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Abstract
Smith-Lemli-Opitz Syndrome (SLOS) is a recessive hereditary disease caused by an enzymatic defect in 

the biosynthesis of cholesterol. To date, the therapeutic standard of care for this disease has been cholesterol 
supplementation therapy. However, the efficacy of this treatment is extremely variable and, in many if not most cases, 
is poor. Results of studies using animal models of SLOS have suggested that cholesterol deficiency and/or the aberrant 
accumulation of the immediate precursor of cholesterol (7-dehydrocholesterol (7DHC)), per se, may not be the sole 
culprits in the pathobiology of this disease. Rather, cytotoxic oxysterol by-products derived specifically from 7DHC are 
thought to be additional, significant, causative players in the disease mechanism. Based in large measure upon such 
studies, a recent clinical trial, comparing the therapeutic efficacy of cholesterol supplementation alone vs. combined 
cholesterol-antioxidant supplementation in SLOS patients, has provided extremely encouraging results that tend to 
both validate the proposed role of oxysterols in the pathobiology of SLOS as well as indicate an improved treatment 
for this and related diseases.
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Smith-Lemli-Opitz syndrome (SLOS; OMIM #270400) is an 
autosomal recessive human disease caused by mutations in the DHCR7 
gene, which encodes the enzyme 7-dehydrocholesterol reductase (DHCR7, 
EC1.3.1.21), the last enzyme in the cholesterol biosynthetic pathway [1,2]. 
Blocking cholesterol biosynthesis at that step leads to abnormal steady-state 
accumulation of dehydrosterols, particularly 7-dehydrocholesterol (7DHC) 
and 8-dehydrocholesterol (8DHC), and reduced levels of cholesterol in 
all bodily tissues and fluids [3]. Disease severity ranges from in utero or 
early postnatal death to mild symptoms; survivors typically exhibit a range 
of phenotypic abnormalities (dysmorphologies), as well as moderate to 
severe neurological, neurosensory and cognitive defects and diminished 
lifespan [1,2]. To date, there is no gene therapy option for SLOS; instead, 
the current standard-of-care is dietary cholesterol supplementation [4]. In 
theory this should work: not only does it provide the missing or diminished 
end-product of the pathway (cholesterol), but it also should provide 
feed-back inhibition of the de novo pathway, thereby inhibiting further 
production and aberrant accumulation of cholesterol precursors. However, 
in practice, the treatment has variable, and typically minimal to modest, 
clinical efficacy [4]. The use of statins (e.g., simvastatin), either alone [5,6] 
or in combination with cholesterol supplementation [7,8] also has been 
evaluated, with the rationale that a statin will block the de novo formation 
and accumulation of aberrant dehydrosterols, while exogenous cholesterol 
would, again, provide the missing requisite end-product of the pathway. 
However, such therapies do not appear to provide significantly improved 
efficacy over cholesterol supplementation alone [4]. Clearly, something 
critical is missing these approaches to therapeutic intervention.

Using an animal model of SLOS generated by treating normal rats 
with an inhibitor (AY9944) of the same enzyme that is genetically defective 
in SLOS, we showed that the retina undergoes progressive degeneration 
and that 7DHC is the dominant sterol in all tissues, whereas 7DHC is 
normally barely detectable in animals and humans [9]. In addition, retinas 
of SLOS model rats were found to contain lipid hydroperoxides; this was 
dramatically exacerbated by exposing the animals to intense constant 
light [10,11]. Notably, treatment with an antioxidant prior to intense light 
exposure offered dramatic protection from the light-induced damage 
[10]. Also, the retina and other tissues in the SLOS rat model contained 
appreciable amounts of oxysterols specifically derived from 7DHC, while 
tissues from normal age-matched control animals do not [12,13]. Some 
of these oxysterols have been identified in brains from a Dhcr7-knockout 

