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Dept. of Health and Kinesiology, Texas A&M University,
4243 TAMU, College Station, 77843, USA

Dear Editor,

Please find enclosed a manuscript titled “Omega 3 PUFAs protect against unexplained sudden
death in Rett syndrome” by De Felice, et al. The submitted work is intended for possible
publication in Clinical Nutrition as a Full Length Article.

Rett syndrome , although considered a rare disease, is the second commonest cause of severe
mental retardation in the female. It is mainly caused by mutations in the gene encoding the
MeCP2 protein. Of note, in RTT a 300- fold increased risk for sudden death has been
reported. In the present study, a protective effect of »-3 fatty acids against the phenomenon of
the unexplained sudden death in Rett syndrome was explored in a cohort of patients on a
regular clinical and biochemical 5-year-long follow-up. A significantly lower risk for sudden
death was observed for the ®-3 fatty acids-supplemented population (O.R.: 115.143; 95% ClI
14.33 to 924.80, P <0.0001).The reduced risk for sudden death in the ®-3 fatty acids-
supplemented group was found to be associated with increased blood docosahexaenoic acid,
eicosapentaenoic acid, and omega-3 index, as well as decreased systemic levels of non-protein-
bound iron (plasma and intraerythrocyte) and isoprostanoid oxidative stress biomarkers, (F»-
isoprostanes F,-dihomo-isoprostanes, and Fj;-neuroprostanes). Our data indicate that ©-3
fatty acids protect RTT patients from sudden death by alleviating oxidative stress. Our
findings confirm and extend the data by Albert et al. (N Engl J Med. 2002 Apr 11;346:1113-8)
on the protective effects of long-chain n-3 fatty acids and the risk of sudden death.

Although RTT is a rare disease, it offers a unique setting to explore pathogenetic mechanisms that
could be involved in other neurological human diseases with higher social impact.

Therefore, we believe that the Clinical Nutrition readership would be potentially interested to our
study.
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SUMMARY

Background & aims: Rett syndrome , although considered a rare disease, is the second commonest
cause of severe mental retardation in the female gender. The disease is mainly caused by mutations
in the gene encoding the MeCP2 protein. Of note, in RTT a 300- folds increased risk of sudden
death has been reported. This fatal event is to be considered as unexplained as its causes are
unknown, although a cardiac event has been previously postulated. In the present study, a protective
effect of -3 fatty acids against the phenomenon of the unexplained sudden death in Rett syndrome
was tested.

Methods: A cohort of patients on a regular clinical and biochemical follow-up. (n=214, all females,
mean age: 15.4 + 7.5 years) were examined. A supplementation with ®-3 fatty acids at high dosage
(250 £ 45 mg/kg b.w./day) was proposed and the number of sudden death during 5-years were
recorded. Fatty acids profile in erythrocytes and systemic levels of non-protein-bound iron (plasma
and intraerythrocyte) and isoprostanoid oxidative stress biomarkers, (i.e., F,-isoprostanes F,-
dihomo-isoprostanes, and F4-neuroprostanes) were measured.

Results: A significantly lower risk of sudden death was observed for the -3 fatty acids-
supplemented population (O.R.: 115.143; 95% CI 14.33 to 924.80, P <0.0001).The reduced risk of
sudden death in the -3 fatty acids-supplemented group was found to be associated with increased
blood docosahexaenoic acid (DHA), eicosapentaenoic acid (EPA) and o -3 index, as well as
decreased systemic levels of oxidative stress biomarkers.

