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Rett syndrome (RTT), an X-linked 
neurological disorder caused by 

mutations in MECP2, may have a 
metabolic component. We reported a 
genetic suppressor screen in a Mecp2-
null mouse model to identify pathways 
for therapeutic improvement of RTT 
symptoms. Of note, one suppressor 
mutation implied that cholesterol 
homeostasis was perturbed in Mecp2 
null mice; indeed, cholesterol synthesis 
was elevated in the brain and body 
system. Remarkably, the genetic effect of 
downregulating the cholesterol pathway 
could be mimicked chemically by statin 
drugs, improving motor symptoms, and 
increasing longevity in the mouse. Our 
work linked cholesterol metabolism 
to RTT pathology for the first time. 
Both neurological and systemic effects 
of perturbed cholesterol homeostasis 
overlap with many RTT symptoms. 
Here we show in patients that peripheral 
cholesterol, triglycerides, and/or LDLs 
may be elevated early in RTT disease 
onset, providing a biomarker for patients 
that could be aided by therapeutic 
interventions that modulate lipid 
metabolism.

Rett syndrome (RTT) is an X-linked 
disorder characterized by progressive 
development of neurological and motor 
dysfunction. The prevalence of RTT 
is 1 in 10 000 female births, classifying 
it as a rare disease; however, it is one 
of the most common forms of severe 
disability in females. RTT was originally 
thought to be a metabolic disease based 
on symptom presentation and progression 

and was first called “cerebral atrophic 
hyperammonemia.”1 Hyperammonemia 
was abandoned as a potential cause because 
elevated blood ammonia was observed in 
only a minority of patients.2 Decades later, 
mutations in methyl CpG binding protein 
2 (MECP2) were identified as the primary 
cause of RTT.3 Lifespan and disease 
severity vary greatly in RTT patients, 
due in part to random X-chromosome 
inactivation, mutation type, and other 
unknown factors. Despite the fact that 
MECP2 is expressed ubiquitously and 
that neuronal function is intimately linked 
with systemic metabolism, there has 
been little interest in potential metabolic 
manifestations of RTT, including the 
possible impact such manifestations may 
have on neuronal function and disease 
progression.

Mechanistically, MECP2 binds 
to methylated DNA to regulate gene 
transcription, associating with chromatin-
remodeling complexes that contain 
type I histone deacetylases (HDACs).4 
Therefore, the elimination of MECP2 
results in massive changes in gene 
expression, making it difficult to pinpoint 
key pathways in pathology and making 
treatment strategies difficult. The disease 
was considered neurodevelopmental with 
little hope for recovery. In a landmark 
finding, the re-introduction of Mecp2 
into mice that were already neurologically 
impaired rescued symptoms, suggesting 
that MECP2 was involved in the 
maintenance of neuronal function and 
suggesting that RTT symptoms could be 
reversed in severely affected patients.5
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A Suppressor Screen Points  
to Cholesterol Metabolism  

in Mecp2 Mutant Mice

We recently reported a genetic 
suppressor screen in which we identified 
a mutation that improves Rett-like motor 
symptoms and overall health in Mecp2 
mutant hemizygous male (Mecp2 null) 
mice: a premature nonsense mutation in 
the gene encoding squalene epoxidase 
(SQLE), a rate limiting cholesterol 
biosynthesis enzyme.6 This finding 
suggested that cholesterol metabolism 
would be perturbed in the Mecp2 mouse 
model; upon examination, we found that 
lipid metabolism was widely affected 
in Mecp2 null mice, both in the brain 
and systemically. Mecp2 null mice first 
displayed complex dysregulation of the 
pathway in the brain: elevated cholesterol 
synthesis early in disease, followed by 
a sharp downregulation of cholesterol 
synthesis as symptoms progressed. 
Systemically, mice showed progressive 
worsening of metabolic symptoms 
over time, including increased serum 
cholesterol and triglycerides and buildup 
of triglycerides and other neutral lipids in 
the liver.6 These data suggest that aspects 
of symptom progression in RTT may be 
due to systemic effects of perturbed lipid 
metabolism.

