peratures (Supplemental Table 1). During the 28-day
observation period of the study, mice subjected to
treatment with pravastatin initiated by the time CPR
was begun showed increased survival compared to
mice treated with saline (54.8% vs. 29.0%,
respectively; p < 0.05) (Figure 1A). In contrast, mice
treated with simvastatin exhibited mortality rates
comparable to those of mice treated with the lipid
emulsion control vehicle (26.7% vs. 29.0%, respec-
tively) (Figure 1B). Among those animals that sur-
vived, pravastatin-treated mice showed a reduction
in loss of body weight beginning on day 2 after CA/
CPR, indicating augmented recovery compared to
that in saline-treated animals. In contrast,
simvastatin-treated mice exhibited a significantly
greater loss of body weight throughout days 9 to 14
compared to lipid emulsion-treated animals
(Figures 1C and 1D).

NEUROFUNCTIONAL OUTCOME AFTER CA/CPR.

Within the first 5 days after CA/CPR, scores of the
level of consciousness, corneal reflex, respiration,
righting reflex, coordination, and level of activity did
not differ among surviving animals of all groups (for
NeuroScore results, see Supplemental Table 2). Motor
function assessed as the time of ability to balance on a
rotating cylinder was severely impaired in all animals
initially after CA/CPR (for Rota Rod test results, see
Supplemental Table 3). Beginning on day 4 after CA/
CPR, however, pravastatin-treated animals exhibited
the ability to balance for a longer period of time on
the rotating rod than their saline-treated counter-
parts, reaching values comparable to those recorded
prior to CA/CPR. In contrast, animals treated with
simvastatin exhibited persistent impairment of motor
function, comparable to animals treated with lipid
emulsion on day 5. For the assessment of memory
and spatial learning ability, mice were trained to find
a rescue platform in a tank filled with milky water
prior to CA/CPR (Table 1, water maze test). During the
training phase, significant shortening of time
required to find the hidden platform was observed in
all mice. Following CA/CPR, all animals required
longer times to again find the hidden platform.
Within 2 days of additional training, mice of all
groups reached the average amount of time needed to
rescue themselves on the platform as needed before
CA/CPR. When the position of the platform was then
altered, animals treated with simvastatin were the
only group unable to again shorten the time needed
to find the platform.

PULMONARY FUNCTION AND EDEMA FORMATION

FOLLOWING CA/CPR. Pravastatin treatment was
associated with reduced interstitial pulmonary
edema formation (Figures 2A and 2B). This was
accompanied by higher arterial oxygen partial pres-
sure (Supplemental Table 4). In contrast, simvastatin
exerted no beneficial effects on either edema forma-
tion or pulmonary function, and histological analysis
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FIGURE 1 Survival and Mouse Body Weight Within 28 Days After CA/CPR

(A) Saline (n ¼ 31) versus pravastatin (n ¼ 31). *p < 0.05. (B) Lipid emulsion (n ¼ 32) versus simvastatin (n ¼ 30). Data analysis was performed

using Kaplan-Meier log-rank survival analysis and pairwise multiple comparison procedures (Holm-Sidak method). (C, D) Body weight during

the course of 28 days after CA/CPR. *#p < 0.05 versus vehicle control group on the same day. Data were analyzed using ANOVA with

Bonferroni correction, mean � SD. CA ¼ cardiac arrest; CPR ¼ cardiopulmonary resuscitation.
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revealed a tendency toward increased pulmonary
leukocyte infiltration in simvastatin-treated mice
(p ¼ 0.053) (Figure 2C).

COX2 PROTEIN EXPRESSION AND ENDOTHELIAL

CELL FUNCTION. Simvastatin-treated mice exhibited
higher levels of cyclooxygenase-2 (COX2) protein
expression in pulmonary tissue 8 h after CA/CPR than
lipid emulsion-treated mice (Figures 3A and 3B).
Similar findings were obtained when pulmonary
endothelial cells were treatedwith simvastatin for 24 h
in vitro (Figure 3C). In contrast, pravastatin had no
effect on COX2 expression in vivo or in vitro. However,
pravastatin augmented endothelial cell function
in vitro, whereas simvastatin had deleterious effects
on in vitro endothelial cell function and viability
(Figures 3D to 3G, Supplemental Figure 2A to 2D).