Conclusions: Our data indicate that -3 fatty acids protect RTT patients from sudden death by

alleviating oxidative stress.
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Non-standard abbreviations: OS, oxidative stress; DHA, docosahexaenoic acid; EPA,
eicosapentaenoic acid; PUFAs, polyunsaturated fatty acids. P-NPBI, plasma non-protein-bound
iron; IE-NPBI, intraerythrocyte non-protein-bound iron; F,-IsoPs, Fj-isoprostanes; F,-dihomo-

IsoPs, F,-dihomo-isoprostanes; F4-NeuroPs, F4-neuroprostanes;



Introduction

Rett syndrome (RTT) is a rare (1:10000 female live births) genetically determined and devastating
neurological disorder, affecting almost exclusively females that is mainly caused by mutations in
the gene encoding the X-linked methyl-CpG-binding protein 2 (MECP2) [1]. Mental retardation,
microcephaly, language impairment, epilepsy, breathing abnormalities, stereotypes and loss of
purposeful use of hands are the major clinical features of typical RTT, whereas oxidative stress
(OS) status has been well established by our group in both blood samples and primary skin
fibroblasts cultures from patients with RTT [2-4]. Recently, we have indicated oxidative brain
damage as a previously unrecognized hallmark feature of murine RTT [5]. Omega-3
polyunsaturated fatty acids (®w-3 PUFASs) - predominantly eicosapentaenoic acid (EPA) and
docosahexaenoic acid (DHA) - which contribute to human health and well-being [6], have been
reported to ameliorate phenotype severity and improve lipid composition of erythrocyte membranes
[7,8], as well as reduce the sub-clinical acute phase response [9] and normalize redox balance in
RTT [8,10]. These results paved the way for our rationale of using »-3 PUFAs in RTT.
Interestingly, in RTT a 300- fold increased risk of sudden death has been reported. This fatal event
is to be considered as unexplained given that its causes remain unknown. Nevertheless, a cardiac
cause has been previously postulated [11]. In the present study, the influence of ®-3 PUFAS
prolonged supplementation on the phenomenon of unexplained sudden death in RTT was

investigated.



Methods

Population

A total of 214 female patients (mean age 15.4 + 7.5 years) with proven MECP2 gene mutation with
RTT typical presentation were enrolled in a regular 5-year-long follow-up clinical study, along with
medical checks performed every 6 months (Child Neuropsychiatry Unit). A regular feedback was
established with the families (by telephone, e-mail and/or social networks in order to notify the
clinicians about any significant variations possibly occurring in intervals between examinations. All
patients were following a standard Mediterranean diet. None of the patients had known congenital
heart disease, or arrhythmias or surrogate markers of possible arrhythmias (specifically, long QT
syndrome). RTT clinical severity was assessed using the compressed clinical severity score (CCSS),
a validated clinical rating scoring system specifically devised for RTT [12] that measures clinical
features common in the disease. Supplementation with ®-3 PUFAS was proposed to the examined
patients' cohort in the form of fish oil (Norwegian Fish Oil AS, Trondheim, Norway, Product
Number HO320-6; Italian importer: Transforma AS Italia, Forli Italy; Italian Ministry Registration
Code: 10 43863-Y) Use of EPA plus DHA in RTT was approved by the AOUS Ethical Committee.
A total of n=6 sudden deaths during the selected follow-up period were recorded.

The work was carried out in accordance with The Code of Ethics of the World Medical Association
(Declaration of Helsinki). The informed consent was obtained for experimentation. The privacy

rights of human subjects was always observed.

Blood sampling and laboratory analyses

Blood sampling was carried out after the overnight fasting. Blood was collected in heparinized
(heparin blood) tubes, and the platelet poor plasma (2,400 g for 15 min) was saved for plasma
nonprotein-bound iron (P-NPBI) (pro-oxidant factor) [13] and isoprostanoid biomarkers including
free F,-isoprostanes (F,-IsoPs) oxidation products of arachidonic acid (AA) and an oxidative