Commonly, attention is placed 
on high circulating cholesterol in the 
blood because it is associated with 
increased incidence of cardiovascular 
disease. However, cholesterol has many 
indispensible functions in neural tissues 
including membrane trafficking, signal 
transduction, myelin formation, dendrite 
remodeling, neuropeptide formation, and 
synaptogenesis.7 Therefore, perturbations 
in cholesterol homeostasis may play a role 
in the neurological symptoms associated 
with RTT. Cholesterol cannot cross the 
blood brain barrier, thus all cholesterol 
needed in the brain must be manufactured 
there. Cholesterol biosynthesis takes place 
in the endoplasmic reticulum requiring 
mitochondria as an energy source. 
Abnormal mitochondrial function and 
morphology has been described in RTT 
patients and Mecp2 mouse models.8 
Additionally, mitochondrial dysfunction 
is increased in metabolic syndrome and 

nonsyndromic autism spectrum disorders 
(ASD). Reactive oxygen species (ROS) 
accumulate through mitochondrial 
dysfunction, and individuals with autism 
are subject to higher levels of oxidative 
stress.9 In the brain, cholesterol must 
be turned over rapidly and renewed; 
otherwise, ROS may oxidize cholesterol, 
leading to inflammation and a shut down 
in cholesterol synthesis, placing extreme 
importance on the tight regulation of 
brain cholesterol homeostasis. Emerging 
evidence suggests that lipid synthesis, 
storage, and recycling are involved in many 
neurological diseases.10 Perturbations in 
biosynthesis and intracellular trafficking 
of cholesterol are responsible for the onset 
of Smith-Lemli Opitz syndrome and 
Neimann-Pick type C disease, respectively. 
Further, Alzheimer, Parkinson, and 
Huntington diseases, Amyotrophic lateral 
sclerosis, and Fragile X syndrome have 
all been linked to aberrant cholesterol 
homeostasis. RTT has now joined this 
group: the study of this rare disease 
may inform other common neurological 
diseases.

RTT patients go through four stages 
in disease progression.11 Stage I follows a 
period of apparently normal development 
from birth when the child begins to display 
social and communication deficits, similar 
to those seen in ASD, between six and 
18 mo of age. The child shows delays in 
developmental milestones, particularly for 
motor ability, such as sitting and crawling. 
Stage II begins between one and four 
years of age with a period of regression 
in which speech and motor abilities are 
lost, and stereotypical midline hand 
movements and gait impairments develop. 
Breathing irregularities, including apnea 
and hyperventilation, also appear during 
this stage. Autistic symptoms are still 
prevalent. Stage III occurs between ages 
two and ten when the period of regression 
ends and symptoms plateau. Social and 
communication skills may show small 
improvements during this plateau period, 
which may last for most of the patients’ 
lives. In the final stage, Stage IV, motor 
ability and muscle deterioration continues. 
Many girls eventually develop severe 
scoliosis and lose the ability to walk.

Sterols are the precursors of steroid 
hormones, bile acids, and vitamin D, thus 

progressive symptoms could be associated 
with systemic effects of perturbed 
lipid metabolism, including abnormal 
responses to stress, high anxiety levels, 
digestive problems, and bone anomalies.12

Because of the role of cholesterol 
in cardiovascular disease, HMG CoA 
reductase inhibitors (statins) are medically 
prescribed to reduce high cholesterol. 
Statin drugs can ameliorate neurological 
symptoms in mouse models of Fragile X 
syndrome13 and are being used in clinical 
trials to ameliorate cognitive problems in 
children with neurofibromatosis Type I.14 
Indeed, we also found that statin drugs 
would ameliorate symptoms of Mecp2 
mutation in both male and female mice,6 
showing relevance to Rett syndrome 
pathology and suggesting that lipid 
metabolism, a highly targetable pathway 
for drug or dietary intervention, could 
be exploited for symptom improvement 
in RTT. Mice, although a powerful 
mammalian model, are not humans. 
Humans are a genetically heterogeneous 
population, whereas mouse models 
are maintained on an inbred genetic 
background. Therefore, studying a 
mutation on an inbred strain of mice 
helps to understand genetic influences 
but is akin to studying a single individual. 
Findings in the mouse must always be 
supported to ensure they have relevance to 
human patients.

