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Phenylketonuria (PKU) is the most common inborn error of amino acid metabolism. The treatment of PKU consists of a

phenylalanine-free diet, which limits the intake of natural proteins of high biological value.
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1. Introduction

Phenylketonuria (PKU; OMIM 261600) is an inborn error of phenylalanine (Phe) metabolism caused by an inherited

deficiency in L-phenylalanine-4-hydroxylase (PAH; EC 1.14.16.1) activity, leading to elevated levels of Phe in body fluids

. Of patients with high phenylalanine concentrations, 98% have a defect in PAH and 1–2% in tetrahydrobiopterin

metabolism. Children with PKU diagnosed by newborn screening who begin dietary treatment during the neonatal period

usually show normal neurological development . However, these patients may have lower intelligence quotients  and

exhibit mild neuropsychological disturbances including impaired motor skills, visual function, attention, inhibition, and

memory , especially when compared with non-phenylketonuric siblings  and healthy individuals . PKU treatment

consists of lifelong restriction of Phe intake by limiting the amount of natural protein in the diet, combined with

administration of a Phe-free amino-acid mixture . More recently, a synthetic form of tetrahydrobiopterin (6R-BH4) has

been used to treat selected patients who have moderate forms of PKU and respond to the BH4 loading test . Owing

to a tendency to exclude protein-rich animal food from their diet, micronutrient deficiencies are common in PKU patients

.

Meat and fish are the main sources of long-chain polyunsaturated fatty acids (LC-PUFA) in humans, and although they

are produced endogenously, dietary intake is the key determinant of LC-PUFA levels . Docosahexaenoic acid (DHA)

and arachidonic acid (AA) are the most important LC-PUFAs of the n-3 and n-6 series, respectively . Both are structural

components of cell membranes and influence their biological functions, including enzymatic activity, transport through ion

channels, and signal transduction , especially in the nervous system and the retina . Incorporation of DHA and AA in

these tissues during the pre- and postnatal periods has been correlated with visual, cognitive, and motor functions in

humans .

The low-Phe diet of PKU patients has been linked to insufficient blood levels of LC-PUFAs, which may contribute to the

mild neurological, cognitive, and visual alterations described in these patients . However, to date no conclusive

evidence supports a link between the PKU diet, the LC-PUFA profile and the clinical status of PKU patients .

2. Current Insights on LC-PUFA Supplementation in Phenylketonuria
Patients

This systematic review of controlled trials regarding LC-PUFA supplementation in children and adults with PKU reveals

that the addition of DHA at doses ≥10 mg/kg/day to the patient’s Phe-restricted diet decreases VEP latencies. However,

no conclusive evidence supports a relationship between LC-PUFA supplementation and neurocognitive outcomes in these

patients.

DHA and AA are the most important LC-PUFAs of the n-3 and n-6 series, respectively. These key structural components

of neuronal cell membranes are of crucial importance for brain development and retinal function . In randomized clinical

trials, LC-PUFA supplementation is associated with improved visual and cognitive maturation in full-term and, in particular,

preterm infants . These outcomes in preterm infants may be linked to the greater predisposition of these children

to LC-PUFA deficiency due to fetal accretion of DHA (which usually occurs during the third trimester), an inability to

convert precursor fatty acids to DHA, and low postnatal DHA intake .
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PKU patients are another population at risk of LC-PUFA deficiency; the typical Phe-restricted diets of these patients

provide low amounts of animal products, which are the main source of LC-PUFAs . Moreover, excess Phe is

catabolized to phenylpyruvate and phenyllactate, which are reported to inhibit endogenous synthesis of DHA and AA .

A 2013 systematic review and meta-analysis of nine case control studies and six randomized controlled trials concluded

that PKU patients have significantly lower levels of both DHA and AA in all biomarkers studied than healthy controls . In

line with this suboptimal LC-PUFA status in PKU patients, studies of children with amino acid metabolism disorders have

described reduced LC-PUFA intake (a consequence of dietary protein restriction) and lower plasma and erythrocyte

membrane concentrations of DHA than healthy controls . The results of studies of AA status in these patients are

inconclusive (ranging from normal to reduced), suggesting that endogenous synthesis may be sufficient to ensure

adequate AA status in some cases .