damage biomarker in vivo of systemic lipid peroxidation [14], free F,-dihomo-isoprostanes (F,-
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dihomo-IsoPs) peroxidation products of adrenic acid and a potential biomarker of glia membrane
damage in brain white matter [15], and free F4-neuroprostanes (F4-NeuroPs) peroxidation products
of DHA and a biomarker of neuronal membrane damage of brain gray matter [10] determination.
For all isoprostanoid determinations, 90 uM of butylated hydroxytoluene (BHT) was added to
plasma as an antioxidant to prevent development of artefacts and all the determinations were carried
out by a gas chromatography/negative ion chemical ionization tandem mass spectrometry analysis.
Erythrocytes were resuspended (50%, vol/vol) in Ringer solution (pH 7.4) for intra-erythrocyte
nonprotein-bound iron (IE-NPBI) analysis [13]. Both IE-NPBI and P-NPBI were determined by
high performance liquid chromatography method [13]. Erythrocyte membrane fatty acids profile
analysis was performed by gas chromotography method as previously reported [4] and the ®-3
index was calculated [16]. All clinical and biochemical data were determined every 6 months and

average results used for data analysis.

Statistical Analyses

Differences between the sudden death vs. living RTT population were tested by chi-square statistics
of Fisher's exact test, one-way analysis of variance (ANOVA), Student—-Newman-Keuls post-hoc
test, or Kruskal-Wallis test. The efficiency in discriminating the sudden death group from living
patients was evaluated using Receiver Operating Characteristic (ROC) analysis. Associations
between variables were tested by univariate regression, univariate logistic regression, multivariate
logistic regression and multiple regression analyses with "sudden death™ as a dependent variable.
Two-tailed P values of less than 0.05 were considered significant. The statistical software MedCalc

ver. 12.0 (MedCalc. Software, Mariakerke, Belgium) was used.



Results

A total of 188/214 patients (87.8%) were supplemented with »-3 PUFAs during the examined
follow-up time period. In the supplemented patients, the dose of ®-3 PUFAs corresponded to DHA
75 £ 15 mg/kg b.w./day and EPA 120 + 25 mg/kg b.w./day (ratio 1:1.6), with a total ®-3 PUFAS
intake of 250 + 45 mg/kg b.w./day. Average duration of ®-3 PUFAS supplementation was 44.2 +
20.5 months. Univariate analysis showed that the sudden death group differed from the remaining
RTT cohort for significantly higher ®-3 PUFA supplementation and OS biomarkers blood levels (P
<0.006; Table 1). Erythrocyte ®-3 PUFA levels were significantly lower in the sudden death group
as compared to living patients (DHA: -39.09%; EPA: -68.06%, and -3 PUFAs index: -52.14%; P
<0.0001), while levels of P-NPBI (+59%), IE-NPBI ( +58.7%), free F,-1soPs (+63.5% ), and free
F,-dihomo-IsoPs (+121.4% ), and free F4-NeuroPs (+97.1% ) were significantly increased (P
<0.0063).

Conversely, no differences were observed concerning age and phenotype severity. After calculating
the cut-off values of potential predictors by ROC curve analysis (Figure 1 and 2), univariate
logistic regression results (Table 2) indicate that a supplementation with -3 PUFA was highly
protective against sudden death (O.R.: 0.019; 95% CI 0.004 to 0.090, P <0.0001). In particular, an
average of 115-folds lower risk of sudden death in ®-3 PUFAs supplemented RTT girls was
observed (O.R.: 115.143; 95% CI 14.33 to 924.80, P <0.0001). The results of a multivariate logistic
regression (Table 3) and multiple regression (Table 4) indicate that a low DHA content in the
erythrocyte membrane and a low ®-3 PUFA index are independent predictors for sudden death in
the observed RTT patient cohort. While all the OS biomarkers were not included in the final
regression model, plasma free F4-NeuroPs was included as significant predictor for sudden death in

RTT in the final multiple regression model (Table 4).



Discussion

The ®-3 PUFASs found in fish are strongly associated with a reduced risk of sudden death among
adult men (interval age 40-84 years) without evidence of prior cardiovascular disease. [17]. The
findings of the present study indicate a protective effect of »-3 PUFAs against sudden death in a
relatively large cohort of RTT patient, followed —up for 5 years in a National Rett Reference Centre.
In our study, -3 PUFAs were given at high dose and for a prolonged period of time.
Supplementation with marine »-3 PUFAs were associated with a significant decrease in the blood
levels of several OS biomarkers, therefore supporting the cumulating evidence for a lack of
increased lipid peroxidation in biological systems following increased EPA and DHA intake
[6,18,19].