A Subset of Rett Patients Display 
Dyslipidemia

If lipid homeostasis is perturbed in Rett 
patients as it is in mice lacking functional 
Mecp2, peripheral dyslipidemia could be 
a biomarker. The mouse work suggests 
that peripheral lipid markers will not be 
elevated in all patients since the different 
Mecp2-null mouse inbred strains, while 
consistently displaying perturbations in 
brain cholesterol metabolism, showed 
a difference in the presentation of 
peripheral lipids, as measured in the 
liver and serum.6 However, only one 
published study describes a lipid analysis 
of RTT patients. In this manuscript lipid 
levels were averaged regardless of age 
to show that girls with RTT exhibited 
a serum LDL cholesterol level that was  
14.7 mg/dL higher than a healthy control 
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cohort.15 Therefore, we analyzed lipids in 
consecutive, unselected female patients 
treated at the Tri-State Rett Syndrome 
Clinic at Montefiore Medical Center, NY. 
Serum chemistry panels had been obtained 
from 84 of these female RTT patients, 
aged 6 mo to 19 y, as a part of their routine 
health care monitoring. All patients 
met the current diagnostic criteria for 
RTT,11 and all had confirmed mutations 
in MECP2. Although no other blood 
parameters were consistently abnormal, 
pediatric RTT patients commonly showed 
elevated cholesterol, triglycerides, and 
LDLs, according to American Academy 
of Pediatrics guidelines16 (Fig. 1A and B). 
Of 25 girls aged 0–4.9 y, 52% had high 
cholesterol, triglycerides, and/or LDLs. 
Of 39 girls aged 5–9.9 y, 44% had at 
least one elevated lipid parameter, and of 
20 girls aged 10–19 y, 30% had at least 
one elevated lipid parameter. High lipids 
are commonly associated with high body 
mass index (BMI). Elevated lipids were 
observed in RTT patients throughout the 
BMI spectrum, from <5% to 95%, but 
showed a correlation of only 9% with BMI 
(R2 = 0.094; Fig. 1C). Patients with large 
deletions (13 of 22, 59%) and missense 
mutations in the methyl-binding domain 
(10 of 20, 50%), especially the T158M 
mutation (7 of 11, 64%), were more likely 
to have elevated lipid parameters (Fig. 1D 
and E). No correlation could be made 
with diet, although dietary information 
was available for only 27 patients. Six 
patients also displayed decreased high-
density lipoproteins (HDLs; <35mg/dL); 
however, for 3 patients low HDL was the 
only abnormal parameter. Low HDLs 
were therefore excluded as an abnormal 
lipid parameter from this analysis. These 
data were collected retrospectively, 
without appropriate population and 
dietary controls, and should be considered 
preliminary.

Implications for Patients  
and Relevance  

to Statin Treatment

Excitingly, given the results of this 
study, a class of FDA-approved cholesterol 
lowering drugs, the statins, may prove to be 
useful in preventing symptom progression 
in RTT patients. Statins have other 

Figure 1. RTT patients display dyslipidemia. The American Academy of Pediatrics defines normal 
lipid parameters for children ages 2–18 as cholesterol < 170 mg/dL, triglycerides < 150 mg/dL, and 
LDLs < 110 mg/dL based on meta-analysis.16 (A) The lipid panels of 84 patients, ages 0–19, were 
analyzed for lipid parameters that fall outside normal pediatric ranges. Patients were divided 
into age groups that represent 0–4.9, 5–9.9, and 10–19. White boxes represent the percentage of 
patients with no abnormal parameters (or low HDLs, excluded as an abnormal lipid parameter), 
light gray boxes represent patients with one abnormal parameter, medium gray those with two, 
and black those with three. Patients at the youngest ages were more likely to exhibit abnormal lipid 
values. (B) The most common abnormal lipid profile was elevated cholesterol and LDL. Cholesterol 
and triglycerides were not commonly elevated together. (C) Patient BMI ranged from <5–95th 
percentile and did not follow a normal curve. BMI was not strongly associated with abnormal lipid 
parameters (R = 0.307, P = 0.006, Pearson correlation). (D) Mutation status for 78 patients; large 
MECP2 deletions were most common in this patient population, followed by the T158M missense 
mutation. (E) Patient mutations mapped to multiple sites on the MECP2 protein.
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biological effects that may be 
independent of their cholesterol-reducing 
properties, such as enhancing brain-
derived neurotrophic factor (BDNF), 
modulating inflammatory responses, and 
influencing Ras farnesylation. Therefore, 
the beneficial effects of statins have 
been tested in the treatment of multiple 
sclerosis, lupus, and Parkinson disease, 
as well as other central nervous system 
neurodegenerative diseases.17-19 In our 
Mecp2 mouse study, treatment with 
statin drugs was more effective than the 
mutation in Sqle, suggesting that some 
of these “side effects” of statins were 
also beneficial in disease amelioration. 
Lipophilic lovastatin is being used in 
pediatric trials for neurofibromatosis type 

