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Summary

		  Statins, inhibitors of 3-hydroxy-3-methylglutaryl-coenzyme A reductase, are commonly used in the 
therapy of cardiovascular diseases. Recent studies suggest that statins may induce amyotrophic lat-
eral sclerosis (ALS) in some patients, but no pathogenic mechanism has been proposed for this 
association. Herein the hypothesis is proposed that statins may induce or aggravate ALS by im-
pairing liver X receptor (LXR) signaling. The hypothesis is supported by the following observa-
tions: 1) statins inhibit the synthesis of endogenous LXR agonists, oxysterols, and decrease the ex-
pression of LXR target genes in many cells, 2) mice lacking LXRb exhibit sn ALS-like phenotype, 
3) statins increase the concentration of plant sterols in plasma and tissues, partially by impairing 
LXR-dependent signaling, which results in augmented intestinal absorption and impaired biliary 
excretion of plant sterols, and 4) some plant sterols are toxic to motor neurons of the spinal cord, 
which are primarily affected in ALS patients. If this hypothesis is confirmed, LXR agonists could 
be used together with statins in patients predisposed to develop ALS or in those known to have the 
disorder to prevent motor neuron degeneration.
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Background

Statins are competitive inhibitors of 3-hydroxy-3-methylgl-
utaryl-coenzyme A (HMG-CoA) reductase, a rate-limiting 
enzyme in cholesterol biosynthesis which converts HMG-
CoA to mevalonate (Figure 1). Several statins are current-
ly available in clinical practice, including the fungal metab-
olite lovastatin, its derivatives pravastatin and simvastatin, 
and fully synthetic compounds such as fluvastatin, atorvas-
tatin, and rosuvastatin. Statins decrease plasma low-densi-
ty lipoprotein (LDL) cholesterol by inducing intracellular 
cholesterol depletion and upregulating hepatic LDL recep-
tors. Many clinical trials have demonstrated that statins effec-
tively prevent acute cardiovascular events and reduce mor-
tality in the primary and secondary prevention of ischemic 
heart disease [1,2]. Initially introduced as cholesterol-low-
ering drugs, statins possess several other lipid-independent 
or “pleiotropic” atheroprotective activities such as improve-
ment of endothelial function, inhibition of vascular inflam-
mation, platelet aggregation and thrombosis, and amelio-
ration of oxidative stress. Therefore, the beneficial effects 
of statins are observed not only in patients with hyperlipid-
emia, but also in those with normal cholesterol level. In ad-
dition to ischemic heart disease, statins may reduce the risk 
of ischemic stroke, left ventricular hypertrophy, arrhythmias, 
Alzheimer disease, and type 2 diabetes, slow the progres-
sion of chronic nephropathies, rheumatoid arthritis, and 
multiple sclerosis, and increase bone mineral density [3–6].

Statins are safe and usually well tolerated. In clinical trials, 
adverse effects of statins are very rare. However, patients 
enrolled in trials are usually strictly selected and carefully 
monitored, and in routine clinical practice adverse effects 
of these drugs seem to be much more frequent. The most 
common adverse consequences of statin therapy include 
myopathy and hepatotoxicity [7]. However, as statins are 
used in an increasing number of patients, new side effects 
of these medications are continuously being described [8]. 
Although most of them are very rare, some, such as autoim-
mune disorders, may be potentially fatal. Since statin use 
is expected to increase, it is essential to unravel the mech-
anisms of these complications, the methods of identifying 
patients susceptible to develop them, and methods of their 
potential therapy. Herein I propose a hypothesis which 
could explain the recently described link between statins 
and amyotrophic lateral sclerosis (ALS).