Pathophysiologically, marine ®»-3 PUFAs have been reported to protect against many human
diseases and pathological conditions, including hypertension, hypertriglyceridemia, cardiac
arrhythmias, cardiovascular disease, immune dysfunction, inflammation, allergy, neurodegenerative
diseases or ageing, bone loss, and even cancer [6]. Physiologically, marine ®-3 PUFAs (especially
DHA) promote optimal brain growth, visual and neural function [6].

On the other hands, mean adult intakes of marine -3 PUFAs are low [20]. Increasing EPA and
DHA - i.e,, the main fatty acids in fish oil- intake increases the EPA and DHA content of blood
lipids, blood cells, and many tissues including liver, heart, skeletal muscle, in which the effect is
known to be dose, time and tissue dependent [6].

The mechanisms of action of the -3 PUFAs remain a vast and very stimulating field of research.
Cumulating evidence indicates that oxygenated metabolites of PUFASs are the real activators in the
Rett syndrome patients [21,22]. In addition, ®-3 PUFA supplementation has been reported to
change gene expression, in particular of nuclear receptor peroxisome proliferator-activated
receptor-alpha, nuclear transcription-factor kappa B, redox balance, and activation of the OS

response mediated by nuclear factor (erythroid-derived 2)-like 2 [23].



The reasons for the observed associations appear to be linked to mitigation of the redox alteration
coexisting with the disease. When accounting for possible confounding variables, a close
association with both plasma F4-NeuroP levels and chronological age was observed.

Isoprostanes are considered as the gold standard for in vivo OS [4, 24]. Specifically, F4-NeuroPs are
known to be the end-products of DHA, abundant in neuronal membranes. Subsequently, our data
suggest the involvement of neuronal OS in the pathogenesis of sudden death in RTT. This is
particularly evident in a very recent study [25] on biomarkers of OS, where a series of omega-3 and
omega-6 oxidized lipid products have been measured in the brain prefrontal cortex of preterm pigs,
F4-NeuroPs and dihomo-isoprostanes were found to be strong indicative biomarkers for oxidative
brain damage, with the interrelating role of adrenic acid and DHA appearing to be relevant in
neurological diseases.

The high dihomo-isoprostanes levels in RTT shown by our group [26] and the mitigation by fish oil
supplementation, and potentially by F;-NeuroPs, demonstrate the importance of fish oil in the RTT
diet. In support, it has been also shown that F4,-NeuroPs have other bioactive roles, as they have
been recently shown to possess anti-arrhythmic effects [24,27], as well as to be linked to
atherosclerosis [28].

Although further studies are certainly needed in order to better understand the protective
mechanisms of ®-3 PUFA in RTT, our data strongly indicate that a continued supplementation with
these fatty acids at high dosage in RTT patients is not only able to improve clinical severity and
quality of life [8], but appears to be potentially live-saving. Furthermore, our findings confirm and

add new evidence on the protective effects of long-chain -3 fatty acids on the risk of sudden death.
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Figure legends

Figure 1. Receiver operating characteristic (ROC) analysis for erythrocyte ®-3 PUFAs profile
in discriminating RTT-related “sudden death” from living patients.

Abbreviations list: AUC: Area under the curve; SE: standard error; C.1I.: confidence interval; L.R.:
likelihood ratio.

*in: Ref. [17]

Figure 2. Receiver operating characteristic (ROC) analysis for oxidative stress biomarkers in
discriminating RTT-related “sudden death” from living patients.

Abbreviations list: AUC: Area under the curve; SE: standard error; C.I.: confidence interval; L.R.:

likelihood ratio.
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Tables

Table 1. Comparisons between sudden death vs. living RTT patients during a 5-years follow-

up.

