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Abstract: Aneurysmal subarachnoid hemorrhage (SAH) has the highest morbidity and
mortality rates of all types of stroke. Many aneurysmal SAH patients continue to suffer
from significant neurological morbidity and mortality directly related to delayed cerebral
ischemia. Pilot clinical studies of the use of Hydroxymethylglutaryl-CoA Reductase
Inhibitors (statins) in aneurysmal SAH patients have reported a reduction in delayed
cerebral ischemia and better clinical outcomes. We review the biochemical effects of
statins on endothelium vascular function, glutamate-mediated neurotoxicity, inflammatory
changes, and oxidative injuries, with reference to their possible neuroprotective effects in
aneurysmal SAH.
Keywords: aneurysm; hydroxymethylglutaryl-CoA reductase inhibitors; neuroprotective
agent; subarachnoid hemorrhage

Background
Aneurysmal subarachnoid hemorrhage and delayed cerebral ischemic deficits
Subarachnoid hemorrhage (SAH) from a ruptured intracranial aneurysm is a devastating subtype of
cerebral stroke that affects all ages. Although accounting for only 3% of all strokes, SAH has a
disproportional influence (25%) on loss of productive life from stroke conditions, as it affects the
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working population (peak occurrence at 40 to 60 years) [1,2]. Aneurysmal subarachnoid hemorrhage
affects about 6–23 out of 100,000 adults annually. Despite advances in procedures to remove the
offending aneurysm and the attendant risk of rebleeding, high rates of death and disability still occur,
and are particularly prevalent when delayed cerebral ischemic deficits (DID) result in cerebral
infarction. Up to half of all surviving patients develop focal or cognitive deficits, an important cause of
which is DID [3,4]. DID typically develop between three to six days after initial hemorrhage [5], and
there is potential to intervene before deterioration. The positive results of a phase III clinical trial of the
use of the selective calcium antagonist nimodipine for neuroprotection in SAH patients is the only
current example in this area of stroke treatment [6]. However, the effect was only modest, and the
search for other neuroprotective agents remains an important focus in this field.
Cerebral vasospasm plays an important role in many cases developing DID. Ferrous hemoglobin
released from subarachnoid clots leads to cerebral vasospasm by various mechanisms, including
neuronal apoptosis, scavenging or decreased production of nitric oxide, increased endothelin 1 levels,
direct oxidative stress in smooth muscle cells, free radical production and lipid peroxidation of cell
membranes, modification of potassium and calcium channels, and differential up-regulation of genes
[3]. An increase in endothelin I levels with decreased production of nitric oxide leads to raised
cerebrovascular tone and vasospasm [7,8]. Oxidative stress activates myosin light chain kinase through
protein kinase C and Rho kinase, leading to cerebral vessel smooth muscle wall contraction [9].
Prevention of cerebral artery vasospasm is thus the target of modern drug therapy to address the
pathophysiological processes of impaired cerebral blood flow and secondary brain injury.
Microcirculation vasospasm has been proposed as another important etiology for DID, resulting from
increased calcium influx and suppression of voltage-dependent potassium channel current [10]. Other
newly proposed contributing factors include early brain injury (blood-brain barrier disruption and
delayed neuronal apoptosis) resulting from initial hemorrhage and cortical spreading depression
leading to delayed infarcts [11,12]. Recently, a double hit model of DID proposed that acutely
triggered microvascular spasm in response to spreading depolarization and background cerebral
vasospasm were the culprit of DID (Figure 1) [3].
Statins (hydroxymethylglutaryl-CoA reductase inhibitors)
Statins, or 3-hydroxy-3-methylglutaryl co-enzyme A (HMG-CoA) reductase inhibitors, act by
blocking the production of L-mevalonate, an intermediary product of cholesterol synthesis. Although
all statins act through the same mechanism, they are divided into two categories based in their origin:
the fungus-derived lovastatin, simvastatin, and pravastatin; and the synthetic atorvastatin, fluvastatin,
and rosuvastatin (Figure 2) [13]. Statins are mostly taken up by the liver, but the remaining molecules
bind with a high affinity to plasma protein. Statins have some side effects, such as gastrointestinal
symptoms, muscle ache, hepatotoxicity (increase in serum amino transaminase levels in less than 1%
of patients at a high dosage), myopathy, rash, peripheral neuropathy, insomnia, unusual dreams, and
concentration problems. Myopathy, although rare, can lead to rhabdomyolysis and renal failure [13].
Almost all brain cholesterol is a product of local synthesis: 70% is associated with myelin and the rest
is associated with the plasma membranes of astrocytes and neurons [14]. Brain cholesterol has an
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extremely long half-life. In the adult human brain, the half-life of the bulk of cholesterol is estimated to
be at least five years [15].
Figure 1. Pathophysiological mechanisms of delayed cerebral ischemia.

Figure 2. Chemical structures of 3-hydroxy-3-methylglutaryl co-enzyme A (HMG-CoA)
reductase inhibitors (statins).
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Animal experiments and human data have shown that the lipophilic statins lovastatin and
simvastatin are capable of crossing the normal blood-brain barrier [16]. In addition, during the initial
days after aneurysmal subarachnoid hemorrhage, experimental models had showed evidence of bloodbrain barrier disruption, which could facilitate cerebral distribution of statins [17]. According to the
data collected so far, there is no difference in the neuroprotective effects of lipophilic and lipophobic
statins [14]. For neuroprotective effects, statins may act on the vessel wall or directly on neurons
(Figure 3).
Figure 3. Sites of statins’ neuroprotective actions. RBC: red blood cells.

