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Abstract

Personalised nutrition is at its simplest form the delivery of dietary advice at an individual level. Incorporating response to different diets has
resulted in the concept of precision nutrition. Harnessing the metabolic phenotype to identify subgroups of individuals that respond differen-
tially to dietary interventions is becoming a reality. More specifically, the classification of individuals in subgroups according to their metabolic
profile is defined as metabotyping and this approach has been employed to successfully identify differential response to dietary interventions.
Furthermore, the approach has been expanded to develop a framework for the delivery of targeted nutrition. The present review examines the
application of the metabotype approach in nutrition research with a focus on developing personalised nutrition. Application of metabotyping in
longitudinal studies demonstrates that metabotypes can be associated with cardiometabolic risk factors and diet-related diseases while appli-
cation in interventions can identify metabotypes with differential responses. In general, there is strong evidence that metabolic phenotyping is a
promising strategy to identify groups at risk and to potentially improve health promotion at a population level. Future work should verify if
targeted nutrition can change behaviours and have an impact on health outcomes.
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Introduction have similar metabolic profiles and those in different metabo-
types have different profiles''”:'® (Fig. 1). Metabotypes are often
defined using cluster analysis, such as k-means analysis and
hierarchical cluster analysis'®. Applications of metabotypes
has identified differential response to interventions and have
the potential of identifying optimal treatment strategies for
individuals. For example, using serum metabolites Palau-
Rodriguez et al.’ identified two subgroups with different
degrees of improvement in insulin resistance, total cholesterol
(TC), HDL-cholesterol (HDL-C) and uric acid following bariat-
ric surgery. Importantly, the metabolic changes in each cluster
were independent of the baseline anthropometric/clinical
parameters of the patients and the magnitude of weight loss.
Another example identified metabotypes with different lipid

Poor diet quality is a major contributor to chronic diseases such
as type 2 diabetes, CVD and various cancers'»?. Despite the
well-known association between dietary patterns and diseases,
interventions to change dietary habits have had a limited impact
on wellbeing and public health outcomes®?. In recent years, the
diverse inter-individual responses to interventions have become
apparent and support the need for the development of strategies
that are based upon the delivery of advice to the individual 2.
Concomitant with this, different strategies have emerged for
delivering advice taking personal characteristics into account.
Furthermore, studies have demonstrated that personalisation
of dietary advice is more effective in promoting improvements
in the dietary habits of individuals compared with the general

healthy eating advice*12,

Metabolomics is the study of small molecules in biological
samples and is a powerful tool in the characterisation of
individuals"3'%. The set of metabolites in the human body,
termed the metabolome, is the product of metabolic reactions
influenced by endogenous, lifestyle and environmental fac-
tors1>19 Applications of metabolomics in nutrition research
have expanded in recent years and it has the potential to contrib-
ute to the delivery of personalised nutrition!”. Metabotypes are
defined as groups of similar individuals based on combinations
of specific metabolites. Thus, individuals within a metabotype

responses to fenofibrate®”. Similarly, in the field of nutrition
science there are several examples of applications of metabo-
types in healthy and subjects with chronic diseases for
determining metabolically homogeneous subgroups with dif-
ferential responses to dietary interventions'®. However, the
applications are not limited to intervention studies, with the
metabotyping approach being developed for the delivery of
targeted nutrition®??. Given the rapid growth of this area,
the objective is to review the research conducted on metabo-
types related to nutrition research and to identify gaps where
further work is needed.

Abbreviations: HDL-C, HDL-cholesterol; HOMA-IR, homeostatic model assessment for insulin resistance; HSFAM, high-SFA meal; IGF, insulin-like growth factor;
MetS, metabolic syndrome; MMM, mixed Mediterranean-type meal; MMTT, mixed meal tolerance test; OGTT, oral glucose tolerance test; OLTT, oral lipid tolerance
test; RCT, randomised controlled trial; TC, total cholesterol.
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Fig. 1. Overview of the concept of metabotyping for the delivery of personalised nutrition. Intrinsic and extrinsic factors influence the metabolic phenotype of individuals.

Groups of individuals with similar metabolic phenotypes are termed metabotypes.