Statins and ALS

ALS is an adult-onset neurodegenerative disease character-
ized by progressive degeneration and loss of spinal cord, 
bulbar, and cortical motor neurons. This leads to general-
ized muscle weakness and atrophy, speech and swallowing 
disabilities, and progressive paralysis until death is caused 
by respiratory failure [9]. ALS is one of the most com-
mon neurodegenerative disorders, with an incidence of 
1–2/100,000 and a prevalence of 4–6/100,000; typical sur-
vival time is 2–5 years after diagnosis. Approximately 10% 
of ALS cases are familial (inherited), with the remaining 
90% of cases being sporadic in origin [10]. Of the famil-
ial cases, approximately 20% (i.e. 2% of all ALS) are due 
to mutations in the gene for the cytosolic copper-zinc su-
peroxide dismutase (SOD1), which detoxifies superoxide 
anion radicals to hydrogen peroxide. The pathogenesis of 

ALS is multifactorial and incompletely understood; factors 
such as oxidative stress, mitochondrial dysfunction, abnor-
mal protein aggregation, glutamate-mediated excitotoxicity, 
and neuroinflammation are involved [9,10]. Effective treat-
ment of this disorder is not currently available.

Recently, two studies have been published in which a dis-
proportionately high reporting of ALS-like syndromes in 
statin users was noted in Vigibase (the database of the WHO 
Program for International Drug Monitoring) [11] and in 
the Food and Drug Administration’s (FDA) spontaneous 
Adverse Event Reporting system (AERS) [12]. By using the 
data mining method, Edwards et al. found that ALS was re-
ported among statin users more frequently than among non-
users [11]. They extracted 40 cases of ALS among statin us-
ers. For 34 reports, statin was the single suspected drug, 
whereas in the remaining 6 cases there were also some co-
suspected drugs. Some patients also suffered from neurolog-
ical disturbances atypical for ALS, such as ataxia, dyskinesia, 
abnormal coordination, hypoesthesia, paresthesia, and pe-
ripheral neuropathy. In 8 patients, the results of electromyo-
grams were consistent with a diagnosis of ALS. Interestingly, 
statins were the most frequently reported suspected cause 
of ALS among all drugs. The time from start of statin ther-
apy and onset of ALS varied from 1 month to more than 2 
years. Although a retrospective analyses of 41 statin clinical 
trials did not reveal an increased incidence of ALS in subjects 
treated with a statin compared with placebo, disproportion-
ately frequent reporting of ALS among statin users was also 
noted in the AERS [12]. Drory et al. found no difference in 
survival time between patients with ALS treated with statins 
due to hyperlipidemia and those not receiving statins [13]. 
However, in another study [14], a highly significant 63% in-
crease in the rate of decline of motor function in 32 patients 
with ALS receiving statins compared with 132 ALS patients 
not treated with these medications was described. In addi-
tion, Golomb et al. analyzed 10 cases of patients’ self-report-
ed ALS or ALS-like syndromes associated with statin use. All 
ten patients reported amelioration of symptoms with drug 
discontinuation and/or onset or exacerbation of symptoms 
with drug re-challenge or dose increase [15]. Although all 
these studies were retrospective, taken together their results 
suggest that statins may increase the incidence and severity 
of ALS. Until now, no pathogenic mechanism has been pro-
posed to explain the link between statins and ALS.

ALS: The consequence of Deficient LXR Signaling

Liver X receptor (LXR) is a ligand-activated transcription 
factor which forms a heterodimer with the retinoid X re-
ceptor (RXR) and, upon ligand binding, regulates the ex-
pression of target genes. LXR exist in two isoforms; LXRa 
is expressed in the liver, intestine, adipose tissue, and mac-
rophages and LXRb is expressed ubiquitously. Initially de-
scribed as orphan receptors, the LXRs are now identified as 
“sterol sensors” which are activated by oxygenated choles-
terol derivatives (oxysterols) and stimulate the expression 
of genes involved in reverse cholesterol transport and ex-
cretion, such as: 1) ABCA1 and ABCG1 transporters, which 
extrude cholesterol from the plasma membrane to apolipo-
protein A-I or to high-density lipoproteins (HDL), 2), cho-
lesterol 7a-hydroxylase (CYP7A1), a rate-limiting enzyme 
in bile-acid synthesis in the liver, 3) apolipoproteins E, C-I, 
C-II, and C-IV, extracellular cholesterol acceptors, and 4) 
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ABCG5 and ANCG8, which extrude cholesterol from en-
terocytes to the gut lumen, thus limiting its net intestinal 
absorption [16]. In addition, LXR agonists inhibit inflam-
matory reaction both in vitro and in vivo and reduce athero-
sclerosis in animal models such as LDL receptor or apoli-
poprotein E knockout mice [17,18]. Apart from regulating 
systemic cholesterol balance, the LXRs are essential for main-
taining the cholesterol homeostasis of many specific cells, 
as evidenced by pleiotropic abnormalities of the endocrine, 
immunologic, reproductive, gastrointestinal, and nervous 
systems in mice lacking these receptors [19].