Ongoing multi-center clinical trials of the use of simvastatin for aneurysmal subarachnoid
hemorrhage
Although some phase I/II pilot studies have suggested that the prophylactic administration of statins
to patients with acute aneurysmal subarachnoid hemorrhage may reduce delayed cerebral ischemia and
improve clinical outcomes, current systemic reviews and meta-analyses lack the statistical power to

Pharmaceuticals 2010, 3

3190

support the routine application of statins in patients with aneurysmal subarachnoid hemorrhage
[18,19]. Two ongoing multi-center and one single-center randomized controlled clinical trials have
been initiated to investigate the effects of simvastatin in patients with aneurysmal subarachnoid
hemorrhage.
The Simvastatin for Aneurysmal Subarachnoid Haemorrhage (STASH) is a multi-center trial led by
the Cambridge Group (NCT00731627). The study is sponsored by the Cambridge University Hospitals
NHS Foundation Trust and the British Heart Foundation. Based on previous positive results from
phase II of the trial [20,21], the researchers hypothesize that 40 mg of simvastatin administered within
96 hours of ictus over three weeks will reduce the incidence and duration of delayed ischemic deficits
following subarachnoid hemorrhage compared with a placebo, leading to improvements in both the
short term (i.e., a reduced need for intensive care) and the long term (six-month clinical outcome). The
target sample size is 1,600 and the estimated primary completion date is June 2011.
The High-dose Simvastatin for Aneurysm Subarachnoid Haemorrhage (HDS-SAH) is a multicenter trial being conducted in Hong Kong and led by the Chinese University of Hong Kong Group
(NCT01077206). The hypothesis is that a daily 80 mg (high dose) simvastatin treatment given within
96 hours of ictus over three weeks will reduce the incidence and duration of DID following
subarachnoid hemorrhage compared with a daily 40mg (normal dose) simvastatin treatment, leading to
improvements in clinical outcome at three months and associated advantages in terms of cost
effectiveness. The target sample size is 240 and the estimated primary completion date is March 2013.
Simvastatin and Cerebral Blood Flow in Subarachnoid Hemorrhage is a single-center study run by
the Washington University School of Medicine (NCT00795288). The primary objective is to
investigate the effects of statin therapy on cerebral blood flow, autoregulation, cerebral oxygen
extraction, and cerebral metabolism in patients with aneurysmal subarachnoid hemorrhage who are
randomized to receive or not receive a daily 80 mg dose of simvastatin for 21 days in a blinded design.
Objective of this Review
The objective of this review is to assess the current understanding of the biochemical effects of the
experimental application of statins in spontaneous subarachnoid hemorrhage and whether the
experimental models demonstrate that statins have a neuroprotective effect.
Search Methodology
A PubMed Search (from inception to May 31st, 2010) using the keywords HydroxymethylglutarylCoA Reductase Inhibitors/pharmacology*[MH] AND Neuroprotective Agents/pharmacology*[MH]
yielded 55 articles. They were reviewed together with the abstracts of related citations and other
references selected for their relevance to the biochemical basis of neuroprotection in aneurysmal
subarachnoid hemorrhage. These articles formed the materials for the current review.
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Biochemical Basis of Neuroprotection in Aneurysmal Subarachnoid Hemorrhage and Cerebral
Vasospasm
Decrease in cerebral blood flow reduction and brain injury during cerebral artery occlusion
The ischemic effects of cerebral vasospasm can be simulated using models of cerebral artery
occlusion. Endres and others concluded that chronic statin administration reduced infarct size in rats
and mice after transient middle cerebral artery occlusion, with correspondingly fewer behavioral
deficits [22]. The effect was confirmed with five statins and was dose dependent, indicating a class
effect. The acute administration of statins also conferred similar protection in an experimental model
[23]. The underlying relative increase in cerebral blood flow was probably due to the cholesterolindependent pleiotropic action of statins [24]. The most likely mechanism was an increase in the
amount and activity of endothelin-derived nitric oxide synthase (eNOS) by inhibition of Rho GTPase
(lengthening the half-life of eNOS mRNA) and the activation of protein kinase B, respectively [25-27].
eNOS converts the guanidine nitrogen of the semi-essential amino acid L-arginine to nitric oxide (NO)
[28]. Vascular ·NO improves cerebral circulation by vasodilation, and this effect may be augmented by
a reduction in vasoconstrictive peptide endothelin-1 [29,30] and asymmetric demethylarginine (a
circulating endogenous competitive inhibitor of NO synthase) [31]. Experimental data also support the
protective effect of statins against hypoxic-ischemic neuronal injury. In rat ischemic injury models,
simvastatin was shown to reduce nerve fiber degeneration and attenuate endoplasmic reticulum stress
response [32,33]. Statins were also shown to increase hypoxic tolerance and reduce ischemic neuronal
damage in the hippocampus of mice [34,35]. In primary cortical neuronal culture, simvastatin
markedly decreased oxygen and glucose deprivation/reoxygenation-evoked neuronal death [36].
Anti-inflammatory effects
Inflammation is thought to play an important role in delayed cerebral ischemia [3]. C-reactive
protein is a protein found in blood and synthesized by liver in response to inflammation and factors
released by adipocytes. High sensitivity C-reactive protein (hs-CRP) was documented in large
epidemiological study as an indicator of inflammation and associated with poor cardiovascular
outcome, independent of other cardiovascular factors [37]. Emerging evidence showed that hs-CRP
was not only a marker but also involved in the inflammatory process through CRP-induced
complement activation, CRP-dependent monocyte recruitment into arterial wall, CRP-induced
production of tissue factor in monocytes, CRP-blunting of endothelial vasoreactivity, CRP-induced
production of cell adhesion molecules and endothelin-1, and CRP-triggered oxidation of LDL
cholesterol [38]. The anti-inflammatory effects of statins were supported in a human triple crossover
trial of pravastatin, simvastatin, and atorvastatin therapy [39]. Among all arms, hs-CRP concentrations
were significantly reduced by 20-28%, indicating another class effect of statins. These findings concur
with those of two similar studies with pravastatin and simvastatin [40,41]. The high-sensitive Creactive protein concentration reduction was also dose dependent [42,43]. One plausible site of antiinflammatory action was through inhibition of cellular cholesterol synthesis and increase in low
density lipoprotein receptor activity in monocyte-derived macrophage in the microcirculation [44].
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Statins decreased CD11b expression and the CD11B-dependent adhesion of monocytes to the
endothelium and reduced the adhesiveness of monocytes isolated from patients with