I14 and was very effective on the 
Mecp2 mouse model, suggesting 
that it is a candidate for clinical 
trials in RTT patients. Regardless 
of the possibility of its role in 
the pathophysiology of RTT, 
atherosclerosis, and therefore 
hyperlipidemia, is a pediatric 
problem. In 2007, the American 
Heart Association (AHA) 
recommended drug therapy for 
high-risk lipid abnormalities 
in children as young as 8 y, 
specifically starting therapy with 
statin medications, a proposal 
that was subsequently endorsed 
by the American Academy of 
Pediatrics.20 Standard treatment 
for dyslipidemia in childhood 
consists of lifestyle modifications 
to diet and exercise regimens 
and, when these are insufficient, 
pharmacotherapy—mainly with 
statins.21 Because of the severity 
of their motor impairments, as 
well as almost ubiquitous growth 
and feeding problems, the role 
of lifestyle modifications in 
hyperlipidemic children with 
RTT is very limited, making 
pharmacotherapy the most 
feasible treatment option. Such 
information suggests that 
RTT patients with high lipid 
parameters would be candidates 
for statin treatment. Clinical 
trials are under consideration 
to assess the potential benefits 

of statins. It is our prediction that statin 
drugs will prevent lipid accumulation, 
and therefore, delay the progression or 
penetrance of co-morbidities.

Considerations  
for Other Therapies  

that May Affect Metabolism  
in RTT Patients

Mecp2-null mice display phenotypes of 
metabolic syndrome characterized by severe 
hyperinsulinemia, glucose tolerance, and 
insulin resistance.22 Metabolism is a highly 
treatable target that is not limited to statin 
drugs. Metabolic pathways are complex, 
interconnected, and regulated at numerous 
feedback points (Fig. 2), which have been 

co-opted in pharmaceutical design. While 
statins treat high cholesterol by slowing 
the body’s production, cholesterol can 
also be lowered by inducing the uptake of 
blood cholesterol by the liver, where it can 
be converted into bile acids for excretion. 
Furthermore, glucose metabolism is 
inextricably linked to diet, cholesterol, 
and lipid metabolism through the action 
of adipokines, such as leptin, insulin, and 
ghrelin, which can be abnormal in RTT 
patients.23 Neurons rely on energy derived 
from glucose transported across the blood 
brain barrier, which is metabolized to lactate 
by astrocytes. Astrocytes release lactate to 
neurons for maintenance of glutamatergic 
synthesis and synaptic activity.24 The 
high production and utilization of fat 
may prevent the appropriate utilization 
of glucose in the Mecp2 mouse model 
or in RTT patients. In this regard, 
ketogenic diets—which are designed to 
force the body to burn fats rather than 
carbohydrates, allowing the brain to use 
ketone bodies as energy sources rather than 
glucose—have been reported to improve 
RTT symptoms.25 Therefore, pathways 
involved in brain energy metabolism 
might be excellent targets in the subsets 
of RTT patients presenting abnormal lipid 
parameters. It is possible that combination 
therapies that reduce lipid accumulation, 
while improving glucose utilization, will 
aid RTT patients.