Interestingly, male LXRb–/– mice develop severe motor im-
pairment closely resembling ALS at 7 months of age which 
later progresses to hind-limb paralysis [20]. This is accom-
panied by lipid accumulation and loss of large a motor 
neurons in the lateroventral horns of the spinal cord, axo-
nal atrophy, and increased number of astrocytes. It is like-
ly that these changes are associated with the accumulation 
of excessive amounts of cholesterol in motor neurons due 
to deficiency of ABCA1. Indeed, increased cholesterol con-
tent in the motor neurons of patients with ALS was report-
ed [21]. Surprisingly, the motor function of female LXRb–/– 
mice is intact and no degeneration of motor neurons is 

observed. Interestingly, most patients affected by sporad-
ic ALS are males, although the mechanism of this gender 
difference is unknown.

Effect of Statins on LXR Signaling

I suggest that the association between statins and ALS may re-
sult from the impairment of LXR signaling. Statins inhibit the 
synthesis of mevalonate, the common precursor of not only 
cholesterol, but also many other biologically relevant com-
pounds, including electron carrier and antioxidant coenzyme 
Q, farnesyl- and geranylgeranyl pyrophosphate necessary for 
the posttranslational isoprenylation of proteins, dolichol in-
volved in protein glycosylation, and isopentenyl adenosine, 
which is necessary for selenoprotein synthesis (Figure 1). 
Deficiency of these nonsteroid isoprenoids may mediate ad-
verse effects of statins. Oxysterols, endogenous LXR agonists, 
are either synthesized from cholesterol by cholesterol hydrox-
ylases, including 24(S)-, 25-, and 27-hydroxylases, or are pro-
duced in the mevalonate cascade (24(S),25-epoxycholesterol) 
[22]. In particular, 24(S)-hydroxycholesterol is produced 
in large amounts in the central nervous system and is the 
principal endogenous LXR agonist therein. Deficiency of 
endogenous oxysterols induced by combined knockout of 
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Figure 1. �Mevalonate cascade, mechanism of 
action of statins, and formation of LXR-
activating oxysterols. Broken arrows 
abbreviate multiple-step reactions. HMG-
CoA – 3-hydroxy 3-methylglutaryl-
coenzyme A, OSC – oxidosqualene: 
lanosterol cyclase.
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cholesterol 24(S)-, 25-, and 27-hydroxylases markedly reduc-
es the expression of LXR target genes [23].