The findings of this systematic review indicate that DHA supplementation in PKU patients significantly increases DHA

levels in plasma and/or erythrocyte membranes . It should be noted that erythrocyte fatty acid

composition yields more information regarding long-term LC-PUFA status and is less influenced by fasting, appearing to

be a more valuable biomarker . While the most commonly administered dose of DHA was 10–15 mg/kg/day,

significant increases in DHA levels were observed even with lower doses (0.1–7 mg/kg/day) . There are insufficient

data to define an optimal LC-PUFA supplementation dose for PKU patients of different age groups, and optimal DHA

intake in infants and children remains a topic of debate according to both the ESPGHAN Committee on Nutrition and The

European Food Safety Authority Panel on Dietetic Products, Nutrition and Allergies (NDA). Despite the lack of appropriate

data on which to base dietary reference values for pediatric patients, the aforementioned organizations have proposed an

intake of 100 mg/day for patients aged 6–24 months and 250 mg/day for those aged 2 years and older .

VEP testing was conducted to assess central nervous system (CNS) function in four of the studies included in this review

. VEP is widely used in studies of neural maturation as it provides a sensitive means of assessing the function

of a major CNS pathway. P100 wave latency is considered the most reliable clinical indicator, as is the variable least

affected by technical factors and the degree of patient cooperation . Longer VEP latencies, which are observed in PKU

patients not receiving LC-PUFA supplementation , indicate a lower speed of information processing from the retina to

the visual cortex. It should be noted that the controlled trials (CTs) and randomized controlled trials (RCTs) in which

shorter P100 wave latencies were observed after intervention were those in which the patients received higher doses of

DHA (10–15 mg/kg/day) . In the two RCTs  that reported no differences in VEP latencies after LC-PUFA

supplementation, patients received lower (0.1–7 mg/kg/day) or uncontrolled doses (i.e., a LC-PUFA-supplemented, Phe-

free formula) of DHA. In the latter study , higher levels of DHA in erythrocyte membranes were significantly correlated

with a shorter P100 wave latency after adjustment for age. This observation suggests that the LC-PUFA intake of these

patients was irregular and, in many cases, insufficient to alter the clinical outcome.

None of the studies included in this review specifically evaluated retinal function. However, a 2013 study  assessed

visual function in PKU patients using a comprehensive ophthalmological test battery. Electroretinography (ERG), which

allows for objective measurement of retinal function, revealed that PKU patients showed abnormalities in scotopic and

photopic ERG amplitudes and latencies not observed in healthy individuals. It should be noted that this pattern of ERG

alterations has also been described in animal models of LC-PUFA depletion and is likely related to abnormal DHA

metabolism in photoreceptor membranes .

Evidence suggests that LC-PUFA supplementation may improve neurocognitive function, including motor skills , in PKU

patients. Children with early-treated PKU can present structural alterations in cerebral white matter myelin  that

may be associated with high Phe levels, but also with low DHA concentrations. However, because beneficial effects were

reported in only one CT , and given the considerable variability across the studies included in this review in terms of the

dose used, form of supplementation, functional outcome measures, and neurocognitive scales used, the available

evidence is inconclusive. Previous reviews that have assessed the effects of LC-PUFA supplementation on cognitive

performance in children and adults without PKU  have reported similarly inconclusive findings, in large part due

to the marked heterogeneity in the interventions and outcome measures used.

The duration of the intervention is another important variable to consider when examining the functional effects of LC-

PUFA supplementation. In their study of the effects of DHA administration in pediatric PKU patients and healthy controls,

Agostoni et al.  found that P100 wave latencies and DHA status, both of which had improved in the PKU group during

the intervention, returned to baseline levels 3 years after treatment discontinuation.