The metabolic symptoms in Mecp2 
mutant mice occur concurrently with the 
development of fatty liver caused by the 
accumulation of triglycerides and other 
neutral lipids. MECP2 is required to 
bridge a corepressor complex containing 
the class II histone deacetylase HDAC3 
to DNA.26 MECP2 missense mutations 
that prevent the bridge between DNA 
and the corepressor complex cause Rett 
syndrome.26 The loss of HDAC3 in mouse 
liver cells leads to metabolic syndrome 
and fatty liver disease (FLD), because 
one of HDAC3’s normal functions is 
to regulate gluconeogenesis and lipid 
homeostasis. FLD and the development 
of metabolic syndrome is accompanied 
by an increase in expression of enzymes 
involved in cholesterol and lipid synthesis, 
including SQLE,27 suggesting that 
the HDAC3-containing-corepressor 
complex may directly regulate SQLE, 

Figure  2. Metabolic crosstalk between the mouse 
brain, adipose tissue, and liver. Pathway members in 
red represent biomolecules circulating in the blood 
and members in blue represent circulating hormones. 
Loss of insulin sensitivity increases lipolysis in adipose 
tissue, resulting in the breakdown of stored triglycerides 
to glycerol and free fatty acids and the release of 
adipokine signaling molecules, which act on the brain. 
The increased circulating pool of free fatty acids is 
taken into the liver, where it is converted to acetyl-
CoA and then converted either to triglycerides (stored 
in lipid droplets) or cholesterol, which is released into 
the blood. Meanwhile, circulating glucose is taken up 
by the brain for energy. Glucose absorbed by the brain 
can also be converted to acetyl-CoA, which enters into 
the cholesterol pathway and is eventually converted to 
HMG-CoA, squalene, and finally, cholesterol.
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along with other lipid synthesis enzymes. 
Initially a benign condition, fatty liver 
results from an imbalance in fatty acid 
metabolism, which leads to hepatic 
lipid accumulation. However, FLD can 
progress to a pathogenic state when there 
is an increase in oxidative and metabolic 
stress in the altered tissue.28 Our data 
showed that statin treatment prevented 
or delayed the accumulation of lipids in 
the livers of both male and female Mecp2 
mutant mice and would therefore prevent 
the development of FLD and downstream 
pathologies. RTT patients often exhibit 
seizures, which are treated with valproic 
acid, a weak HDAC3 inhibitor.29 A study 
of HDAC3 deletion from the mouse liver 
suggests that treatment with HDAC3 
inhibitors may also cause or exacerbate 
the pathogenesis of FLD.27 In fact, the use 
of valproic acid is often linked with liver 
failure,30 therefore its use in RTT patients 
should be carefully evaluated. Physicians 
should be aware that any liver involvement 
in Rett patients could be due to the effect 
of MECP2 mutation, which could be 
exacerbated by certain drugs.

Dyslipidemia Should  
be Considered When Evaluating  

RTT Patients

Our data suggest that brain cholesterol 
metabolism is perturbed initially in Mecp2 

mutant mice, and then, eventually, lipids 
accumulate in the peripheral tissues 
as symptoms progress. The possibility 
that neuronal cholesterol metabolism is 
perturbed in RTT patients needs to be 
examined as well. The degree of peripheral 
lipid accumulation varies in different 
mouse inbred strains, even though brain 
lipids were perturbed regardless of genetic 
background. Do RTT patients ever exhibit 
liver disease? No compiled data exist on 
this matter. However, anecdotally, some 
RTT patients must have their gall bladder 
removed; the gall bladder is a sac in the 
liver that collects and releases bile acids, a 
product of cholesterol. Parent blogs suggest 
that some daughters with RTT have been 
hospitalized for near liver failure and/or 
liver tumors or lesions that supposedly 
“have nothing to do with their Rett 
syndrome” (personal communication). 
Hyperammonemia can be a consequence 
of liver failure, and poor liver function has 
an effect on many body systems, including 
the brain. In mice, and in humans, lipid 
metabolism is controlled by many genes. 
Therefore, whether peripheral lipids 
accumulate in the liver or elsewhere may 
depend upon the individual’s genetic 
makeup—how well they absorb cholesterol 
in the gut, for example. Interestingly, 
only a small subset of RTT patients have 
high BMI, while many are at the extreme 
low end of the curve, yet we observed 

evidence for systemic lipid dysregulation 
across the BMI spectrum. This suggests 
that abnormal metabolism in RTT will 
not always involve deposition of fat into 
adipose tissue but that accumulation of 
peripheral lipids in organs should also 
be considered when evaluating patients. 
Altogether, our studies provide hope 
for RTT families and patients that the 
highly treatable metabolic pathway 
may prove targetable to prevent the ever 
progressing morbidities associated with 
Rett syndrome.
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