Several studies have demonstrated that the concentrations 
of 24(S)- and 27-hydroxycholesterol decrease slightly in the 
blood, cerebrospinal fluid, and/or brain of statin-treated ani-
mals and humans [24‑29]. Wong et al. [30] showed that mev-
astatin (compactin) reduces 24(S),25-epoxycholesterol level 
in cultured human macrophages. This observation was sub-
sequently confirmed in other macrophage cell lines, in pri-
mary macrophages, and for various statins currently used in 
clinical practice [31]. Several in vitro studies have demonstrat-
ed a considerable impairment of LXR signaling by statins. 
Forman et al. [32] first demonstrated that mevastatin or lov-
astatin reduced the transcriptional activity of LXR/RXR het-
erodimer in cultured cells and that this effect was reversed 
by mevalonate and by LXR-activating oxysterols, but not by 
farnesol or geranylgeraniol. In rat hepatoma cells, mevas-
tatin reduced the expression of the LXR target gene sterol 
regulatory element binding protein-1c and this effect was 
reversed by mevalonate, synthetic LXR agonist, T0901317, 
or a natural LXR agonist, 22(R)-hydroxycholesterol [33]. 
In murine RAW264.7 macrophages, pravastatin reduced the 
expression of ABCA1 and ABCG1 and their levels were re-
stored by mevalonate and 22(R)-hydroxycholesterol [34]. 
Consistent with this, Sone et al. [35] observed that ator-
vastatin, fluvastatin, simvastatin, and lovastatin reduced 
ABCA1 mRNA level by almost 90% in various human and 
murine macrophage cell lines. Recently it was demonstrated 
that atorvastatin suppresses not only the LXR target genes 
ABCA1 and apo-E, but also cholesterol 27-hydroxylase in 
THP-1 macrophages [36]. Atorvastatin inhibited ABCA1 ex-
pression in human monocyte-derived macrophages and in 
phorbol ester- stimulated THP-1 monocytes. Apolipoprotein 
A-I-mediated cholesterol efflux was reduced in THP-1 cells 
treated with atorvastatin and this effect was abolished by 
acetylated LDL (a source of oxysterols) [37]. T01901317 
and 22(R)-hydroxycholesterol also prevented any reduc-
tions in cholesterol efflux or ABCA1 expression associated 
with atorvastatin treatment. Zanotti et al. [38] observed that 
mevastatin and pitavastatin impaired cholesterol and phos-
pholipid efflux from murine peritoneal macrophages, which 
was accompanied by reduced ABCA1 expression, and mev-
alonate, as well as a mixture of 22(R)-hydroxycholesterol 
and 9cis-retinoic acid (an RXR agonist), reversed this effect. 
Reduction of ABCA1 by statins was also observed in cul-
tured human keratinocytes [39] and in lymphocytes [40]. 
Gouedard et al. [41] demonstrated that statins reduce the 
expression of paraoxonase-1 (PON1), an antioxidant and 
atheroprotective enzyme, in cultured human hepatocytes 
and that 22(R)-hydroxycholesterol normalized PON1 syn-
thesis, secretion, and activity. It was recently demonstrat-
ed that statins inhibit differentiation and induce apopto-
sis of 3T3-L1 adipocytes and that this effect is prevented by 
LXR agonists [42]. Finally, in THP-1 macrophages either 
T0901317 or 22(R)-hydroxycholesterol rescued lipoprotein 
lipase expression impaired by atorvastatin [43]. Taken to-
gether, these data indicate that statins may impair LXR sig-
naling in different cell types.

Statins, Phytosterols, LXR, and ALS

Plant cells do not synthesize cholesterol, but several other 
sterols with similar chemical structure, such as sitosterol, 

stigmasterol, campesterol, brasicasterol, and ergosterol. 
Similarly to cholesterol, plant sterols are absorbed by the 
Niemann-Pick C1-like 1 (NPC1L1) protein contained in the 
apical membrane of enterocytes but, in contrast to choles-
terol, are not incorporated into chylomicrons but back-ex-
truded to the gut lumen by ABCG5/ABCG8 heterodimer. 
In addition, plant sterols are effectively excreted to the bile 
by ABCG5/ABCG8 complex in the canalicular membrane of 
hepatocytes [44]. It has been demonstrated that plasma and 
tissue concentrations of plant sterols increase by 50–100% 
during statin treatment [45‑48]. Because ABCG5 and ABCG8 
are stimulated by LXR and NPC1L1 is inhibited by LXR, it 
is likely that elevation of plant sterols in statin-treated pa-
tients may result from the impairment of LXR signaling.

Interestingly, excessive dietary intake of b-sitosterol glucuro-
nides contained in cycad seeds (Cycas circinalis) was impli-
cated as the cause of ALS and parkinsonism dementia (PD) 
frequently observed in the population of Guam. Indeed, 
feeding mice with cycad flour induces the ALS/PD-like syn-
drome and plant sterols contained in it are toxic for large 
motor neurons of the spinal cord [49,50]. Administration 
of b-sitosterol accelerated and augmented the ALS-like phe-
notype of LXRb–/– mice [51]. Thus, statins may increase the 
risk of ALS by inducing LXR-dependent perturbations of 
cholesterol/phytosterol metabolism in the CNS.