DISCUSSION

In this study, we aimed to systematically compare the
effects of pravastatin with those of simvastatin and
vehicle control on survival and neurofunctional
outcome of mice following potassium-induced CA/
CPR. The delivery and efficacy of both statins was
verified a priori. For highest translational implication
of results, we administered statins together with
epinephrine by the time CPR was begun (i.e.,
according to a clinical or preclinical scenario of
administering medical aid to patients arriving at the

http://dx.doi.org/10.1016/j.jacbts.2017.01.009


TABLE 1 Water Maze Test

CA/CPR 10min CA/CPR 10min

Saline
(n ¼ 31)

Pravastatin
(n ¼ 31)

Simvastatin
(n ¼ 30)

Lipid Emulsion
(n ¼ 32)

Before CA/CPR

First position of escape platform

First attempt prior to CA/CPR Day 5 Time(s) 14 (7–30) 17 (8–34)

Last attempt prior to CA/CPR Day 1 Time(s) 6 (2–17)* 9 (4–15)*

After CA/CPR

First position of escape platform
(remembrance of position)

First attempt after CA/CPR Day X Time(s) 11 (4–27) 10 (5–18) 14 (9–27) 22 (14–45)

Last attempt after CA/CPR Day Xþ2 Time(s) 7 (4–13) 5 (3–14) 9 (4–14) 8 (4–23)

Alternative position of escape platform
(new spatial learning)

First attempt new position Day 10 Time(s) 18 (10–32) 13 (7–25) 17 (10–35) 18 (15–35)

End of training phase Day 15 Time(s) 8 (4–12)† 5 (3–10)* 13 (5–17) 8 (6–13)*

Participation in the water maze test
after CA/CPR

Participants after CA/CPR n (%) 8 (25.8) 17 (54.8)‡ 9 (30) 9 (28.1)

Earliest day of participation after CA/CPR (day X) 5 (3–8) 3 (2–5)‡ 5 (4–7) 6 (5–8)

Values are median (25th–75th percentiles). *p < 0.05: day 5 versus day 1. †p < 0.05: day 15 versus day 10. ‡p < 0.05 pravastatin versus saline. Data analysis by Wilcoxon
matched-pairs signed-rank test.

CA ¼ cardiac arrest; CPR ¼ cardiopulmonary resuscitation.
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hospital who were experiencing CA). We then chose a
28-day follow-up period of survival and neurofunction
of mice after CA/CPR in order to collect data most
relevant to patient outcome. With this study design,
we showed pravastatin treatment resulted in
increased survival and neurofunctional outcome
compared to that with saline administration. In
contrast, simvastatin did notmodulate either outcome
but was associated with reduced pulmonary function,
increased edema formation, and proinflammatory
changes in murine lungs and endothelial cells.