When evaluating the risk of bias for each of the studies included in this systematic review, not all forms of bias should be

considered equally important. For example, because LC-PUFA levels and VEP latencies are objective measures, the

[30][31]

[32]

[24]

[33][34][35]

[36]

[37][38][39][40][41][42][43][44][45]

[46][47]

[37]

[48]

[37][41][43][44]

[49]

[49]

[43][44] [37][41]

[41]

[50]

[51][52][53]

[39]

[54][55][56]

[39]

[57][58][59][60]

[61]



selected studies are less likely to be affected by performance bias. Besides that, the reporting bias is unclear in all articles

included, so the main forms of bias to consider in our review are selection bias, attrition bias, and detection bias.

Future studies should consider using standardized neurocognitive assessment scales and doses and durations of DHA

supplementation in order to determine the tissue levels of DHA necessary to achieve significant homogenous clinical

improvements. Moreover, data on the clinical course of patients who discontinue DHA supplementation could be

particularly valuable, since the effects of DHA may disappear after discontinuation. Specifically, adjustment of these data

for age would enable the identification of the most vulnerable stages of life and the optimum window of opportunity for

intervention.

3. Conclusions

This entry supports the beneficial effects of DHA supplementation in PKU patients: deficient LC-PUFA status is corrected

in patients from 2 weeks to 47 years of age, and P100 wave latency improves in children from 1 to 11 years old. However,

evidence is inconclusive regarding the effect of DHA on neurocognitive function. Further research will be required to

establish the optimal DHA dose and duration of intervention.

References

1. Camp:, K.M.; Parisi, M.A.; Acosta, P.B.; Berry, G.T.; Bilder, D.A.; Blau, N.; Young, J.M. Phenylketonuria scientific review
conference: State of the science and future research needs. Mol. Genet. Metab. 2014, 112, 87–122.

2. Seashore, M.R.; Friedman, E.; Novelly, R.A.; Bapat, V. Loss of intellectual function in children with phenylketonuria
after relaxation of dietary phenylalanine restriction. Pediatrics 1985, 75, 226–332.

3. Azen, C.G.; Koch, R.; Friedman, E.G.; Berlow, S.; Coldwell, J.; Krause, W.; Matalon, R.; McCabe, E.; O’Flynn, M.;
Peterson, R.; et al. Intellectual development in 12-year-old children treated for phenylketonuria. Am. J. Dis. Child. 1991,
145, 35–39.

4. Jahja, R.; Huijbregts, S.C.; de Sonneville, L.M.; van der Meere, J.J.; Bosch, A.M.; Hollak, C.E.; Rubio-Gozalbo, M.E.;
Brouwers, M.C.; Hofstede, F.C.; de Vries, M.C.; et al. Mental health and social functioning in early treated
Phenylketonuria: The PKU-COBESO study. Mol. Genet. Metab. 2013, 110, S57–S61.

5. Burlina, A.P.; Lachmann, R.H.; Manara, R.; Cazzorla, C.; Celato, A.; van Spronsen, F.J.; Burlina, A. The neurological
and psychological phenotype of adult patients with early-treated phenylketonuria: A systematic review. J. Inherit.
Metab. Dis. 2019, 42, 209–219.

6. Enns, G.M.; Koch, R.; Brumm, V.; Blakely, E.; Suter, R.; Jurecki, E. Suboptimal outcomes in patients with PKU treated
early with diet alone: revisiting the evidence. Mol. Genet. Metab. 2010, 101, 99–109.

7. Berry, H.K.; O’Grady, D.J.; Perlmutter, L.J.; Bofinger, M.K. Intellectual development and academic achievement of
children treated early for phenylketonuria. Dev. Med. Child Neurol. 1979, 21, 311–320.

8. Nardecchia, F.; Manti, F.; Chiarotti, F.; Carducci, C.; Carducci, C.; Leuzzi, V. Neurocognitive and neuroimaging outcome
of early treated young adult PKU patients: A longitudinal study. Mol. Genet. Metab. 2015, 115, 84–90.

9. Christ, S.E.; Huijbregts, S.C.; de Sonneville, L.M.; White, D.A. Executive function in early-treated phenylketonuria:
Profile and underlying mechanisms. Mol. Genet. Metab. 2010, 99, S22–S32.