Testing the Hypothesis

Several attempts could be made to test the proposed hy-
pothesis. Until now it has not been observed that statins in-
duce motor neuron disorders in wild-type animals. However, 
the effect of statins on the severity and progression of ALS 
could be tested in animal models of this disease such as mu-
tant SOD1 transgenic mice. In addition, the effect of statins 
on LXR signaling measured as oxysterol level and the ex-
pression of LXR target genes in motor neurons or the en-
tire spinal cord should be evaluated. The effect of statins 
on the ALS-like phenotype in LXRb–/– mice is also of inter-
est. Although statins could not directly affect LXR signal-
ing in motor neurons in this model, they could affect sys-
temic cholesterol and plant sterol metabolism by impairing 
the function of LXRa outside the CNS. In addition, base-
line oxysterol level and the expression of LXR target genes 
without statin treatment should be evaluated in animal mod-
els of ALS other than LXRb–/– mice as well as in humans 
with this disease.

There are several important arguments against the hypothe-
sis presented above. First, the level of b-sitosterol was similar 
in wild-type and LXRb–/– mice not receiving this compound 
[51]. Second, b-sitosterol did not induce neurological injury 
in young LXRb–/– mice before the age at which they sponta-
neously exhibit first signs of motor impairment. Third, the 
expression of ABCG5, ABCG8, and NPC1L1 in the small 
intestine was intact in these mice. However, the expression 
of these proteins in the intestine could be maintained by 
operative LXRa, which is not expressed in the spinal cord, 
and their expression in the spinal cord was not examined. 
Finally, no signs of ALS are observed in sitosterolemia, al-
though the level of plant sterols is markedly elevated in 
these patients. However, it is clear that ALS is not a com-
mon complication of statin therapy and it may develop only 
in some predisposed patients. This predisposition may be 

Review Article Med Sci Monit, 2010; 16(3): RA73-78

RA76



associated with genetic polymorphisms of LXR or oxyster-
ol-synthesizing enzymes, making them highly susceptible 
to statin-induced impairment of LXR signaling. Otherwise, 
statins could impair LXR signaling in all patients, but could 
induce or aggravate ALS only in some of them in whom mo-
tor neurons are particularly vulnerable due to other genetic 
or environmental injuries. It should be noted that in addi-
tion to systemic or local cholesterol/plant sterol homeosta-
sis, other mechanisms could also provide the link between 
statin-induced depression of LXR activity and ALS. For ex-
ample, T cell-mediated immunity may be involved in ALS 
[52]. Recent studies suggest that T-cell activation and pro-
liferation are enhanced in LXRb–/– mice [40]. Statins de-
plete oxysterols also in lymphocytes [39] and may induce 
autoimmune diseases [53].

If LXR is a link between statins and ALS, some new thera-
peutic options will emerge for predisposed patients. First, 
synthetic LXR agonists could be supplemented to pre-
vent statin-induced impairment of LXR signaling. Second, 
oxidosqualene: lanosterol cyclase (OSC) has greater af-
finity for 2,3,22,23-dioxidosqualene than for 2,3 oxido-
squalene (Figure 1), and partial inhibition of this en-
zyme reduces cholesterol formation while augmenting 
24(S),25-epoxycholesterol synthesis and LXR signaling [54]. 
Thus, OSC inhibitors could be an alternative for statins in 
patients with hyperlipidemia suspected to develop motor 
neuron disorders and for those with existing ALS.

Conclusions

Recent studies suggest that statins may induce or aggravate 
amyotrophic lateral sclerosis in some patients. This effect 
may result from the depletion of oxysterols – oxygenated 
cholesterol derivatives which are endogenous LXR agonists. 
Statins have been demonstrated to inhibit oxysterol forma-
tion and to impair LXR signaling in various experimental 
models. Moreover, the ALS-like phenotype develops in mice 
lacking LXRb. Impaired LXR signaling may contribute to 
ALS by interfering with local cholesterol balance of motor 
neurons, and/or by leading to the accumulation of plant 
sterols which are also elevated by statin therapy. LXR ago-
nists and more selective inhibitors of the mevalonate cas-
cade which do not interfere with LXR signaling could be 
useful in the prevention and treatment of ALS in statin users.