hypercholesterolemia [45]. Indirect evidence also suggests that statins may also reduce ischemic
neuronal damage [46]. A similar effect was observed in leukocyte-endothelial cell adhesion in a rat
model [47] and in neutrophil-endothelial adhesion in the coronary endothelium [48]. These effects on
endothelial adhesions are postulated to protect against cerebral ischemia and reperfusion [49].
Atorvastatin reduced proinflammatory mediators such as inducible nitric oxide synthase and
interleukin-4 in rat brain models [50,51]. Simvastatin also reduced the cortical induction of interleukin1β and tumor necrosis factor-α in a rat stroke model [52]. These results indicate that statins are
associated with anti-inflammatory effects in ischemic brain injury similar to that which occurs during
delayed cerebral ischemia after aneurysmal subarachnoid hemorrhage.
Anti-oxidant effects
Oxidative injury appears to be an important pathophysiology in cerebrovascular diseases [53]. The
generation of free radicals causes neuronal and endothelial damage through the induction of lipid
peroxidation, protein oxidation, and direct damage to nucleic acids [54]. In general, statins have been
shown to reduce low-density lipoprotein oxidation [55,56]. Oxidation inhibition was dose dependent in
an in vitro model of the hydroxyl metabolites of atrovastatin [57]. LDL oxidation by either copper
ions, by the free radical system, and by macrophage-like cell line was substantially inhibited
(57–97%), in a concentration-dependent manner, by pharmacological concentrations of the o-hydroxy
and the p-hydroxy metabolites of atorvastatin. Similar inhibitory effects (37–96%) of the above
metabolites were obtained for the susceptibility of VLDL and HDL to oxidation. Simvastatin was
shown to increase α-tocopherol and result in a decrease in free-radical-mediated damage and lipid
perioxidation in a 47-patient study [58] and an inhibition of low-density lipoprotein oxidation in a
human monocyte-derived macrophage experimental model [59]. Statins were also shown to inhibit
Rac-1-mediated NADH oxidase activity and reduce the production of reactive oxygen species in a
normo-cholesterolemic, spontaneously hypertensive rat model [60].
Anti-platelet effects
A recent clinical study suggested that delayed cerebral infarction may occur in 51% of patients after
aneurysmal subarachnoid hemorrhage and may not be associated with cerebral vasospasm, which
suggests a small vessel level pathology [61]. Statins are known to reduce platelet activity [62], platelet
response to thrombin [63], platelet activation [64], and platelet deposition on eroded stenotic vessel
walls [65]. However, whether these mechanisms are beneficial in an aneurysmal subarachnoid
hemorrhage model is currently unknown.
Anti-excitotoxicity
Excitotoxicity caused by the overstimulation of the glutamate receptors is a major cause of neuronal
death after an ischemic brain insult. In experiments using embryonic mouse neocortical cultures,
treatment with statins preserved NMDA receptor-expressed cortical neurons and substantially reduced
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lactate dehydrogenase release caused by exposure to NMDA [66]. Neuroprotection by rosuvastatin
was coincident with a decrease in cell sterols and occurred with a similar potency as inhibition of
cholesterol biosynthesis. The link of cholesterol biosynthesis to anti-excitotoxicity was supported by
the attenuation of neuroprotection by mevalonate or cholesterol and the similar neuroprotection
achieved by the cholesterol extracting agent β-cyclodextrin. In another experiment with embryonic rat
neocortical culture, atorvastatin significantly protected against glutamate-induced excitotoxicity as
evidenced by propidium iodine staining, nuclear morphology, lactate dehydrogenase release, and
mitochondrial tetrazolium metabolism [67]. Atorvastatin attenuated the glutamate-induced increase of
intracellular calcium, which was associated with the modulation of NMDA receptor function. This
mechanism may be important in counteracting the damaging effects of early brain injury and
secondary insults.
Other neuroprotective mechanisms
Chronic poor cognitive function is common after aneurysmal subarachnoid hemorrhage [68]. In a
population-based cohort study, statin consumption was associated with a reduced risk of cognitive
impairment and dementia [69]. In a rat experiment after traumatic brain injury, statins increased
neurogenesis, reduced neuronal death, and improved recovery in terms of spatial learning [70]. In
another rat experimental model, atorvastatin ameliorated cerebral vasospasm and early brain injury
after subarachnoid hemorrhage and inhibited capase-dependent apoptosis pathway [71]. It would be of
interest to determine whether these protective effects can be translated to aneurysmal subarachnoid
hemorrhage patients.
Limitations of clinical translation of experimental data
Despite the supporting experimental data for the neuroprotective effects of statins in aneurysmal
subarachnoid hemorrhage, translation to clinical efficacy may not apply. The NXY-059 SAINT Trials
for acute ischemic stroke patients are examples. The nitrone radical trapping agent disodium 2,4disulfophenyl-N-tert-butylnitrone (NXY-059) has been shown to be an effective neuroprotective agent
in both transient (reperfusion) and permanent focal ischemia models in rats. In both type of models,
NXY-059 has a large window of opportunity, providing effective neuroprotection when given up to
five hours after the start of the occlusion in transient ischemia and four hours after the start of
permanent ischemia [72]. NXY-059 is also effective in marmoset permanent ischemia model in a
corresponding well-tolerated plasma levels in stroke patients [73]. Although the initial SAINT I
(Stroke-Acute Ischemic NXY Treatment) Trial suggested possible benefit in reducing disability when
given within six hours after the onset of acute ischemic stroke [74], the subsequent SAINT II Trial and
pooled analysis concluded that NXY-059 was ineffective for the treatment of acute ischemic stroke
within six hours after the onset of symptoms [75,76]. NXY-59 was also ineffective on subgroup
analyses based on time interval from stroke onset to onset of treatment, use or nonuse of recombinant
tissue-type plasminogen activator, and NIHSS score at baseline [76]. This discrepancy is not
uncommon and efficacy of new agents such as statins should be assessed by randomized controlled
clinical trials with relevant clinical outcomes and proof-of-concept surrogate outcomes.
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Conclusions
Experimental data showed neuroprotective effects of statins, which might be clinically relevant to
delayed cerebral ischemia and brain injury after aneurysmal subarachnoid hemorrhage. These include a
decrease in cerebral blood flow reduction, anti-inflammatory effects, anti-oxidant effects, anti-platelet
effects, anti-excitotoxicity, and the enhancement of recovery. The data suggest that current clinical
trials of the use of statins to treat aneurysmal subarachnoid hemorrhage should continue.
Acknowledgements
The authors are grateful for the support of the Health and Health Services Research Fund of Hong
Kong (Ref. No.: 07080401).
References and Notes
1.