10. van Spronsen, F.J.; van Wegberg, A.M.; Ahring, K.; Bélanger-Quintana, A.; Blau, N.; Bosch, A.M.; Burlina, A.;
Campistol, J.; Feillet, F.; Giżewska, M. Key European guidelines for the diagnosis and management of patients with
phenylketonuria. Lancet Diabetes Endocrinol. 2017, 5, 743–756.

11. Bóveda, M.D.; Couce, M.L.; Castiñeiras, D.E.; Cocho, J.A.; Pérez, B.; Ugarte, M.; Fraga, J.M. The tetrahydrobiopterin
loading test in 36 patients with hyperphenylalaninaemia: Evaluation of response and subsequent treatment. J. Inherit.
Metab. Dis. 2007, 30, 8–12.

12. Burlina, A.; Blau, N. Effect of BH(4) supplementation on phenylalanine tolerance. J. Inherit. Metab. Dis. 2009, 32, 40–
45.

13. Robert, M.; Rocha, J.C.; van Rijn, M.; Ahring, K.; Bélanger-Quintana, A.; MacDonald, A.; Dokoupil, K.; Gokmen Ozel,
H.; Lammardo, A.M.; Goyens, P.; et al. Micronutrient status in phenylketonuria. Mol. Genet. Metab. 2013, 110, S6–S17.

14. Evans, S.; Daly, A.; MacDonald, J.; Preece, M.A.; Santra, S.; Vijay, S.; Chakrapani, A.; MacDonald, A. The
micronutrient status of patients with phenylketonuria on dietary treatment: An ongoing challenge. Ann. Nutr. Metab.
2014, 65, 42–48.



15. Crujeiras, V.; Aldámiz-Echevarría, L.; Dalmau, J.; Vitoria, I.; Andrade, F.; Roca, I.; Leis, R.; Fernandez-Marmiesse, A.;
Couce, M.L. Vitamin and mineral status in patients with Hyperphenylalaninemia. Mol. Genet. Metab. 2015, 115, 145–
150.

16. Holman, R. Essential fatty acids. Nutr. Rev. 1958, 16, 33–35.

17. Di Pasquale, M.G. The essentials of essential fatty acids. J. Diet. Suppl. 2009, 6, 143–161.

18. Cubizolle, A.; Guillou, L.; Mollereau, B.; Hamel, C.P.; Brabet, P. Fatty acid transport protein 1 regulates retinoid
metabolism and photoreceptor development in mouse retina. PLoS ONE 2017, 12, e0180148.

19. Harauma, A.; Yasuda, H.; Nakamura, M.T.; Salem, N.; Moriguchi, T. Effects of arachidonic acid, eicosapentaenoic acid
and docosahexaenoic acid on brain development using artificial rearing of delta-6-desaturase knockout mice.
Prostaglandins Leukot. Essent. Fat. Acids 2017, 127, 32–39.

20. Janssen, C.I.; Kiliaan, A.J. Long-chain polyunsaturated fatty acids (LCPUFA) from genesis to senescence: The
influence of LCPUFA on neural development, aging, and neurodegeneration. Prog. Lipid Res. 2014, 53, 1–17.

21. Uauy, R.; Hoffman, D.R.; Peirano, P.; Birch, D.G.; Birch, E.E. Essential fatty acids in visual and brain development.
Lipids 2001, 36, 885–895.

22. Auestad, N.; Scott, D.T.; Janowsky, J.S.; Jacobsen, C.; Carroll, R.E.; Montalto, M.B.; Halter, R.; Qiu, W.; Jacobs, J.R.;
Connor, W.E.; et al. Visual, cognitive, and language assessments at 39 months: A follow-up study of children fed
formulas containing long-chain polyunsaturated fatty acids to 1 year of age. Pediatrics 2003, 112, e177–e183.