References:

	 1.	 Shepherd J, Cobbe SM, Ford I et al: Prevention of coronary heart disease 
with pravastatin in men with hypercholesterolemia. West of Scotland 
Coronary Prevention Study Group. N Engl J Med, 1995; 333: 1301–7

	 2.	Downs JR, Clearfield M, Weis S et al: Primary prevention of acute cor-
onary events with lovastatin in men and women with average choles-
terol levels: results of AFCAPS/TexCAPS. Air Force/Texas Coronary 
Atherosclerosis Prevention Study. JAMA, 1998; 279: 1615–22

	 3.	Bersano A, Ballabio E, Lanfranconi S et al: Statins and stroke. Curr Med 
Chem, 2008; 15: 2380–92

	 4.	Simko F: Statins: a perspective for left ventricular hypertrophy treat-
ment. Eur J Clin Invest, 2007; 37: 681–91

	 5.	Reiss AB, Wirkowski E: Role of HMG-CoA reductase inhibitors in neu-
rological disorders: progress to date. Drugs, 2007; 67: 2111–20

	 6.	Niedzielska I, Janic T, Cierpka S, Świętochowska E: The effect of chron-
ic periodontitis on the development of atherosclerosis: review of the lit-
erature. Med Sci Monit, 2008; 14(7): RA103–6

	 7.	Kashani A, Phillips CO, Foody JM et al: Risks associated with statin ther-
apy: a systematic overview of randomized clinical trials. Circulation, 
2006; 114: 2788–97

	 8.	Kiortsis DN, Filippatos TD, Mikhailidis DP et al: Statin-associated ad-
verse effects beyond muscle and liver toxicity. Atherosclerosis, 2007; 
195: 7–16

	 9.	Cozzolino M, Ferri A, Carrì MT: Amyotrophic lateral sclerosis: from cur-
rent developments in the laboratory to clinical implications. Antioxid 
Redox Signal, 2008; 10: 405–43

	 10.	Rothstein JD: Current hypotheses for the underlying biology of amyo-
trophic lateral sclerosis. Ann Neurol, 2009; 65(Suppl.1): S3–9

	 11.	Edwards IR, Star K, Kiuru A: Statins, neuromuscular degenerative dis-
ease and an amyotrophic lateral sclerosis-like syndrome: an analysis of 
individual case safety reports from vigibase. Drug Saf, 2007; 30: 515–25

	 12.	Colman E, Szarfman A, Wyeth J et al: An evaluation of a data mining 
signal for amyotrophic lateral sclerosis and statins detected in FDA’s 
spontaneous adverse event reporting system. Pharmacoepidemiol Drug 
Saf, 2008; 17: 1068–76

	 13.	Drory VE, Bronipolsky T, Artamonov I, Nefussy B: Influence of statins 
treatment on survival in patients with amyotrophic lateral sclerosis. J 
Neurol Sci, 2008; 273: 81–83

	 14.	Zinman L, Sadeghi R, Gawel M et al: Are statin medications safe in pa-
tients with ALS? Amyotroph Lateral Scler, 2008; 9: 223–28

	 15.	Golomb BA, Kwon EK, Koperski S, Evans MA: Amyotrophic lateral 
sclerosis-like conditions in possible association with cholesterol-lower-
ing drugs: An analysis of patient reports to the University of California, 
San Diego (UCSD) Statin Effects Study. Drug Saf, 2009; 32: 649–61

	 16.	Bełtowski J: Liver X receptors (LXR) as therapeutic targets in dyslipid-
emia. Cardiovasc Ther, 2008; 26: 297–316

	 17.	 Joseph SB, McKilligin E, Pei L et al: Synthetic LXR ligand inhibits the 
development of atherosclerosis in mice. Proc Natl Acad Sci USA, 2002; 
99: 7604–9

	 18.	Terasaka N, Hiroshima A, Koieyama T et al: T-0901317, a synthetic liv-
er X receptor ligand, inhibits development of atherosclerosis in LDL 
receptor-deficient mice. FEBS Lett, 2003; 536: 6–11

	 19.	Gabbi C, Warner M, Gustafsson JA: Minireview: liver X receptor beta: 
emerging roles in physiology and diseases. Mol Endocrinol, 2009; 23: 
129–36

	 20.	Andersson S, Gustafsson N, Warner M, Gustafsson JA: Inactivation of 
liver X receptor beta leads to adult-onset motor neuron degeneration 
in male mice. Proc Natl Acad Sci USA, 2005; 102: 3857–62