Macdonald, R.L.; Pluta, R.M.; Zhang, J.H. Cerebral vasospasm after subarachnoid hemorrhage:
The emerging revolution. Nat. Clin. Pract. Neurol. 2007, 3, 256-263.
2. Wong G.K.; Ng, R.Y.; Poon, W.S. Aneurysmal subarachnoid hemorrhage. Surg. Pract. 2008, 12,
51-55.
3. Pluta, R.M.; Hansen-Schwartz, J.; Drier, J.: Vajkoczy, P.; Macdonald, R.L.; Nishizawa, S.;
Kasuya, H.; Wellman, G.; Keller, E.; Zauner, A.; Dorsch, N.; Clark, J; Ono, S.; Kiris, T.; LeRoux,
P.; Zhang, J.H. Cerebral vasospasm following subarachnoid hemorrhage: Time for a new world of
thought. Neurol. Res. 2009, 31, 151-158.
4. Wong, G.K.; Wong, R.; Mok, V.C.; Fan, D.S.; Leung, G.; Wong, A.; Chan, A.S.; Zhu, C.X.;
Poon, W.S. Clinical study on cognitive dysfunction after spontaneous subarachnoid haemorrhage:
Patient profiles and relationship to cholinergic dysfunction. Acta Neurochir. (Wien) 2009, 151,
1601-1607.
5. Weir, B.; Grace, M.; Hansen, J.; Rothberg, C. Time course of vasospasm in man. J. Neurosurg.
1978, 48, 173-178.
6. Pickard, J.D.; Murray, G.D.; Illingworth, R.; Shaw, M.D.; Teasdale, G.M.; Foy, P.M.; Humphrey,
P.R.; Lang, D.A.; Nelson, R.; Richard, P. Effect of oral nimodipine on cerebral infraction and
outcome after subarachnoid haemorrhage: British aneurysm nimodipine trial. Brit. Med. J. 1989,
11, 636-642.
7. Pluta, R. Delayed cerebral ischemia and nitric oxide: Review, new hypothesis, and proposed
treatment. Pharmacol. Ther. 2005, 105, 23-56.
8. Alabadi, J.A.; Salom, J.; Torregrosa, G.; Miranda, F.J.; Jover, T.; Alborch, E. Changes in the
cerebrovascular effects of endothelin-1 and nicardipine after experimental subarachnoid
hemorrhage. Neurosurgery 1993, 33, 707-714.
9. Nishizawa, S.; Laher, I. Signaling mechanisms in cerebral vasospasm. Trends Cardiovasc. Med.
2005, 15, 24-34.
10. Ishiguro, M.; Wellman, T.L.; Honda, A.; Russell, S.R.; Tranmer, B.I.; Wellman, G.C. Emergence
of R-type Ca2+ channel (CaV 2.3) contributes to cerebral artery constriction after subarachnoid
hemorrhage. Circ. Res. 2005, 96, 419-426.