Differences between the effects of lipophilic versus
hydrophilic statins in the cardiovascular system have
been proposed and studied in experimental models
and clinical trials. In isolated rat hearts, pravastatin
had more pronounced effects on limiting myocardial
infarct size following ischemia than simvastatin (14). In
clinical trials investigating outcome following
myocardial infarction, no differences were observed
when either pravastatin and atorvastatin or treatment
with hydrophilic or lipophilic statins per se were
compared in patients’ outcomes at 1 and 2 years (13,22).
Subgroup analysis of these trials in some cases showed
reduced levels of B-type natriuretic peptide in
pravastatin-treated patients (13,23). In line with these
results, recent meta-analysis of clinical trials of
drug class effects of statins in patients with heart
failure identified superiority of hydrophilic statins
in all-cause and cardiovascular mortality and
hospitalization fromworsening heart failure compared
to rosuvastatin therapy (24). Clinical trials assessing
the modulatory capacity of arrhythmia occurrence
again revealed conflicting results (25–27). In animal
models, lipophilic statins mostly reduced arrhythmia
occurrence, which was correlated with the ability
of lipophilic statins to cross and modulate the
composition of the plasma membrane in the myocar-
dium (28–30). Similar conclusions were drawn in a
recent study regarding the ability of statins to modu-
late membrane ion channel composition and exert
anti-inflammatory effects in monocytes (31). In this
regard, it was shown that the ability of pravastatin, as a
hydrophilic statin, to exert neuroprotective effects
following cerebral ischemia depended on increased
blood-brain barrier permeability (32). In the patho-
physiology of post-CA syndrome, post-CA brain injury
is a key component closely linked to survival (7). In our
study, pravastatin but not simvastatinmodulated both
survival and neurofunction following CA/CPR.
Pravastatin-treated animals showed improved balance
and motor coordination and a tendency toward an
increased ability of new spatial learning compared to
control-treated animals. Thisfinding is in linewith that
in previous reports of hydrophilic statins exerting
neuroprotection in the context of cerebral ischemia
(32,33). Although the neuroprotective effects of pra-
vastatin may be pleiotropic and independent of
modulating cholesterol levels, increased accessibility
of the plasma membrane to lipophilic statins may
induce modulation of its cholesterol content (34). The



FIGURE 2 Effects of Pravastatin and Simvastatin on Pulmonary Edema 8 h After CA/CPR

(A) Hematoxylin-eosin staining of murine lungs. Scale bar: 100 mm; magnification �40. (B) Quantitative summary of alveolar septal thickness

and (C) alveolar leukocyte infiltration. Data are time-fold change versus nonresuscitated control animals. *p < 0.05 pravastatin versus saline

(n ¼ 5 to 8 mice/group). Data are mean � SD, analyzed by Student t test. Abbreviations as in Figure 1.
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brain is particularly rich in cholesterol and low
cholesterol content of neuronal cells is associated with
severe neurological impairment and cognitive
dysfunction (35). In patients, there is profound evi-
dence for simvastatin to affect cognitive function
(36,37), and investigators have warned regarding
the prescription of lipophilic statins to patients with
pre-existing neurological pathology (38). CA/CPR-
induced hypoxic brain injury and cholesterol-
lowering action by lipophilic statins may be
particularly harmful in this scenario. Indeed, it has
been shown that neurotoxic effects of simvastatin in
models of cognitive dysfunction could be rescued by
the application of cholesterol synthesis intermediates
(39). However, we can only speculate about the actual
brain injury as we refrained from systematic histolog-
ical investigation or correlation of neurofunction with
surrogate parameters of cerebral tissue injury. Instead,
we performed a comprehensive 28-day observation
period of survival, recovery, and neurofunctional



FIGURE 3 Effects of Pravastatin and Simvastatin on COX2 Expression In Vivo and In Vitro and Endothelial Cell Function In Vitro

(A) Quantitative summary of COX2 protein detection by Western blotting in murine lungs 8 h after CA/CPR (n ¼ 7 mice/group). **p < 0.01,

simvastatin versus lipid emulsion. Data are mean � SD, analyzed by Student’s t-test. (B) Representative Western blot detecting COX2 protein

in murine pulmonary tissue homogenates 8 h after CA/CPR. (C) COX2 expression in human pulmonary microvascular endothelial cells

following 24 h of TNF-alpha (10 ng/ml), pravastatin or simvastatin treatment (25 mg/ml, respectively). **p ¼ 0.0023 versus control;

***p < 0.0001 versus control; ANOVA/Bonferroni. (D) Scratch wound assay. Pictures were taken following 8 h of statin exposure. (E, F)

Quantitative summary of n ¼ 6 independent experiments using pravastatin or simvastatin. *p ¼ 0.0125 and ***p ¼ 0.0001 versus saline,

ANOVA/Bonferroni (E); *p ¼ 0.0111 and ***p ¼ 0.001 versus DMSO, and ##p ¼ 0.0019 versus 25 mg/ml simvastatin (F). (G) Representative

histograms acquired by flow cytometry show annexin-V- or propidium iodide-positive cells. Solid color ¼ vehicle; light green or orange ¼
25 mg/ml statin; yellow line ¼ 50 mg/ml statin. COX2 ¼ cyclooxygenase-2; DMSO ¼ dimethyl sulfoxide; other abbreviations as in Figure 1.
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outcome of all animals studied to gain results most
closely related to clinical outcome measurements.