mouse model of SLOS [14,15], one of which (3β,5α-dihydroxycholest-7-
en-6-one (DHCEO)) has been proposed as a biomarker for the disease 
[14]. Notably, 7DHC is the most oxygen-labile biological molecule 
known, e.g., oxidizing nearly seven times faster in solution than does 
docosahexaenoic acid, an omega-3 polyunsaturated fatty acid (PUFA) 
[16]. While 7DHC itself is apparently not cytotoxic, some of its oxysterol 
derivatives are [17]. In addition, other studies have demonstrated the 
formation of oxidatively modified proteins in the retina of this SLOS animal 
model [18], including aldehyde adducts such as 4-hydroxynonenal (HNE) 
and carboxyethylpyrrole (CEP), which are by-products of the oxidative 
degradation of omega-6 and omega-3 PUFAs, respectively [19,20]. Such 
oxidative modifications are well-known to disrupt the normal structure 
and function of proteins, thereby profoundly impacting cellular and 
systemic physiology.

While the initial defect in SLOS arises from mutation-induced 
enzymatic defects in DHCR7, the resulting aberrant sterol accumulation 
and diminished cholesterol levels in tissues cannot fully account for 
the range or severity of the disease phenotype. Rather, the pathobiology 
mechanism likely involves additional molecular sequelae, including lipid 
and protein oxidation, such as the formation of 7DHC-derived cytotoxic 
oxysterols, other lipid hydroperoxides, and proteins covalently modified 
with PUFA-derived oxidation by-products [21]. In addition, while dietary 
cholesterol supplementation provides a partial rescue of retinal function 
in the SLOS rat model, there is no sparing of the retinal degeneration [22]. 
Hence, it is proposed that what’s missing in the current standard-of-care 
for SLOS is antioxidants, and that a suitable combined cholesterol plus 
antioxidant regimen should provide a significantly improved therapeutic 
intervention for treating mildly to moderately affected SLOS patients [21].  
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In fact, based in large measure on the results of the experimental 
animal studies mentioned above, a clinical trial of combined cholesterol-
antioxidant therapy for SLOS is currently underway at Children’s 
Hospital Colorado.  The initial results appear promising [23] based upon 
electroretinographic (ERG) testing outcomes, significant improvement 
in retinal function has been achieved by treating children affected with 
SLOS with cholesterol supplementation augmented with AquADEKs®, a 
multivitamin and mineral formulation that includes several antioxidants 
and micronutrients, including vitamins A, D, E, and K.  AquADEKs® has 
been used previously for treatment of cystic fibrosis patients [24,25], but 
has been “repurposed” for off-label use in this SLOS treatment trial.

Recent additional animal-based studies have pointed to the role of 
oxidative stress in the SLOS disease mechanism, including the identification 
of 7DHC-derived oxysterols as biomarkers for the disease, such as DHCEO 
(3β,5α-dihydroxycholest-7-en-6-one) [26,27]. Furthermore, tissue culture 
studies using fibroblasts from SLOS patients as well as studies using a 
genetically altered mouse model of SLOS have shown that antioxidant 
treatment markedly suppresses the formation of such biomarkers, and also 
produces a normalizing trend in gene expression patterns [24].

Due caution should be exercised, however, before either prescribing 
or recommending antioxidant supplementation therapy for this (or 
any) disease. For one, there is always the tendency for patients (or their 
caretakers) to self-medicate with the idea that “if one pill provides potential 
benefit, then several pills should give even more benefit.”  Information 
currently is lacking with regard to which particular antioxidants, alone 
or in combination, may be most beneficial, what are appropriate dosages 
and frequencies of administration, and whether SLOS patients may have 
increased susceptibility to the potential toxicity of this class of compounds. 
What is needed is a larger randomized clinical trial to evaluate the safety 
and efficacy of combined cholesterol-antioxidant treatment vs. cholesterol 
supplementation alone, with appropriate clinical metrics. The initial trial 
being conducted at Children’s Hospital Colorado is a promising start in that 
direction.  It should be noted that this approach addresses only postnatal 
intervention, and likely will be maximally efficacious only if treatment is 
initiated as early as possible  and may only apply to mildly to, at worst, 
moderately affected individuals. Combined cholesterol-antioxidant therapy 
is not a “cure” for SLOS, nor a prevention; it’s merely a practical approach 
to minimizing some of the postnatal manifestations of the disease. A true 
cure awaits the development of suitable gene therapies, which are presently 
under investigation. 