Variable Rett Syndrome Patients P-value

Sudden death Living

N 6 208
Age (years) 19.5+9.0 13.2+8.9 0.0889
Phenotype severity (CCSS) 82%19 79%£20 0.7787
Omega-3 PUFASs supplementation 1/6 (16.6%) 187/208 (89.9 %) <0.0001
DHA (%) 3.88+1.62 6.37 £ 0.99 <0.0001
EPA (%) 1.22+£0.50 3.82+1.63 0.0001
Omega-3 PUFA index 4.59 + 2.06 9.59 +2.78 <0.0001
P-NPBI (nmol/ml) 0.97+£0.15 0.61+0.27 0.0014
IE-NPBI (nmol/ml) 1.27 £0.39 0.80+0.37 0.0025
Plasma free F,-1soPs (pg/ml) 73.30 £ 24.80 44.84 + 24.90 0.0063
Plasma free F,-dihomo-1soPs (pg/ml) 24.71+£14.18 11.16 £+ 3.14 <0.0001
Plasma free F,-NeuroPs (pg/ml) 18.21+4.84 9.24 +1.27 <0.0001

Abbreviations: CCSS: compressed clinical severity score; DHA: docosahexaenoic acid; EPA:
eicosapentaenoic acid; PUFAs: polyunsaturated fatty acids; P-NPBI: plasma non-protein-bound
iron; IE-NPBI: intraerythrocyte non-protein-bound iron; F»-1soPs, Fj-isoprostanes; F,-dihomo-
IsoPs, F,-dihomo-isoprostanes; F4-NeuroPs, F4-neuroprostanes.

" In: Ref. [17]




Table 2. Univariate logistic regression for @-3 PUFA supplementation, clinical severity, erythrocyte fatty acids profile, and OS markers on
the dependent variable “sudden death” in RTT patients

Null model | Full model x° Overall

Variable O.R. 95% C.I. P-value % 2 Log -2 Log statistics D.F. model fit

Correct | Likelihood | Likelihood P-value
Age > 13 years ® 2.254 0.668-7.600 0.1900 89.23 88.832 86.975 1.858 1 0.1729
CCsS>7° 1.693 0.468-6.122 0.4217 78.79 68.211 67.537 0.674 1 0.412

Omega-3 PUFASs supplementation 0.0188 | 0.0039-0.0899 93.67 <0.0001 104.349 65.414 38.935 1 <0.0001

Erythrocyte DHA <5.15% 119..00 | 21.59-655.90 <0.0001 94.24 90.812 43.292 47.520 1 <0.0001

Erythrocyte EPA<2.3% 122.42 | 14.715-1019.2 <0.0001 90.65 90.812 46.081 44,731 1 <0.0001

Omega-3 Index < 6.7% (*) 25.25 | 5.297-120.369 0.0001 94.24 90.812 65.556 25.255 1 <0.0001

P-NPBI > 0.7 nmol/ml ® 25.381 | 3.105-207.449 0.0026 81.58 72.613 54.685 17.928 1 <0.0001
IE-NPBI > 0.8 nmol/ml ® 17.483 | 2.162-141.346 0.0073 82.93 74.955 61.325 13.600 1 0.0002
Plasma free F,-1soPs > 43.2 pg/ml ° 6.175 1.527-24.971 0.0106 78.46 67.731 59.905 7.825 1 0.0052
Plasma free F,-dihomo-IsoPs > 4.3 pg/ ml ® 6.30 1.639-24.212 0.0055 74.0 59.295 51.580 7.716 1 0.0074
Plasma free F,-NeuroPs > 6.5 pg/ml ® 13.619 | 1.635-113.469 0.0158 75.44 63.551 53.461 10.090 1 0.0015

Abbreviations: O.R.,odds ratio; C.l., confidence interval; D.F., degrees of freedom; CCSS, compressed clinical severity score; DHA: docosahexaenoic acid; EPA:
eicosapentaenoic acid; PUFAs: polyunsaturated fatty acids; P-NPBI, plasma non-protein-bound iron; IE-NPBI, intraerythrocyte non-protein-bound iron; F,-I1soPs, F»-
isoprostanes; F,-dihomo-IsoPs, F,-dihomo-isoprostanes; F4-NeuroPs, F4-neuroprostanes; PUFAS, polyunsaturated fatty acids.