Metabolic phenotyping of longitudinal data to examine
associations with cardiometabolic risk factors and diet-
related diseases

Longitudinal studies are important tools in the epidemiological
setting to investigate the aetiology of a disorder and indicate risk
factors or population groups that may be targeted as part of pre-
vention strategies. In fact, within the metabolic phenotype
approach, longitudinal studies offer the possibility to study sub-
groups of individuals (metabotypes) over a period of time and
the potential to identify those at higher risk of disease develop-
ment. A summary of studies examining longitudinal associations
of metabotypes with cardiometabolic risk factors and diet-
related diseases is presented in Table 1.

In order to identify risk profiles for the emergence of the met-
abolic syndrome (MetS), Ventura et al.?» assessed a non-clinical
sample of healthy non-Hispanic white girls (72 154) in a retro-
spective analysis with follow-up performed every 2 years from
age 5 to 13 years old. Six risk factors for the MetS (waist circum-
ference, systolic blood pressure, diastolic blood pressure,
HDL-C, TAG and blood glucose) were used in cluster analysis
to determine metabotypes at age 13 years. At age 5 years, the
higher MetS risk group had the highest BMI relative to the other
groups. Across childhood, both the higher MetS risk and the
hypertension risk groups had significantly greater increases in
weight and fat mass, while the higher MetS risk group had the
highest daily sweetened beverage intake. Findings from this
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study support the role of metabotypes for identifying individuals
at higher risk who could be targeted by clinicians as part of pre-
ventive healthcare.

Application of metabotypes to baseline data in longitudinal
studies can be very useful in defining at-risk groups which could
be targeted for the prevention of undesirable health outcomes.
The European Childhood Obesity Project (CHOP), using a
Bayesian agglomerative clustering method on twenty-one
plasma amino acids and 146 polar lipids, classified healthy
infants (72 154) of 6 months of age into twenty metabotypes in
order to predict later obesity risk®?. Only the four biggest clus-
ters (12 > 14) were analysed and at the baseline cluster 3 had the
lowest weight, height, free insulin-like growth factor IGF)-1 and
IGF-binding protein 3, and the highest IGF-binding protein 2.
The BMI z-score at 6 years of age tended to differ (unadjusted
P=0-07) among clusters, with cluster 3 presenting the highest
median and largest proportion of overweight/obese children.
These results support the concept that even very young individ-
uals can be clustered according to their inter-individual
differences so that the clusters provide insight into later develop-
ment and health and opportunities for developing more targeted
and personalised intervention strategies.

Another notable example employing metabotypes in a
prospective cohort is the KORA F4 study in which 1729 adults
aged 32 to 77 years were clustered based on BMI and thirty-three
biochemical markers®”. For each of the three metabotypes iden-
tified, the current disease prevalence and the incidence in the
follow-up cohort 7 years later was determined. The ‘high-risk’
cluster showed the most unfavourable biomarker profile with
the highest BMI and prevalence of cardiometabolic diseases at
the baseline as well as the highest incidence of hypertension,
type 2 diabetes, hyperuricaemia/gout, dyslipidaemia, all meta-
bolic diseases and all CVD together. This study provides strong
evidence that metabotyping is a robust approach for identifying
groups of individuals that could be targeted for prevention
strategies.

Overall, the derivation of metabotypes in longitudinal studies
to predict cardiometabolic risk factors and diet-related diseases is
nascent. However, replication of the metabotypes in other pop-
ulations is a necessary next step. Notwithstanding this, the pre-
sented studies make a strong case for the metabotype approach
and highlight its potential in identifying groups that could benefit
from targeted dietary advice.

Metabolic phenotyping to investigate differential
responses to dietary challenges and interventions

Differential responses to dietary interventions are becoming
increasingly recognised. Concomitantly, metabolic phenotyping
has emerged as a useful tool to examine responses to interven-
tions. In the context of nutrition, health can be defined as the
ability of an organism to adapt to challenges®®. Challenge tests
investigate the disturbance and restoration of homeostasis of
an individual using a dietary challenge as a physiological
stressor®”. In combination with metabolomics, dietary chal-
lenges have been used to identify groups of subjects with distinct
metabolic phenotypes/metabotypes and unique responses.

Table 2 illustrates studies which focus specifically on differential
responses of metabotypes to dietary challenges and intervention
studies.