Pharmaceuticals 2010, 3

3195

11. Kusaka, G.; Ishikawa, M.; Nanda, A.; Granger, D.N.; Zhang, J.H. Signaling pathways for early
brain injury after subarachnoid hemorrhage. J. Cereb. Blood Flow Metab. 2004, 24, 916-925.
12. Dreier, J.P.; Major, S.; Manning, A.; Woitzik, J.; Drenckhahn,c.; Steinbrink, J.; Tolias, C.;
Oliveira-Ferreira, A.I.; Fabricius, M.; Hartings, J.A.; Vajkoczy, P.; Lauritzen, M.; Dirnagl, U.;
Bohner, G.; Strong, A.J.; COSBID study group. Cortical spreading ischaemia is a novel process
involved in ischaemic damage in patients with aneurysmal subarachnoid haemorrhage. Brain
2009, 132, 1866-1881.
13. van der Most, P.J.; Dolga, A.M.; Nijholt, I.M.; Luiten, P.G.; Eisel, U.L. Statins: Mechanisms of
neuroprotection. Prog. Neurobiol. 2009, 88, 64-75.
14. Bjorkhem, I.; Meaney, S. Brain cholesterol: Long secret life behind a barrier. Arterioscler.
Thromb. Vasc. Biol. 2004, 24, 806-815.
15. Bjorkhem, I.; Lutjohann, D.; Diczfalusy, U.; Stahle, L.; Ahlborg, G.; Wahren, J. Cholesterol
homeostasis in human brain: Turnover of 24S-hydroxycholesterol and evidence for a cerebral
origin of most of this oxysterol in the circulation. J. Lipid Res. 1998, 39, 1594-1600.
16. Saheki, A.; Terasaki, T.; Tamai, I.; Tsuji, A. In vivo and in vitro blood-brain barrier transport of 3hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reductase inhibitors. Pharm. Res. 1994, 11,
305-311.
17. Suzuki, H.; Hasegawa, Y.; Kanamaru, K.; Zhang, J.H. Mechanisms of osteopontin-induced
stabilization of blood-brain barrier disruption after subarachnoid hemorrhage in rats. Stroke 2010,
41, 1783-1790.
18. Vergouwen, M.D.; de Haan, R.J.; Vermeulen, M.; Roos, Y.B. Effect of statin treatment on
vasospasm, delayed cerebral ischemia, and functional outcome in patients with aneurysmal
subarachnoid hemorrhage: a systemic review and meta-analysis update. Stroke 2010, 41, e47-e52.
19. Kramer, A.H.; Fletcher, J.J. Statins in the management of patients with aneurysmal subarachnoid
hemorrhage: A systemic review and meta-analysis. Neurocritical. Care 2010, 12, 285-296.
20. Tseng, M.Y.; Czosnyka, M.; Richards, H.; Pickard, J.D.; Kirkpatrick, P.J. Effects of acute
treatment with pravastatin on cerebral vasospasm, autoregulation, and delayed ischemic deficits
after aneurysmal subarachnoid hemorrhage: A phase II randomised placebo-controlled trial.
Stroke 2005, 36, 1627-1632.
21. Tseng, M.Y.; Hutchison, P.J.; Czosnyka, M.; Richards, H.; Pickard, J.D.; Kirkpatrick, P.J. Effects
of acute pravastatin on intensity of rescue therapy, length of inpatient stay and 6-month outcome
in patients after subarachnoid haemorrhage. Stroke 2007, 38, 1545-1550.
22. Endres, M.; Laufs, U.; Liao, J.K.; Moskowitz, M.D. Targeting eNOS for stroke protection. Trends
Neurosci. 2004, 27, 283-289.
23. Sironi, L.; Cimino, M.; Guerrini, U.; Calvio, A.M.; Lodetti, B.; Asdente, M.; Balduini, W.;
Paoletti, R.; Tremoli, E. Treatment with statins after induction of focal ischemia in rats reduced
the extent of brain damage. Arterioscler. Thromb. Vasc. Biol. 2003, 23, 322-327.
24. Endres, M.; Laufs, U.; Huang, Z.; Nakamura, P.; Moskowitz, M.A.; Liao, J.K. Stroke protection
by 3-hydroxyl-3-methylglutaryl (HMG)-CoA reductase inhibitors mediated by endothelial nitric
oxide synthase. Proc. Natl. Acad. Sci. USA 1998, 95, 8880-8885.
25. Calabro, P.; Yeh, E.T. The pleotropic effects of statins. Curr. Opin. Cardiol. 2005, 20, 541-546.
26. Rikitake, Y.; Liao, J.K. Rho GTPase, statins, and nitric oxide. Circ. Res. 2005, 97, 1232-1235.