23. Giovannini, M.; Biasucci, G.; Agostoni, C.; Luotti, D.; Riva, E. Lipid status and fatty acid metabolism in phenylketonuria.
J. Inherit. Metab. Dis. 1995, 18, 265–272.

24. Lohner, S.; Fekete, K.; Decsi, T. Lower n-3 long-chain polyunsaturated fatty acid values in patients with
phenylketonuria: A systematic review and meta-analysis. Nutr. Res. 2013, 33, 513–520.

25. Larque, E.; Demmelmair, H.; Koletzko, B. Perinatal Supply and Metabolism of Long-Chain Polyunsaturated Fat. Acids
Ann. N. Y. Acad. Sci. 2002, 967, 299–310.

26. Birch, E.E.; Carlson, S.E.; Hoffman, D.R.; Fitzgerald-Gustafson, K.M.; Fu, V.L.N.; Drover, J.R.; Castañeda, Y.S.; Minns,
L.; Wheaton, D.K.; Mundy, D.; et al. The DIAMOND (DHA Intake and Measurement of Neural Development) Study: A
double-masked, randomized controlled clinical trial of the maturation of infant visual acuity as a function of the dietary
level of docosahexaenoic acid. Am. J. Clin. Nutr. 2010, 91, 848–859.

27. Uauy, R.; Hoffman, D.R.; Mena, P.; Llanos, A.; Birch, E.E. Term infant studies of DHA and ARA supplementation on
neurodevelopment: Results of randomized controlled trials. J. Pediatr. 2003, 143, S17–S25.

28. Alshweki, A.; Pérez, A.; Baña, A.M.; de Castro, M.J.; Andrade, F.; Aldamiz-Echevarría, L.; Sáenz de Pipaón, M.; fraga,
J.M.; Couce, M.L. Effects of different arachidonic acid supplementation on psychomotor development in very preterm
infants; a randomized controlled trial. Nutr. J. 2015, 14, 101.

29. Baack, M.L.; Baack, M.D.; Norris, W.A.; Yao, J.; Colaizy, T. Long Chain Polyunsaturated Fatty Acid Levels in U.S.
Donor Human Milk: Meeting the Needs of Premature Infants? J. Perinatol. 2012, 32, 598–603.

30. Abedi, E.; Sahari, M. Long-chain polyunsaturated fatty acid sources and evaluation of their nutritional and functional
properties. Food Sci. Nutr. 2014, 2, 443–463.

31. Pounis, G.; de Lorgeril, M.; Salen, P.; Laporte, F.; Krogh, V.; Siani, A.; Arnout, J.; Cappuccio, F.P.; van Dongen, M.;
Donati, M.B.; et al. European Collaborative Group of the IMMIDIET Project. Dietary patterns and fatty acids levels of
three European populations. Results from the IMMIDIET study. Nutr. Metab. Cardiovasc. Dis. 2014, 24, 883–890.

32. Infante, J.P.; Huszagh, V.A. Impaired arachidonic (20:4n-6) and docosahexaenoic (22:6n-3) acid synthesis by
phenylalanine metabolites as etiological factors in the neuropathology of phenylketonuria. Mol. Genet. Metab. 2001,
72, 185–198.

33. Vlaardingerbroek, H.; Hornstra, G.; de Koning, T.J.; Smeitink, J.A.; Bakker, H.D.; de Klerk, H.B.; Rubio-Gozalbo, M.E.
Essential polyunsaturated fatty acids in plasma and erythrocytes of children with inborn errors of amino acid
metabolism. Mol. Genet. Metab. 2006, 88, 159–165.

34. Vilaseca, M.A.; Gómez-López, L.; Lambruschini, N.; Gutiérrez, A.; García, R.; Meavilla, S.; Moreno, J.; Artuch, R. Long-
chain polyunsaturated fatty acid concentration in patients with inborn errors of metabolism. Nutr. Hosp. 2011, 26, 128–
136.

35. Moseley, K.; Koch, R.; Moser, A.B. Lipid status and long-chain polyunsaturated fatty acid concentrations in adults and
adolescents with phenylketonuria on phenylalanine-restricted diet. J. Inherit. Metab. Dis. 2002, 25, 56–64.