Acknowledgment

The author thanks Ms. Lisa Prince-Baker for clerical assistance. Portions of this 
work were presented at the 2013 Smith-Lemli-Opitz Scientific and Family Conference, 
June 27-29, Pittsburgh, PA. The opinions expressed herein do not necessarily reflect 
those of the Veterans Administration or the U.S. Government. 

Statement of Support: Supported, in part, by NIH/NEI grant RO1EY007361, 
by an Unrestricted Grant to the Department of Ophthalmology, University at Buffalo, 
from Research to Prevent Blindness, and by facilities and resources provided by the 
Veterans Administration Western New York Healthcare System.

References

1.	 Porter FD (2008) Smith-Lemli-Opitz syndrome: pathogenesis, diagnosis and 
management. Eur J Hum Genet 6: 535-541. 

2.	 DeBarber AE, Eroglu Y, Merkens LS, Pappu AS, Steiner RD (2011) Smith-
Lemli-Opitz syndrome. Expert Rev Mol Med 13: e24. 

3.	 Tint GS, Irons M, Elias ER, Batta AK, Frieden R, et al. (1994) Defective 
cholesterol biosynthesis associated with the Smith-Lemli-Opitz syndrome. N 
Engl J Med 330:107-113.  

4.	 Svoboda MD, Christie JM, Eroglu Y, Freeman KA, Steiner RD (2012) Treatment 
of Smith-Lemli-Opitz syndrome and other sterol disorders. Am J Med Genet C 
Semin Med Genet 160C: 285-294. 

5.	 Jira PE, Wevers RA, de Jong J, Rubio-Gozalbo E, Janssen-Zijlstra FS, et 
al. (2000) Simvastatin. A new therapeutic approach for Smith-Lemli-Opitz 
syndrome.  J Lipid Res 41: 1339-1346.  

6.	 Starck L, Lövgren-Sandblom A, Björkhem I 2002) Simvastatin treatment in the 
SLO syndrome: a safe approach?  Am J Med Genet 113: 183-189.  

7.	 Haas D, Garbade SF, Vohwinkel C, Muschol N, Trefz FK, et al. (2007) Effects 
of cholesterol and simvastatin treatment in patients with Smith-Lemli-Opitz 
syndrome (SLOS). J Inherit Metab Dis 30: 375-387.  

8.	 Chan YM, Merkens LS, Connor WE, Roullet JB, Penfield JA, et al. (2009) 
Effects of dietary cholesterol and simvastatin on cholesterol synthesis in Smith-
Lemli-Opitz syndrome.  Pediatr Res 65: 681-685.  

9.	 Fliesler SJ, Peachey NS, Richards MJ, Nagel BA, Vaughan DK (2004) 
Retinal degeneration in a rodent model of Smith-Lemli-Opitz syndrome: 
electrophysiologic, biochemical, and morphologic features. Arch Ophthalmol 
122: 1190-1200. 

10.	Vaughan DK, Peachey NS, Richards MJ, Buchan B, Fliesler SJ (2006) Light-
induced exacerbation of retinal degeneration in a rat model of Smith-Lemli-
Opitz syndrome. Exp Eye Res 82: 496-504. 

11.	Richards MJ, Nagel BA, Fliesler SJ (2006) Lipid hydroperoxide formation in the 
retina: Correlation with retinal degeneration and light damage in a rat model of 
Smith-Lemli-Opitz syndrome. Exp Eye Res 82: 538-541. 

12.	Xu L, Liu W, Sheflin LG, Fliesler SJ, Porter NA (2011) Novel oxysterols 
observed in tissues and fluids of AY9944-treated rats: a model for Smith-Lemli-
Opitz syndrome. J Lipid Res 52: 1810-1820. 

