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3.7. Meta-Analysis

Focusing on the primary outcome (blood Phe levels), the meta-analysis showed no significant
differences between GMP-AAs and AAs (MD = 123.36 μmol/L (−35.18, 281.89); I2 = 0%; P = 0.13;
two studies; N = 72 participants; Figure 4), although a tendency to lower Phe concentrations in patients
treated with AAs was observed.

Figure 4. Forest plot of studies with data on the effect of glycomacropeptide interventions on blood
phenylalanine levels. The analysis included data from two studies with a total of 72 participants. AAs:
synthetic protein derived from L-amino acids; CI: confidence interval; df: degrees of freedom; GMP-AAs:
glycomacropeptide supplemented with amino acids; IV: intravitreal; SD: standard deviation.

The overall treatment effect on blood Tyr levels was not statistically significant (MD = −3.91 μmol/L
(−8.12, 0.31); I2 = 0%; P = 0.07; two studies; N = 72 participants; Figure 5) and patients treated with
AAs tended to have higher levels of Tyr.

Figure 5. Forest plot of studies with data on glycomacropeptide interventions on blood tyrosine
levels. The analysis included data from two studies with a total of 72 participants.AAs: synthetic
protein derived from L-amino acids; CI: confidence interval; df: degrees of freedom; GMP-AAs:
glycomacropeptide supplemented with amino acids; IV: intravitreal; SD: standard deviation.

The meta-analysis for BUN reported no significant differences between GMP-AAs and AAs
(MD = −0.22 mg/dL (−1.49, 1.04); I2 = 0%; P = 0.73; two studies; N = 72 participants; Figure 6); nor did
the meta-analysis for glucose levels (MD = −1.33 mg/dL (−7.51, 4.85); I2 = 57%; P = 0.67; two studies;
N = 72 participants; Figure 7).

When analysing BUN, the value of SD of DM4 was imputed since no value was reported. It was
calculated from the arithmetic mean of SD of DM2 from baseline and final and DM4 from baseline.

The studies included in this meta-analysis were quite consistent in all outcomes as a result of I2

values, a measure of heterogeneity. Nevertheless, the length of study was different between studies,
and in the study of Ahring et al. [18], patients had high blood Phe levels at the start of the study and
this aspect could have masked the results.
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Figure 6. Forest plot of studies with data on the effect of glycomacropeptide interventions on blood urea
nitrogen. The analysis included data from two studies with a total of 72 participants.AAs: synthetic
protein derived from L-amino acids; CI: confidence interval; df: degrees of freedom; GMP-AAs:
glycomacropeptide supplemented with amino acids; IV: intravitreal; SD: standard deviation.

Figure 7. Forest plot of studies with data on the effect of glycomacropeptide interventions on glucose
levels. The analysis included data from two studies with a total of 72 participants. AAs: synthetic
protein derived from L-amino acids; CI: confidence interval; df: degrees of freedom; GMP-AAs:
glycomacropeptide supplemented with amino acids; IV: intravitreal; SD: standard deviation.

4. Discussion

This is the first systematic review and meta-analysis addressing the use of GMP in the nutritional
management of PKU. This study was designed with the aim of reviewing the current literature on the
use of GMP in PKU and the effect of residual Phe in GMP on blood Phe control, biochemical status,
and palatability.

Overall, pooled results based on two RCTs reported no significant effect for all outcome measures.
For blood Phe control, in the adult studies, meta-analysis showed a tendency in favour of AAs despite
no clinical significance. AAs have no added Phe and the effect of the extra Phe provided by the
GMP-AAs may have been masked as adult subjects started with higher baseline blood Phe [18].
Children maintain lower blood Phe target concentrations so may have less tolerance with additional
Phe sources. In addition, fever and recurrent infections are more likely to impact on blood Phe control
in children [33]. It is well known that administration of AAs during any acute phases suppresses
Phe levels, improving metabolic control [3]. So far, it remains undocumented if GMP-AAs intake
can suppress the rise in Phe levels in a similar way to AAs, as little is known about the kinetics
of GMP-AAs in PKU. Additionally, the impact of GMP-AAs on glucose metabolism and anabolic
pathways remains to be studied, and ultimately an influence on Phe levels cannot be dismissed.
The studies by Zaki et al. [21] and Daly et al. [23], investigated the effect on blood Phe control using two
different formulations of GMP in 10 and 22 children with PKU, respectively. The different interventions
in these two studies prevented subgroup analysis, which would have enabled a better understanding
of the impact of GMP in the paediatric population versus adulthood. So far, the research about the
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effects of GMP in children is still insufficient to advocate its use as a safe alternative to the traditional
treatment. A systematic review with three trials evaluating the use of protein substitutes in PKU
concluded that the current evidence is scarce and until robust evidence from RCTs is obtained, the use
of all protein substitutes should be monitored carefully [34]. Nevertheless, the clinical use of AAs for
several decades counterweighs the scarcity of scientific evidence emerging from RCTs [3].