	 21.	Cutler RG, Pedersen WA, Camandola S et al: Evidence that accumu-
lation of ceramides and cholesterol esters mediates oxidative stress-in-
duced death of motor neurons in amyotrophic lateral sclerosis. Ann 
Neurol, 2002; 52: 448–57

	 22.	 Janowski BA, Willy PJ, Devi TR et al: An oxysterol signalling pathway 
mediated by the nuclear receptor LXRa. Nature, 1996; 383: 728–31

	 23.	Chen W, Chen G, Head DL et al: Enzymatic reduction of oxysterols im-
pairs LXR signaling in cultured cells and the livers of mice. Cell Metab, 
2007; 5: 73–79

	 24.	Lutjohann D, Papassotiropoulos A, Bjorkhem I et al: Plasma 
24S-hydroxycholesterol (cerebrosterol) is increased in Alzheimer and 
vascular demented patients. J Lipid Res, 2000; 41: 195–98

	 25.	Locatelli S, Lutjohann D, Schmidt HH et al: Reduction of plasma 
24S-hydroxycholesterol (cerebrosterol) levels using high-dosage simv-
astatin in patients with hypercholesterolemia: evidence that simvastatin 
affects cholesterol metabolism in the human brain. Arch Neurol, 2002; 
59: 213–16

	 26.	Fassbender K, Stroick M, Bertsch T et al: Effects of statins on human 
cerebral cholesterol metabolism and secretion of Alzheimer amyloid 
peptide. Neurology, 2002; 59: 1257–58

	 27.	Vega GL, Weiner MF, Lipton AM et al: Reduction in levels of 
24S-hydroxycholesterol by statin treatment in patients with Alzheimer 
disease. Arch Neurol, 2003; 60: 510–15

	 28.	Thelen KM, Lutjohann D, Vesalainen R et al: Effect of pravastatin on 
plasma sterols and oxysterols in men. Eur J Clin Pharmacol, 2006; 62: 
9–14

	 29.	Thelen KM, Laaksonen R, Paiva H et al: High-dose statin treatment does 
not alter plasma marker for brain cholesterol metabolism in patients 
with moderately elevated plasma cholesterol levels. J Clin Pharmacol, 
2006; 46: 812–16

	 30.	Wong J, Quinn CM, Brown AJ: Statins inhibit synthesis of an oxyster-
ol ligand for the liver x receptor in human macrophages with conse-
quences for cholesterol flux. Arterioscler Thromb Vasc Biol, 2004; 24: 
2365–71

Med Sci Monit, 2010; 16(3): RA73-78 Bełtowski J – Statins, ALS, and LXR

RA77

RA



	 31.	Wong J, Quinn CM, Brown AJ: Synthesis of the oxysterol, 24(S),25-
epoxycholesterol, parallels cholesterol production and may protect 
against cellular accumulation of newly-synthesized cholesterol. Lipids 
Health Dis, 2007; 6: 10

	 32.	Forman BM, Ruan B, Chen J et al: The orphan nuclear receptor LXRb 
is positively and negatively regulated by distinct products of mevalon-
ate metabolism. Proc Natl Acad Sci USA, 1997; 94: 10588–93

	 33.	DeBose-Boyd RA, Ou J, Goldstein JL, Brown MS: Expression of sterol 
regulatory element-binding protein 1c (SREBP-1c) mRNA in rat hepa-
toma cells requires endogenous LXR ligands. Proc Natl Acad Sci USA, 
2001; 98: 1477–82

	 34.	Ando H, Tsuruoka S, Yamamoto H et al: Effects of pravastatin on the 
expression of ATP-binding cassette transporter A1. J Pharmacol Exp 
Ther, 2004; 311: 420–25

	 35.	Sone H, Shimano H, Shu M et al: Statins downregulate ATP-binding-
cassette transporter A1 gene expression in macrophages. Biochem 
Biophys Res Commun, 2004; 316: 790–94

	 36.	Llaverias G, Rebollo A, Pou J et al: Effects of rosiglitazone and atorvas-
tatin on the expression of genes that control cholesterol homeostasis 
in differentiating monocytes. Biochem Pharmacol, 2006; 71: 605–14