Krishnan et al®® investigated the differential responses of
metabotypes to dietary challenges. The authors used low- and
high-glycaemic index meals in a cross-over randomised trial with
healthy overweight women (12 24; aged 20-50 years) to identify
response patterns that could provide insight into early subclini-
cal glycaemic disruption. By using blood glucose, insulin and
leptin responses to the challenges, individuals were clustered
into three metabotypes. While the most populated metabotype
presented little deviation from the expected response to the
dietary challenges, the two minor metabotypes were suggestive,
one of sub-clinical insulin resistance and the other of hyperlep-
tinaemia. In the Metabolic Challenge (MECHE) Study, healthy
subjects (1 214; aged 18-60 years) were randomised to one of
three groups to receive oral glucose tolerance tests (OGTT)
and/or oral lipid tolerance tests (OLTT) and four metabotypes
were identified based on their blood glucose response curves
to the OGTT (12 116)*®. The cluster with the most adverse meta-
bolic profile at baseline presented a reduced f-cell function and
differential responses to insulin and C-peptide during the OGTT
and OLTT, as well as to glucose and TAG during the OLTT,
which characterises this metabotype as at risk. The postprandial
metabolic responses to different kinds of bread — refined rye
bread, wholemeal rye bread and a control refined wheat bread
— were investigated in a cross-over randomised controlled trial
(RCT) with healthy postmenopausal women (12 19; aged 61
(sD 4-8) years)3?, The clustering of the fasting metabolic profile
identified two distinct metabotypes. Women with higher fasting
concentrations of leucine and isoleucine and lower fasting con-
centrations of sphingomyelins and phosphatidylcholines had
higher insulin responses despite similar glucose concentrations
after all kinds of bread, suggesting higher insulin resistance. In a
recent study with data from the NutriTech project, the response
to the intervention was only evident following the classification
of the individuals into metabotypes?®. Healthy subjects (12 72;
aged 59 to 64 years) were enrolled to a mixed meal tolerance test
(MMTT) before and after 12 weeks targeting moderate weight
loss (basal BMI 29-7 (sp 2-7)kg/m?). The intervention group
(n 40) consumed a diet that reduced energy intake by 20 %,
whereas subjects in the control group (72 32) consumed an aver-
age European diet matched to their energy expenditure to main-
tain body weight. Two metabotypes were reported based on the
plasma concentration of metabolites (markers of lipolysis, fatty
acid p-oxidation and ketogenesis) during the mixed meal chal-
lenge test. Before the intervention, individuals from metabotype
B (12 36) showed slower glucose clearance, increased visceral fat
volume, higher hepatic lipid concentrations, and a less healthy
dietary pattern according to the urinary metabolomic profile
when compared with individuals from metabotype A.
Following the weight loss (about 5-6 kg), only the individuals
from metabotype B showed positive changes in the glycaemic
response to the MMTT. Since the metabolite differences found
between metabotypes A and B are all closely associated with
insulin signalling, metabotype B was considered to be predia-
betic with a modestly impaired insulin action. Collectively, all
these studies clearly demonstrate that the use of a metabotype
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D + placebo probiotic

Lactobacillus salivarius;

group 2, vitamin
D + placebo probiotic;

Group 1, 15 pg vitamin
D3+ 10° CFU

Nutrition Research Reviews
Intervention

Dietary challenge(s)

Not tested

s
135 Healthy subjects
aged 18-63 years
in Ireland

Study sample

Double-blind 4-week
RCT

Study design

supplementation in

terms of the

of response to
metabolic

vitamin D

Identify metabotypes
syndrome

Objective
sensitivity C-reactive protein; HOMA-IR, homeostatic model assessment for insulin resistance; PC, phosphatidylcholines; BCAA, branched-chain amino acids; HSFAM, high-SFA meal; MMM, mixed Mediterranean-type meal; O-PLS,

orthogonal partial least squares; TC, total cholesterol; LDL-C, LDL-cholesterol; HDL-C, HDL-cholesterol; CFU, colony-forming units; 25(OH)D, 25-hydroxyvitamin D.

et al.®¥

MMTT, mixed meal tolerance test; RCT, randomised controlled trial; HCA, hierarchical cluster analysis; Gl, glycaemic index; PCA, principal component analysis; OGTT, oral glucose tolerance test; OLTT, oral lipid tolerance test; hsCRP, high-

Table 2 Continued

Author
O’Sullivan

Metabotyping and personalised nutrition 7

approach in conjunction with meal challenges has the ability
to characterise individuals into meaningful subgroups which
could receive targeted nutrition advice to lower the individual
disease risk®?.