Pharmaceuticals 2010, 3

3196

27. Kureishi, Y.; Luo, Z.; Shiojima, I.; Bialik, A.; Fulton, D.; Lefer, D.J.; Sessa, W.C.; Walsh, K. The
HMG-CoA reductase inhibitor simvastatin activates the protein kinase Akt and promotes
angiogenesis in normocholesterolemic animals. Nat. Med. 2000, 6, 1004-1010.
28. Amarenco, P.; Moskowitz, M.A. The dynamics of statins: From event prevention to
neuroprotection. Stroke 2006, 37, 294-296.
29. Hernandez-Perera, O.; Perez-Sala, D; Navarro-Antolin, J.; Sanchez-Pascuala, R.; Hernandez, G.;
Diaz, C.; Lamas, S. Effects of the 3-hydroxy-3-methylglutaryl-CoA reductase inhibitors,
atorstatin and simvastatin, on the expression of endothelin-1 and endothelial nitric oxide
synthetase in vascular endothelial cells. J. Clin. Invest. 1998, 101, 2711-2719.
30. Morikawa, S.; Takabe, W.; Mataki, C.; Kanke, T.; Itoh, T.; Wada, Y.; Izumi, A.; Saito, Y.;
Hamakubo, T.; Kodama, T. The effect of statins in mRNA levels of genes related to
inflammation, coagulation, and vascular constriction in human umbilical vein endothelial cells.
Atheroscler. Thromb. 2002, 9, 178-183.
31. Tanaka, N.; Katayama, Y.; Katsumata, T.; Otori, T.; Nishiyama, Y. Effects of long-term
administration of HMG-CoA reductase inhibitor, atorvastatin, on stroke events and local cerebral
blood flow in stroke-prone spontaneous hypertensive rats. Brain Res. 2007, 1169, 125-132.
32. Gholami, M.R.; Abolhassani, F.; Pasbakhsh, P.; Akbari, M.; Sobhani, A.; Eshraghian, M.R.;
Kamalian, N.; Amoli, F.A.; Dehpoor, A.R.; Sohrabi, D. The effects of simvastatin on ischemicreperfusion injury of sciatic nerve in adult rats. Eur. J. Pharmacol. 2008, 590, 111-114.
33. Urban, P.; Pavlikova, M.; Sivonova, M.; Kaplan, P.; Tatarkova, Z.; Kaminska, B.; Lehotsky, J.
Molecular analysis of endoplasmic reticulum stress response after global forebrain
ischemia/reperfusion in rats: Effect of neuroprotectant simvastatin. Cell Mol. Neurobiol. 2009, 29,
181-192.
34. Huber, R.; Riepe, M.W. Improved posthypoxic recovery in vitro on treatment with drugs used for
secondary stroke prevention. Neuropharmacology 2005, 48, 558-565.
35. Kumagai, R.; Oki, C.; Muramatsu, Y.; Kurosaki, R.; Kato, H.; Araki, T. Pitavastatin, a 3-hydroxy3-methylglutaryl-coenzyme A (HMG-CoA) reductase inhibitor, reduces hippocampal damage
after transient cerebral ischemia in gerbils. J. Neural. Transm. 2004, 111, 1103-1120.
36. Lim, J.H.; Lee, J.C.; Lee, Y.H.; Choi, I.Y.; Oh, Y.K.; Kim, H.S.; Park, J.S.; Kim, W.K.
Simvastatin prevents oxygen and glucose deprivation/reoxygenation-induced death of cortical
neurons by reducing the production and toxicity of 4-hydroxy-2E-nonenal. J. Neurochem. 2006,
97, 140-150.
37. Bassuk, S.S.; Rifai, N.; Ridker, P.M. High-sensitivity C-reactive protein: Clinical importance.
Curr. Probl. Cardiol. 2004, 29, 439-493.
38. Mora, S.; Ridker, P.M. Justification for the use of statins in primary prevention: An intervention
trial evaluating rosuvastatin (JUPITER)- Can C-reactive protein be used to target statin therapy in
primary prevention? Am. J. Cardiol. 2006, 97, 33A-41A.
39. Jialal, I.; Stein, D.; Balis, D.; Grundy, S.M.; Adams-Huet, B.; Devaraj, S. Effect of
hydroxymethyl glutaryl coenzyme a reductase inhibitor therapy on high sensitive C-reactive
protein levels. Circulation 2001, 103, 1933-1935.