13.	Xu L, Sheflin LG, Porter NA, Fliesler SJ (2012) 7-Dehydrocholesterol-derived 
oxysterols and retinal degeneration in a rat model of Smith-Lemli-Opitz 
syndrome. Biochim Biophys Acta 1821: 877-883. 

14.	Xu L, Korade Z, Rosado DA Jr, Liu W, Lamberson CR, et al. (2011) An oxysterol 
biomarker for 7-dehydrocholesterol oxidation in cell/mouse models for Smith-
Lemli-Opitz syndrome. J Lipid Res 52: 1222-1233. 

15.	Xu L, Mirnics K, Bowman AB, Liu W, Da J, et al. (2012) DHCEO accumulation is 
a critical mediator of pathophysiology in a Smith-Lemli-Opitz syndrome model. 
Neurobiol Dis 45: 923-929. 

16.	Xu L, Korade Z, Porter NA (2010) Oxysterols from free radical chain oxidation 
of 7-dehydrocholesterol: product and mechanistic studies. J Am Chem Soc 
132: 2222-2232. 

17.	Korade Z, Xu L, Shelton R, Porter NA (2010) Biological activities of 
7-dehydrocholesterol-derived oxysterols: implications for Smith-Lemli-Opitz 
syndrome. J Lipid Res 51: 3259-3269. 

18.	Fliesler SJ, Kapphahn RJ, Ferrington DA (2009) Proteome alteration and 
enhanced oxidative modification of retinal proteins in a rat model of Smith-
Lemli-Opitz Syndrome. Abstract, Annual Meeting, Association for Research in 
Vision and Ophthalmology, Ft. Lauderdale, FL. 

19.	Esterbauer H, Schaur RJ, Zollner H (1991) Chemistry and biochemistry of 
4-hydroxynonenal, malondiadehyde and related aldehydes. Free Radic Biol 
Med 11: 81-128. 

20.	Renganathan K, Ebrahem Q, Vasanji A, Gu X, Lu L, et al. (2008) 
Carboxyethylpyrrole adducts, age-related macular degeneration and 
neovascularization. Adv Exp Med Biol 613: 261-267. 

21.	Fliesler SJ (2010) Retinal degeneration in a rat model of Smith-Lemli-Opitz 
Syndrome: thinking beyond cholesterol deficiency. Adv Exp Med Biol 664: 481-
489. 

22.	Fliesler SJ, Vaughan DK, Jenewein EC, Richards MJ, Nagel BA, et al. (2007) 
Partial rescue of retinal function and sterol steady-state in a rat model of Smith-
Lemli-Opitz syndrome. Pediatr Res 61: 273-278. 

23.	Elias E, Braverman R, Tong S (2012) Beyond cholesterol: Antioxidant treatment 
for patients with Smith-Lemli-Opitz syndrome. Abstract, Annual Meeting, 
American Society for Human Genetics, San Francisco, CA. 

24.	Sagel SD, Sontag MK, Anthony MM, Emmett P, Papas KA (2011) Effect of an 
antioxidant-rich multivitamin supplement in cystic fibrosis. J Cyst Fibros 10: 31-
36. 

25.	Sadowska-Woda I, Rachel M, Pazdan J, Bieszczad-Bedrejczuk E, Pawliszak K 
(2011) Nutritional supplement attenuates selected oxidative stress markers in 
pediatric patients with cystic fibrosis. Nutr Res 31: 509-518. 