In contrast to other studies that used the responses to chal-
lenges to form clusters, Lacroix et al.®Y used only fasting meta-
bolic data in a cross-over RCT designed to evaluate the metabolic
and vascular effects of a high-SFA meal (HSFAM) and a mixed
Mediterranean-type meal (MMM). Age, BMI, glycaemic and lipid
parameters were used to cluster healthy men (72 28; 18-50 years)
into two metabotypes at baseline. Compared with the healthiest
group, the less healthy group showed significantly higher BMI,
insulin and homeostatic model assessment for insulin resistance
(HOMA-IR), in addition to a less favourable lipid profile and
alower intake of fruit and vegetables (dietary pattern score = 5-1
2 (sp 1-7) v. 3:9 (sD 1-4). Following the meal challenges, the less
healthy group experienced a greater significant increase in TAG
with MMM and endothelial dysfunction with HSFAM, in compari-
son with the healthier group. The MMM did not significantly alter
postprandial endothelial function in both groups. The authors
concluded that the less healthy group would benefit even
more from consuming meals representative of a Mediterranean-
type diet given its non-deleterious endothelial properties, indi-
cating the potential of cluster techniques to individualise dietary
advice.

Application of the metabotype approach has also encom-
passed dietary interventions that did not involve meal chal-
lenges. Wang et al®? in a controlled cross-over study with
healthy subjects (1 23; aged 36-09 years) identified groups of
individuals with differing plasma carotenoid responses to
carotenoid-rich beverages. Following 3 weeks of daily intake
of watermelon juice (20 mg lycopene, 2-5 mg B-carotene, n 23;
40 mg lycopene, 5mg f-carotene, n 12) or tomato juice
(18 mg lycopene, 0-6mg B-carotene, n 10), cluster analysis
applied to weekly carotenoid responses identified groups of
individuals with differential responses. This, in turn, was used
to classify individuals as strong responders or weak responders
to the carotenoid intake. These findings demonstrate that sub-
groups of individuals can have differential responses to interven-
tions which could be harnessed in the future to give more precise
dietary advice. With respect to employing a metabotype
approach for dietary interventions in clinical populations or dis-
ease risk factors, two studies are noteworthy. In a sample of high-
risk cardiovascular subjects (7 57; aged >55 years) a 4-week
cross-over RCT identified differential responsiveness to red wine
polyphenols®®. At baseline, fasting blood and urinary metabo-
lites and anthropometric parameters were used to cluster indi-
viduals in four metabotypes, including a higher-risk cluster
and a healthier cluster. Following 28 d of dealcoholised red wine
intake (polyphenol content =733 equivalents of gallic acid/d),
concentrations of urinary 4-hydroxyphenylacetate significantly
increased in the healthier cluster compared with the higher-risk
cluster, indicating a differential response in this cluster. In a
double-blind 4-week RCT with healthy subjects (12 135; aged
18-63 years), the effect of vitamin D supplementation (15 mg
vitamin D3 per d) to improve markers of the MetS was only
visible after the classification of the sample into metabotypes®?.
The vitamin D supplementation significantly increased the
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Table 3. Summary of studies developing targeted dietary advice solutions for metabotypes through the decision tree approach