Pharmaceuticals 2010, 3

3197

40. Plenge, J.K.; Hernandez, T.L.; Weil, K.M.; Poirer, P.; Grunwald, G.K.; Marcovina, S.M.; Eckel,
R.H. Simvastatin lowers C-reactive protein within 14 days: An effect independent of low-density
lipoprotein cholesterol reduction. Circulation 2002, 106, 1447-1452.
41. Albert, M.A.; Danielson, E.; Rifai, N.; Ridker, P.M.; PRINCE Investigators. Effect of statin
therapy on C-reactive protein levels: the pravastatin inflammation/CRP evaluation (PRINCE): A
randomized trial and cohort study. JAMA 2001, 286, 64-70.
42. van Wissen, S.; Trip, M.D.; Smilde, T.J.; de Graaf, J.; Stalenhoef, A.F.; Kastelein, J.J. Differential
hs-CRP reduction in patients with familial hypercholesterolemia treated with aggressive or
conventional statin therapy. Atherosclerosis 2002, 165, 361-366.
43. Bonnet, J.; McPherson, R.; Tedgui, A.; Simoneau, D.; Nozza, A.; Martineau, P.; Davignon, J.;
CAP investigators. Comparative effects of 10-mg versus 80-mg Atorvastatin on high-sensitivity
C-reactive protein in patients with stable coronary artery disease: results of the CAP (Comparative
Atorvastatin Pleiotropic effect) study. Clin. Ther. 2008, 30, 2298-2313.
44. Keidar, S.; Aviram, M.; Maor, I.; Oiknine, J.; Brook, G. Pravastatin inhibits cellular cholesterol
synthesis and increases low density lipoprotein receptor activity in marcophages: In vitro and in
vivo studies. Br. J. Clin. Pharmac. 1994, 38, 513-519.
45. Weber, C.; Erl, W.; Weber, K.S.; Weber, P.C. HMG-CoA reductase inhibitors decrease CD11b
expression and CD11b-dependent adhesion of monocytes to endothelium and reduce increased
adhesiveness of monocytes isolated from patients with hypercholesterolemia. J. Am. Coll.
Cardiol. 1997, 30, 1212-1217.
46. Chopp, M.; Zhang, R.L.; Chen, H.; Li, Y.; Jiang, N.; Rusche, J.R. Postischemic administration of
an anti-Mac-1 antibody reduces ischemic cell damage after transient middle cerebral artery
occlusion in rats. Stroke 1994, 25, 869-876.
47. Kimura, M.; Kurose, I.; Russell, J.; Granger, D.N. Effects of fluvastatin on leukocyte-endothelial
cell adhesion in hypercholesterolemic rats. Arterioscler. Thromb. Vasc. Biol. 1997, 17,
1521-1526.
48. Lehr, H.A.; Seemuller, J.; Hubner, C.; Menger, M.D.; Messmer, K. Oxidized LDL-induced
leukocyte/endothelial interaction in vivo involves the receptor for platelet activating factor.
Arterioscler. Thromb. 1993, 13, 1013-1018.
49. Pantoni, L.; Sarti, C.; Inzitari, D. Cytokines and cell adhesion molecules in cerebral ischemia:
Experimental bases and therapeutic perspectives. Arterioscler. Thromb. Vasc. Biol. 1998, 18,
503-513.
50. Jung, K.H.; Chu, K.; Jeong, S.W.; Han, S.Y.; Lee, S.T.; Kim, J.Y.; Kim, M.; Roh, J.K. HMGCoA reductase inhibitor, Atorvastatin, promotes sensorimotor recovery, suppressing acute
inflammatory reaction after experimental intracerebral hemorrhage. Stroke 2004, 35, 1744-1749.
51. Clarke, R.M.; Lyons, A.; O’Connell, F.; Deighan, B.F.; Barry, C.E.; Anyakoha, N.G.; Nicolaou,
A.; Lynch, M.A. A pivotal role for interleukin-4 in Atorvastatin-associated neuroprotection in rat
brain. J. Biol. Chem. 2008, 283, 1808-1817.
52. Balduini, W.; Mazzoni, E.; Carloni, S.; de Simoni, M.G.; Perego, C.; Sironi, L.; Cimino, M.
Prophylactic but not delayed administration of simvastatin protects against long-lasting cognitive
and morphological consequences of neonatal hypoxic-ischemic brain injury, reduces interleukin-

Pharmaceuticals 2010, 3

53.
54.
55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

3198

1β and tumor necrosis factor-α mRNA induction, and does not affect endothelial nitric oxide
synthase expression. Stroke 2003, 34, 2007-2012.
Chan, P.H. Role of oxidants in ischemic brain damage. Stroke 1996, 27, 1124-1129.
Vaughan, C.; Delanty, N. Neuroprotective properties of statins in cerebral ischemia and stroke.
Stroke 1999, 30, 1969-1973.
Hussein, O.; Schlezinger, S.A.; Rosenblat, M.; Keidar, S.; Aviram, M. Reduced susceptibility of
low-density lipoprotein (LDL) to lipid peroxidation after fluvastatin therapy is associated with the
hypocholesterolemic effects of the drug and its binding to LDL. Atherosclerosis 1997, 128, 11-18.
Chen, L.; Haught, W.H.; Yang, B.; Saldeen, T.G.; Parthasarathy, S.; Mehta, J.L. Preservation of
endogenous antioxidant activity and inhibition of lipid peroxidation as common mechanisms of
antiatherosclerotic effects of vitamin E, lovastatin and amlodipine. J. Am. Coll. Cardiol. 1997, 30,
569-575.
Aviram, M.; Rosenblat, M.; Bisgaier, C.L.; Newton, R.S. Atorvastatin and gemfibrozil
metabolites, but not the parent drugs, are potent antioxidants against lipoprotein oxidation.
Atherosclerosis 1998, 138, 271-280.
Humans, J.A.; Ubbink, J.B.; Jerling, J.J.; Delport, R.; Vermaak, W.J.; Vorster, H.H.; Lagendijk,
J.; Potgieter, H.C. The effect of simvastatin on the plasma antioxidant concentrations in patients
with hypercholesterolemia. Clin. Chem. Acta 1997, 263, 67-77.
Giroux, L.M.; Davignon, J.; Naruszewicz, M. Simvastatin inhibits the oxidation of low-density
lipoproteins by activated human monocyte-derived marcophages. Biochem. Biophys. Acta 1993,
1165, 335-338.
Wassmann, S.; Laufs, U.; Baumer, A.T.; Muller, K.; Ahlbory, K.; Linz, W.; Rosen, R.; Bohm, M.;
Nickenig, G. HMG-CoA reductase inhibitors improve endothelial dysfunction in
normocholesterolemic hypertension via reduced production of reactive oxygen species.
Hypertension 2001, 37, 1450-1457.
Westermaier, T.; Stetter, C.; Vince, G.H.; Pham, M.; Tejon, J.P.; Eriskat, J.; Kunze, E.; Matthies,
C.; Ernestus, R.I.; Solymosi, L.; Roosen, K. Prophylactic intravenous magnesium sulfate for
treatment of aneurysmal subarachnoid hemorrhage: A randomized placebo-controlled, clinical
study. Crit. Care. Med. 2010, 38, 1284-1290.
Huhle, G.; Abletshauser, C.; Mayer, N.; Weidinger, G.; Harenberg, J.; Heene, D.L. Reduction of
platelet activity markers in type II hypercholesterolemic patients by a HMG-CoA-reductase
inhibitor. Thromb. Res. 1999, 95, 229-234.
Hale, L.P.; Craver, K.T.; Berrier, A.M.; Sheffield, M.V.; Case, L.D.; Owen, J. Combination of
fosinopirl and pravastatin decreases platelet response to thrombin receptor agonist in monkeys.
Arterioscler. Thromb. Vasc. Biol. 1998, 18, 1643-1646.
Laufs, U.; Gertz, K.; Huang, P.; Nickenig, G.; Bohm, M.; Dirnagl, U.; Endres, M. Atorvastatin
upregulates type III nitric oxide synthease in thrombocytes, decreases, platelet activation, and
protects from cerebral ischemia in normocholesterolemic mice. Stroke 2000, 31, 2442-2449.
Alfon, J.; Royo, T.; Garcia-Moll, X.; Badimon, L. Platelet deposition on eroded vessel walls at a
stenotic shear rate is inhibited by lipid-lowering treatment with atorvastatin. Arterioscler. Thromb.
Vasc. Biol. 1999, 19, 1812-1817.