36. Fekete, K.; Decsi, T. Long-chain polyunsaturated fatty acids in inborn errors of metabolism. Nutrients 2010, 2, 965–974.



37. Demmelmair, H.; MacDonald, A.; Kotzaeridou, U.; Burgard, P.; Gonzalez-Lamuno, D.; Verduci, E.; Ersoy, M.; Gokcay,
G.; Alyanak, B.; Reischl, E.; et al. Determinants of plasma docosahexaenoic acid levels and their relationship to
neurological and cognitive functions in PKU patients: A double blind randomized supplementation study. Nutrients
2018, 10, 1944.

38. Yi, S.H.L.; Kable, J.A.; Evatt, M.L.; Singh, R.H. A randomized, placebo-controlled, double-blind trial of supplemental
docosahexaenoic acid on cognitive processing speed and executive function in females of reproductive age with
phenylketonuria: A pilot study. Prostaglandins Leukot. Essent. Fat. Acids 2011, 85, 317–327.

39. Koletzko, B.; Beblo, S.; Demmelmair, H.; Müller-Felber, W.; Hanebutt, F.L. Does dietary DHA improve neural function in
children? Observations in phenylketonuria. Prostaglandins Leukot. Essent. Fat. Acids 2009, 81, 159–164.

40. Koletzko, B.; Sauerwald, T.; Demmelmair, H.; Herzog, M.; von Schenck, U.; Böhles, H.; Wendel, U.; Seidel, J. Dietary
long-chain polyunsaturated fatty acid supplementation in infants with phenylketonuria: A randomized controlled trial.
Inherit. Metab. Dis. 2007, 30, 326–332.

41. Agostoni, C.; Harvie, A.; McCulloch, D.L.; Demellweek, C.; Cockburn, F.; Giovannini, M.; Murray, G.; Harkness, R.A.;
Riva, E. A randomized trial of long-chain polyunsaturated fatty acid supplementation in infants with phenylketonuria.
Dev. Med. Child Neurol. 2006, 48, 207–212.

42. Cleary, M.A.; Feillet, F.; White, F.J.; Vidailhet, M.; MacDonald, A.; Grimsley, A.; Maurin, N.; Ogier de Baulny, H.;
Rutherford, P.J. Randomised controlled trial of essential fatty acid supplementation in phenylketonuria. Eur. J. Clin.
Nutr. 2006, 60, 915–920.

43. Beblo, S.; Reinhardt, B.S.; Muntau, M.D.; Mueller-Felber, W.; Roscher, A.A.; Koletzko, B. Fish oil supplementation
improves visual evoked potentials in children wiyh phenylketonuria. Neurology 2001, 57, 1488–1491.

44. Agostoni, C.; Masetto, N.; Biasucci, G.; Rottoli, A.; Bonvisutto, M.; Bruzzese, M.G.; Giovannini, M.; Riva, E. Effects of
long-chain polyunsaturated fatty acid supplementation on fatty acid status and visual function in treated children with
hyperphenylalaninemia. J. Pediatr. 2000, 137, 504–509.

45. Agostoni, C.; Riva, E.; Biasucci, G.; Luotti, D.; Bruzzese, M.G.; Marangoni, F.; Giovannini, M. The effects of n-3 and n-6
polyunsaturated fatty acids on plasma lipids and fatty acids on treated phenylketonuric children. Prostaglandins Leukot.
Essent. Fat. Acids 1995, 53, 401–404.

46. Decsi, T.; Sperl, W.; Koletzko, B. Essential fatty acids in clinically stable children with propionic acidaemia. J. Inherit.
Metab. Dis. 1997, 20, 778–782.

47. Fokkema, M.R.; Smit, E.N.; Martini, L.A.; Woltil, H.A.; Boersma, E.R.; Muskiet, F.A. Assessment of fatty acid and
omega 3 fatty acid status by measurement of erythrocyte 20:3 omega 9 (Mead acid), 22:5 omega 6/20:4 omega 6 and
22:5 omega 6/22 omega 3. Prostaglandins Leukot. Essent. Fat. Acids 2002, 67, 345–356.