S Cut-off values as calculated by ROC curve analyses

(*) Ref. [17]



Table 3. Stepwise multivariate logistic regression for the dependent variable “sudden death” in RTT patients

Abbreviations: O.R.,odds ratio; C.l., confidence interval; D.F., degrees of freedom; CCSS, compressed clinical severity score; DHA:
docosahexaenoic acid; EPA: eicosapentaenoic acid; P-NPBI, plasma non-protein-bound iron; IE-NPBI, intraerythrocyte non-protein-bound iron;

Null model | Full model ¥’ Overall

Predictor Variables O.R. 95% C.I. P-value % 2 Log -2 Log statistics D.F. model fit

Correct | Likelihood | Likelihood P-value

Erythrocyte DHA <5.15% 5 61.102 5.207-717.04 0.0011 92.0 59.295 20.062 39.234 1 <0.0001

Omega-3 Index < 6.7% (*) ® 20.273 | 1.726-238.19 0.0167

Erythrocyte EPA<2.3%° N.I. - -
P-NPBI > 0.7 nmol/ml ® N.I. - -
IE-NPBI > 0.8 nmol/ml N.I. - -
Plasma free F,-NeuroPs > 6.5 pg/ml ® N.I. - -
Plasma free F,-I1soPs > 43.2 pg/ml ® N.I. - -
Plasma free F,-dihomo-1soPs > 4.3 pg/ ml ® N.I. - -

F,-1soPs, F,-isoprostanes; Fo,-dihomo-1soPs, F,-dihomo-isoprostanes; F4-NeuroPs, F4-neuroprostanes; PUFAS, polyunsaturated fatty acids.

N.I.: Not included in the model

S Cut-off values as calculated by Receiver Operating Characteristic analyses

(*) In: Ref. [17]




Table 4. Stepwise multiple regression for the dependent variable “sudden death” in RTT patients

Multiple ANOVA
Predictor Variables Coeff. S.E. r partial t P-value R’ Adj. R? corr. coeff. P-value
(Constant) -0.1293 0.7774 0.7629 0.8817 <0.0001
Erythrocyte DHA <5.15% s 0.5331 0.08855 0.6639 6.021 <0.0001
Omega-3 Index < 6.7% (*) * 0.3312 0.08174 0.5129 4.052 0.0002
Plasma free F,-NeuroPs > 6.5 pg/ml * 0.2457 0.06587 0.4819 3.730 0.0005
Erythrocyte EPA<2.3%° N.I. - - - -
P-NPBI > 0.7 nmol/ml ® N.I. - - - -
IE-NPBI > 0.8 nmol/ml ® N.I. - - - -
Plasma free F,-I1soPs > 43.2 pg/ml ® N.I. - - - -
Plasma free F,-dihomo-1soPs > 4.3 pg/ ml ® N.I. - - - -

Abbreviations: O.R.,odds ratio; C.I., confidence interval; D.F., degrees of freedom; CCSS, compressed clinical severity score; DHA: ; EPA: ; P-
NPBI, plasma non-protein-bound iron; IE-NPBI, intraerythrocyte non-protein-bound iron; F,-1soPs, F-isoprostanes; F,-dihomo-IsoPs, F,-
dihomo-isoprostanes; F4-NeuroPs, Fs-neuroprostanes; PUFAS, polyunsaturated fatty acids.

N.I.: Not included in the model

S Cut-off values as calculated by Receiver Operating Characteristic analyses

(*) In: Ref. [17]
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