Pharmaceuticals 2010, 3

3199

66. Zacco, A.; Togo, J.; Spence, K.; Ellis, A.; Lloyd, D.; Furlong, S.; Piser, T. 3-hydroxy-3methylglutaryl coenzyme A reductase inhibitors protect cortical neurons from excitotoxicity. J.
Neurosci. 2003, 23, 11104-11111.
67. Bosel, J.; Gandor, F.; Harms, C.; Synowitz, U.; Djoufack, P.C.; Megow, D.; Dirnagi, U.;
Hortnagl, H.; Fink, K.B.; Endres, M. Neuroprotective effects of atorvastatin against glutamateinduced excitotoxicity in primary cortical neurons. J. Neurochem. 2005, 92, 1386-1398.
68. Wong, G.K.; Wong, R.; Mok, V.C.; Fan, D.S.; Leung, G.; Wong, A.; Chan, A.S.; Zhu, C.X.;
Poon, W.S. Clinical study on cognitive dysfunction after spontaneous subarachnoid haemorrhage:
Patient profiles and relationship to cholinergic dysfunction. Acta Neurochir. (Wien). 2009, 151,
1601-1607.
69. Cramer, C.; Haan, M.N.; Galea, S.; Langa, K.M.; Kalbfleisch, J.D. Use of statins and incidence of
dementia and cognitive impairment without dementia in a cohort study. Neurology 2008, 71,
344-350.
70. Lu, D.; Qu, C.; Goussev, A.; Jiang, H.; Lu, C.; Schallert, T.; Mahmood, A.; Chen, J.; Chopp, M.
Statins increase neurogenesis in the dentate gyrus, reduce delayed neuronal death in the
hippocampal CA3 region, and improve spatial learning in rat after traumatic brain injury. J.
Neurotrauma. 2007, 24, 1132-1146.
71. Gao, C.; Liu, W.; Sun, Z.D.; Zhao, S.G.; Liu, X.Z. Atorvastatin ameliorates cerebral vasospasm
and early brain injury after subarachnoid hemorrhage and inhibits capase-dependent apoptosis
pathway. BMC Neurosci. 2009, 10, doi:10.1186/1471-2202-10-7.
72. Maples, K.R.; Green, A.R.; Floyd, R.A. Nitrone-related therapeutics: Potential of NXY-059 for
the treatment of acute ischemic stroke. CNS Drugs. 2004, 18, 1071-1084.
73. Marshall, J.W.; Cummings, R.M.; Bowes, L.J.; Ridley, R.M.; Green, A.R. Functional and
histological evidence for the protective effect of NXY-059 in a primate model of stroke when
given 4 hours after occlusion. Stroke 2003, 34, 2228-2233.
74. Lees, K.R.; Zivin, J.A.; Ashwood, T.; Davalos, A.; Davis, S.M.; Diener, H.C.; Grotta, J.; Lyden,
P.; Shuaib, A.; Hardemark, H.G.; Wasiewski, W.W.; Stroke-Acute Iscehmic NXY Treatment
(SAINT I) Trial Investigators. NXY-059 for acute ischemic stroke. N. Engl. J. Med. 2006, 354,
588-600.
75. Shuaib, A.; Lees, K.R.; Lyden, P.; Grotta, J.; Davalos, A.; Davis, S.M.; Diener, H.C.; Ashwood,
T.; Wasiewski, W.W.; Emeribe, U.; SAINT II Trial Investigators. NXY-059 for the treatment of
acute ischemic stroke. N. Engl. J. Med. 2007, 357, 562-571.
76. Diener, H.C.; Lees, K.R.; Lyden, P.; Grotta, J.; Davalos, A.; Davis, S.M.; Shuaib, A.; Ashwood,
T.; Wasiewski, W.; Alderfer, V.; Hardemark, H.G.; Rodichok, L.; SAINT I and II Investigators.
NXY-059 for the treatment of acute stroke. Pooled analysis of the SAINT I and II trials. Stroke
2008, 39, 1751-1758.
© 2010 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article
distributed under the terms and conditions of the Creative Commons Attribution license
(http://creativecommons.org/licenses/by/3.0/).