	 37.	Qiu G, Hill JS: Atorvastatin inhibits ABCA1 expression and choles-
terol efflux in THP-1 macrophages by an LXR-dependent pathway. J 
Cardiovasc Pharmacol, 2008; 51: 388–95

	 38.	Zanotti I, Poti F, Favari E et al: Pitavastatin effect on ATP binding cas-
sette A1-mediated lipid efflux from macrophages: evidence for liver X 
receptor (LXR)-dependent and LXR-independent mechanisms of ac-
tivation by cAMP. J Pharmacol Exp Ther, 2006; 317: 395–401

	 39.	 Jiang YJ, Lu B, Kim P et al: Regulation of ABCA1 expression in human 
keratinocytes and murine epidermis. J Lipid Res, 2006; 47: 2248–58

	 40.	Bensinger SJ, Bradley MN, Joseph SB et al: LXR signaling couples ste-
rol metabolism to proliferation in the acquired immune response. Cell, 
2008; 134: 97–111

	 41.	Gouedard C, Koum-Besson N, Barouki R, Morel Y: Opposite regulation 
of the human paraoxonase-1 gene PON-1 by fenofibrate and statins. 
Mol Pharmacol, 2003; 63: 945–56

	 42.	Madsen L, Petersen RK, Steffensen KR et al: Activation of liver X re-
ceptors prevents statin-induced death of 3T3-L1 preadipocytes. J Biol 
Chem, 2008; 283: 22723–36

	 43.	Qiu G, Hill JS: Atorvastatin decreases lipoprotein lipase and endotheli-
al lipase expression in human THP-1 macrophages. J Lipid Res, 2007; 
48: 2112–22

	 44.	Patel MD, Thompson PD: Phytosterols and vascular disease. 
Atherosclerosis, 2006; 186: 12–19

	 45.	Nguyen L, Salen G, Shefer S et al: Unexpected failure of bile acid malab-
sorption to stimulate cholesterol synthesis in sitosterolemia with xantho-
matosis. Comparison with lovastatin. Arteriosclerosis, 1990; 10: 289–97

	 46.	Nguyen LB, Shefer S, Salen G et al: Regulation of 3-hydroxy-3-methyl-
glutaryl-coenzyme A reductase activity in the rat ileum: effects of bile 
acids and lovastatin. Metabolism, 1994; 43: 1446–50

	 47.	Miettinen TA, Gylling H, Lindbohm N et al, Finnish Treat-to-Target 
Study Investigators: Serum noncholesterol sterols during inhibition of 
cholesterol synthesis by statins. J Lab Clin Med, 2003; 141: 131–37

	 48.	Miettinen TA, Gylling H: Synthesis and absorption markers of choles-
terol in serum and lipoproteins during a large dose of statin treatment. 
Eur J Clin Invest, 2003; 33: 976–82

	 49.	Wilson JM, Khabazian I, Wong MC et al: Behavioral and neurological 
correlates of ALS-parkinsonism dementia complex in adult mice fed 
washed cycad flour. Neuromolecular Med, 2002; 1: 207–21

	 50.	Tabata RC, Wilson JM, Ly P et al: Chronic exposure to dietary sterol 
glucosides is neurotoxic to motor neurons and induces an ALS-PDC 
phenotype. Neuromolecular Med, 2008; 10: 24–39

	 51.	Kim HJ, Fan X, Gabbi C et al: Liver X receptor beta (LXRb): a link be-
tween beta-sitosterol and amyotrophic lateral sclerosis-Parkinson’s de-
mentia. Proc Natl Acad Sci USA, 2008; 105: 2094–99

	 52.	Holmøy T: T cells in amyotrophic lateral sclerosis. Eur J Neurol, 2008; 
15: 360–66

	 53.	Noël B: Lupus erythematosus and other autoimmune diseases related 
to statin therapy: a systematic review. J Eur Acad Dermatol Venereol, 
2007; 21: 17–24

	 54.	Wong J, Quinn CM, Gelissen IC, Brown AJ: Endogenous 24(S),25-
epoxycholesterol fine-tunes acute control of cellular cholesterol ho-
meostasis. J Biol Chem, 2008; 283: 700–7

Review Article Med Sci Monit, 2010; 16(3): RA73-78

RA78