http://www.ncbi.nlm.nih.gov/pubmed/18285838
http://www.ncbi.nlm.nih.gov/pubmed/18285838
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3366105/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3366105/
http://www.ncbi.nlm.nih.gov/pubmed/8259166
http://www.ncbi.nlm.nih.gov/pubmed/8259166
http://www.ncbi.nlm.nih.gov/pubmed/8259166
http://www.ncbi.nlm.nih.gov/pubmed/23042642
http://www.ncbi.nlm.nih.gov/pubmed/23042642
http://www.ncbi.nlm.nih.gov/pubmed/23042642
http://www.ncbi.nlm.nih.gov/pubmed/10946022
http://www.ncbi.nlm.nih.gov/pubmed/10946022
http://www.ncbi.nlm.nih.gov/pubmed/10946022
http://www.ncbi.nlm.nih.gov/pubmed/12407710
http://www.ncbi.nlm.nih.gov/pubmed/12407710
http://www.ncbi.nlm.nih.gov/pubmed/17497248
http://www.ncbi.nlm.nih.gov/pubmed/17497248
http://www.ncbi.nlm.nih.gov/pubmed/17497248
http://www.ncbi.nlm.nih.gov/pubmed/19430384
http://www.ncbi.nlm.nih.gov/pubmed/19430384
http://www.ncbi.nlm.nih.gov/pubmed/19430384
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2865831/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2865831/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2865831/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2865831/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2844790/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2844790/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2844790/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2844950/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2844950/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2844950/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3173002/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3173002/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3173002/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3340457/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3340457/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3340457/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3090243/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3090243/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3090243/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3674775/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3674775/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3674775/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2839323/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2839323/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2839323/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2952566/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2952566/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2952566/
http://www.medscape.com/viewcollection/30229
http://www.medscape.com/viewcollection/30229
http://www.medscape.com/viewcollection/30229
http://www.medscape.com/viewcollection/30229
http://www.ncbi.nlm.nih.gov/pubmed/1937131
http://www.ncbi.nlm.nih.gov/pubmed/1937131
http://www.ncbi.nlm.nih.gov/pubmed/1937131
http://www.ncbi.nlm.nih.gov/pubmed/18188953
http://www.ncbi.nlm.nih.gov/pubmed/18188953
http://www.ncbi.nlm.nih.gov/pubmed/18188953
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3071641/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3071641/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3071641/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2072818/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2072818/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2072818/
http://www.ashg.org/2012meeting/pdf/38731_PL_abstracts_complete.pdf
http://www.ashg.org/2012meeting/pdf/38731_PL_abstracts_complete.pdf
http://www.ashg.org/2012meeting/pdf/38731_PL_abstracts_complete.pdf
http://www.ncbi.nlm.nih.gov/pubmed/20961818
http://www.ncbi.nlm.nih.gov/pubmed/20961818
http://www.ncbi.nlm.nih.gov/pubmed/20961818
http://www.ncbi.nlm.nih.gov/pubmed/21840467
http://www.ncbi.nlm.nih.gov/pubmed/21840467
http://www.ncbi.nlm.nih.gov/pubmed/21840467


Citation: Fliesler SJ (2013) Antioxidants: The Missing Key to Improved Therapeutic Intervention in Smith-Lemli-Opitz Syndrome? Hereditary Genet 
2: 119. doi:10.4172/2161-1041.1000119

Page 3 of 3

Volume 2 • Issue 2 • 1000119
Hereditary Genet
ISSN:2161-1041 Genetics an open access journal 

26.	Korade Z, Xu L, Mirnics K, Porter NA (2013) Lipid biomarkers of oxidative stress 
in a genetic mouse model of Smith-Lemli-Opitz syndrome. J Inherit Metab Dis. 
36: 113-122. 

27.	Korade Z, Xu L, Harrison FE, Ahsen R, Hart SE, et al. (2013) Antioxidant 
supplementation ameliorates molecular deficits in Smith-Lemli-Opitz 
Syndrome. Biol Psychiatry.

http://www.ncbi.nlm.nih.gov/m/pubmed/22718275/
http://www.ncbi.nlm.nih.gov/m/pubmed/22718275/
http://www.ncbi.nlm.nih.gov/m/pubmed/22718275/
http://www.sciencedirect.com/science/article/pii/S000632231300591Xhttp:/www.ncbi.nlm.nih.gov/pubmed/23896203
http://www.sciencedirect.com/science/article/pii/S000632231300591Xhttp:/www.ncbi.nlm.nih.gov/pubmed/23896203
http://www.sciencedirect.com/science/article/pii/S000632231300591Xhttp:/www.ncbi.nlm.nih.gov/pubmed/23896203

	Title
	Corresponding author
	Abstract
	Keywords
	Acknowledgment
	References