48. ESPGHAN Committee on Nutrition. Supplementation of N-3 LCPUFA to the diet of children older than 2 years: A
commentary by the ESPGHAN Committee on Nutrition. J Pediatr Gastroenterol Nutr. 2011, 53, 2–10.

49. Walsh, P.; Kane, N.; Butler, S. The clinical role of evoked potentials. J. Neurol. Neurosurg Psychiatry 2005, 76, ii16–
ii22.

50. Gramer, G.; Förl, B.; Springer, C.; Weimer, P.; Haege, G.; Mackensen, F.; Müller, E.; Völcker, H.E.; Hoffmann, G.F.;
Lindner, M.; et al. Visual functions in phenylketonuria-evaluating the dopamine and long-chain polyunsaturated fatty
acids depletion hypotheses. Mol. Genet. Metab. 2013, 108, 1–7.

51. Henderson, R.M.; McCulloch, D.L.; Herbert, A.M.; Robinson, P.H.; Taylor, M.J. Visual event-related potentials in
children with phenylketonuria. Acta. Paediatr. 2000, 89, 52–57.

52. Bennett, L.D.; Brush, R.S.; Chan, M.; Lydic, T.A.; Reese, K.; Reid, G.E.; Busik, J.V.; Elliott, M.H.; Anderson, R.E. Effect
of reduced retinal VLC-PUFA on rod and cone photoreceptors. Investig. Ophthalmol. Vis. Sci. 2014, 55, 3150–31577.

53. Shindou, H.; Koso, H.; Sasaki, J.; Nakanishi, H.; Sagara, H.; Nakagawa, K.M.; Takahashi, Y.; Hishikawa, D.; Iizuka-
Hishikawa, Y.; Tokumasu, F.; et al. Docosahexaenoic acid preserves visual function by maintaining correct disc
morphology in retinal photoreceptor cells. J. Biol. Chem. 2017, 292, 12054–12064.

54. Peng, H.; Peck, D.; White, D.A.; Christ, S.E. Tract-based evaluation of white matter damage in individuals with early-
treated phenylketonuria. J. Inherit. Metab. Dis. 2014, 37, 237–243.

55. González, M.J.; Polo, M.R.; Ripollés, P.; Gassió, R.; Ormazabal, A.; Sierra, C.; Roura, R.C.; Artuch, R.; Campistol, J.
White matter microstructural damage in early treated phenylketonuric patients. Orphanet J. Rare. Dis. 2018, 13, 188.

56. Anderson, P.J.; Leuzzi, V. White matter pathology in phenylketonuria. Mol. Genet. Metab. 2010, 99, S3–S9.

57. Stonehouse, W. Does consumption of LC omega-3 PUFA enhance cognitive performance in healthy school-aged
children and throughout adulthood? Evidence from clinical trials. Nutrients 2014, 6, 2730–2758.



58. Kuratko, C.N.; Barret, E.C.; Nelson, E.B.; Salem, N. The relationship of docosahexaenoic acid (DHA) with learning and
behavior in healthy children: A review. Nutrients 2013, 5, 2777–2810.

59. Hoffman, D.R.; Boettcher, J.A.; Diersen-Schade, D.A. Toward optimizing vision and cognition in term infants by dietary
docosahexaenoic and arachidonic acid supplementation: A review of randomized controlled trials. Prostaglandins
Leukot. Essent. Fat. Acids 2009, 81, 151–158.

60. Rangel-Huerta, O.D.; Gil, A. Effect of omega-3 fatty acids on cognition: An updated systematic review of randomized
clinical trials. Nutr. Rev. 2018, 76, 1–20.

61. Agostoni, C.; Verduci, E.; Massetto, N. Long term effects of long chain polyunsaturated fats in hyperphenylalaninemic
children. Arch. Dis. Child. 2003, 88, 582–583.

Retrieved from https://encyclopedia.pub/entry/history/show/32434