Characterization of the primary cause of death in
the murine model of CA/CPR used in this study has
been performed previously. Poor neurological
outcome correlated with signs of hypoxic brain
damage detected by nuclear magnetic resonance
imaging 5 days after CA/CPR. In addition, pulmonary
edema in mice was frequently encountered after CA/
CPR (15). Here, pravastatin treatment was associated
with faster recovery of pulmonary function and
reduced pulmonary edema. In contrast, simvastatin
treatment correlated with increased edema formation
and signs of pro-inflammatory changes in murine



PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE: Outcome and

survival following CA/CPR is poor. Statins exert pleiotropic

effects with protective actions in the cardiovascular system and

may prove beneficial in the treatment of post-CA syndrome.

However, the efficacy and safety of different statins may

vary based on their chemical structure and properties (i.e.,

lipophilicity vs. hydrophilicity).

TRANSLATIONAL OUTLOOK 1: Pravastatin could serve as a

potent pleiotropic agent modulating survival and neurofunctional

outcome after cardiac CA/CPR, warranting a formulation for

intravenous application of the drug.

TRANSLATIONAL OUTLOOK 2: The use of simvastatin in

patients with pre-existing neurological disorders or in the

context of cerebral ischemia and reperfusion injury may require

reconsideration.
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pulmonary tissue 8 h after CA/CPR. Ischemia and
reperfusion, which occurs during CA/CPR, induced
proinflammatory changes in immune and endothelial
cells, resulting in vascular damage. In the lung, this
results in increased pulmonary vascular resistance,
the most crucial contributor to pulmonary edema
formation and impairment of gas exchange (40). Anti-
inflammatory characteristics that can contribute to
containment of vascular damage are considered a
crucial component of the pleiotropic effects of sta-
tins. Inhibition of inflammatory mediators such as
rho-kinases and COX2 have been reported (41). Here
we found simvastatin induced COX2 expression.
In vitro, simvastatin strongly impaired endothelial
cell function, most likely by inducing endothelial cell
death. Although our findings strongly contradict the
notion that simvastatin protects and augments
endothelial cell function (42), our findings agree with
those of scattered reports of simvastatin exerting a
proinflammatory rather than anti-inflammatory ef-
fects compared to other, primarily water soluble sta-
tins (43,44); simvastatin inducing maladaptive
changes in endothelial cells and other cell types
(45,46); and simvastatin inducing rather than
reducing COX2 expression (47). An increased
expression of COX2 induced by simvastatin may have
potentially contributed not only to pulmonary com-
plications following CA/CPR but also to ischemic
brain injury following asphyxial CA (48,49).

This study aimed to systematically compare the
effects of a hydrophilic and a lipophilic statin (pra-
vastatin and simvastatin, respectively) on survival
and neurofunctional outcome in a murine model of
CA/CPR. Pravastatin and simvastatin were used in
only 1 dose (0.5 mg/g), which is a limitation to the
study. Statins were administered together with
epinephrine, which was injected by the time CPR was
begun. Because several min may pass until intrave-
nous access is established in patients experiencing
out-of-hospital CA, future studies may need to iden-
tify how long after the beginning of CPR administra-
tion of pravastatin can exert beneficial effects on
outcome. In addition, the value of pre-treatment of
patients at risk for CA with pravastatin may be worth
investigating. This study lacks crucial insights into
the mechanistic actions of both of the statins and can
thus only speculate about drug class effects of
lipophilic versus hydrophilic statins. However, the
observed effects of pravastatin to lower mortality and
improve neurofunction allowed us to support previ-
ous requests for intravenous statin formulations
for use in the context of CA/CPR and a variety of
intensive care settings (50). In contrast, side effects of
simvastatin as a lipophilic statin may be under-
estimated and may require re-evaluation in patients
with chronic or acute cerebral pathology.
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