When we performed meta-analysis on the effect of GMP-AAs versus AAs on blood Tyr levels,
patients treated with AAs tended to have higher levels of Tyr. Tyr is considered a conditionally essential
amino acid in PKU since it is produced from Phe and without treatment with a Tyr-supplemented
protein substitute, Tyr deficiency is seen. The study of Ney et al. [22] reported that despite significantly
higher intakes of Tyr in patients consuming a low-Phe diet in combination with AAs when compared
to GMP-AAs, fasting plasma levels of Tyr were not statistically different. Moreover, the study of
Pinto et al. [24] showed an increase in blood Tyr (even when dietary Tyr intake was lower) when
patients consumed GMP-AAs.

A study performed in PKU mice showed that GMP-AAs acted as a prebiotic [15], shaping the gut
microbiota. The GMP-AAs effects on gut microbiota may influence Tyr bioavailability [26]. Tyr is one
of the amino acids with the lowest solubility [35], which can interfere with gut absorption [26].

For BUN and glucose levels, no conclusions can be reached. Subjects in the studies had similar
protein intakes, irrespective of taking GMP-AAs or AAs. BUN is an indicator of the relationship
between nutritional status and protein metabolism of patients [36]. In the study by van Calcar et al. [17],
performed with 11 subjects, BUN was significantly lower and plasma insulin was higher when
measured 2.5 h after eating a breakfast containing GMP-AAs. Glycaemia is known to be influenced by
amino acid intake [37].

A further objective was to evaluate the acceptability/palatability of GMP products. Despite
the different approaches used to measure acceptability in the included studies [10,17,18,20–23],
GMP products were well accepted by patients. A very recent study from Proserpio et al. [38] published
after our literature selection sought to explore the liking of low-Phe products (GMP products versus
AAs) as well as to obtain a sensory description of them using the check-all-that-apply (CATA) method
in 86 subjects with PKU in an ambulatory setting. The CATA questionnaire is a rapid sensory profiling
approach to characterize foods based on sensory attributes. This is the first evidence of the sensory
properties of GMP products in PKU subjects. The study included eight samples: four GMP products
and four AAs flavoured with neutral, chocolate, strawberry, and tomato aromas. GMP products
flavoured with chocolate and strawberry aromas were the most appreciated. The CATA method
appears as a suitable method to fine-tune organoleptic properties to help improve dietary adherence.
Nevertheless, this study does not provide data about the long-term acceptance of GMP products with
patients and whilst the palatability of protein substitutes is important it is essential to assess the impact
on metabolic control of any formulation that provides a source of Phe in all age groups and categories
of patients with PKU.

This systematic review has several strengths and limitations. The main strength is that it provides
a compilation of the available evidence of GMP interventions and gives an overview of the current
status. This will help in PKU guideline production. This study unveils the main flaws in the design of
GMP interventions. First, among the eight studies included in this work, only two were RCTs, studies
at the top of the hierarchy of evidence. Although high-quality observational studies can also produce
comparable responses, well-conducted RCTs are still the gold-standard of evidence [39]. Secondly,
all studies consisted of small sample sizes but in the context of PKU this cannot be undervalued due to
the rarity of the disorder. Moreover, the RCT studies were short-term, and the adults did not have
good metabolic control at baseline and had variable phenotypic presentations.

The present systematic review and meta-analysis raises important aspects in the scope of PKU
research. It would be ideal to create a group with PKU experts to develop standards in planning and
designing better-quality studies for protein substitute research. However, it should be acknowledged
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that RCTs on protein substitutes are difficult to conduct due to food neophobia and poor acceptability
of protein substitutes.

5. Conclusions

The two studies that qualified for comparable investigation failed to show any reduction in
plasma Phe, despite GMP-AAs providing 1.8 mg Phe/g of protein equivalent. This might be explained
by the small number of available studies, small sample sizes, and short lengths of study. Considering
that PKU is a chronic disease and requires lifelong treatment, further long-term research is warranted
to understand in depth the safety and health benefits of GMP in the context of PKU. In the interim,
the use of GMP in children should be carefully managed.
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