Variables and

method for Clusters’ biomarker Validation of
Author Study sample clustering characterisation Design of decision trees decision trees Main findings
O’Donovan 875 Subjects Fasting TAG,  Cluster 1 (n 274) had high One decision tree by Comparison with  Three decision trees with
et al®? aged TC, HDL-C TC, cluster 2 cluster. Dietary advice individual-based 12 possible messages
18-90 and glucose (n 423) had adequate was based on the approach each, which are the
years in clustered by concentrations of all biochemical cluster’s manually combination of 20
the Irish k-means biomarkers, and cluster characteristics and compiled and possible types of advice.
National cluster 3 (n 178) had high branches for BMI, waist delivered by a An average agreement of
Nutrition analysis TAG, TC and glucose circumference and dietitian (n 99) 89 % (range 20—100 %)
Survey in blood pressure was found between the
Ireland targeted advice and the
individual-based
approach with 69 %
of the participants
presenting an agreement
of 100 %
O’Donovan 1354 27 Fasting Cluster 1 (n 326) had the ~ Two decision trees by Comparison with A wide set of messages
et al.®d Subjects metabolic highest TC and trans- cluster. The first was personalised raised from the
>18 years markers fatty acids and the based on biomarkers dietary advice combination of two
in the (TC, fatty lowest omega-3 index; (TC, total saturated fat, based on decision trees and
Food4Me acids and cluster 2 (n 433) had omega-3 index and phenotypic ranged from 2 to 6 per
Study in carotenoids) the highest omega-3 carotenoids) with features and participant. An average
seven clustered by index and total branches for TC, BMI delivered by agreement of 82 % was
European k-means carotenoids and the and waist nutritionists found between the
countries cluster lowest total saturated circumference. The (n 180) targeted advice and the
analysis fat; and cluster 3 second was based on individual-based

(n 595) had the lowest
TC and highest stearic
acid

the individual intakes of
five nutrients (salt, Fe,
Ca, folate and fibre)

approach, with an
average agreement of
83, 74 and 88 % for
clusters 1, 2 and 3,
respectively

TC, total cholesterol; HDL-C, HDL-cholesterol.

serum 25-hydroxyvitamin D in comparison with the placebo
group, but there was no effect of supplementation on the mea-
sured markers of the MetS. Based on thirteen fasting blood bio-
markers, one cluster characterised by low concentrations of
vitamin D and higher concentrations of adipokines showed a sig-
nificant decrease in insulin, HOMA-IR scores and C-reactive pro-
tein and an inverse relationship between the change in serum
vitamin D and glucose. Collectively, these examples clearly
present how comprehensive phenotyping may identify sub-
groups of individuals that can benefit from specific dietary
interventions.

The metabotype approach represents a tool through which
we can start to understand individual responses to interventions.
The ultimate goal will be to harness this information to deliver
personalised nutrition.

Harnessing the metabotype approach to deliver targeted
nutrition

To the best of our knowledge, there are only two published
examples of a framework for the delivery of personalised nutri-
tion using a metabotype approach (Table 3).

In 2015, O’'Donovan et al.*? proposed a framework based on
metabotyping using four commonly measured fasting markers of
metabolic health (TAG, TC, HDL-C and glucose). Application of

the approach in 875 adults resulted in three metabotypes.
Individuals in cluster 1 (72 274) had high TC concentrations, indi-
viduals in cluster 2 (72 423) had adequate concentrations of all
four biomarkers, and individuals in cluster 3 (72 178) had the most
unfavourable metabolic profile with high concentrations of TAG,
TC and glucose and the lowest concentration of HDL-C.
Targeted dietary advice was developed for each metabotype
incorporating characteristics of the metabotype and personal
traits. In order to test the reliability of the approach to deliver per-
sonalised dietary advice, the targeted approach was compared
with an individual-based approach manually compiled and
delivered by a dietitian for a random sample of participants
(1 99). An excellent agreement of 89 % (range 20-100 %) was
found between the methods, considering the dietary advice
given with the targeted approach in relation to those given with
the individual-based approach. The most important strength of
this study is the fact that for clustering individuals only four bio-
markers of metabolic health routinely measured were used.
Furthermore, the approach generated a limited number of deci-
sion trees with simple and clear messages which allow the auto-
mation of the delivery of personalised dietary advice to individuals
who are not high priority dietetic patients or where the access to a
dietitian is limited. All these features make the proposed frame-
work easily transferable to a clinical or primary care setting.
Development of this approach for a more diverse population
was achieved in a proof-of-concept format with data from seven
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European countries®”. Twenty-seven fasting metabolic markers
measured in finger-prick blood samples, including cholesterol,
individual fatty acids and carotenoids, were clustered into three
metabotypes. Individuals in cluster 1 (72 326) had the highest TC
and circulating trans-fatty acids and the lowest omega-3 index,
so this cluster was therefore considered the metabolically
unhealthy cluster. Cluster 2 (n 433) was labelled the healthy
group as individuals in this metabotype had the highest average
omega-3 index and total carotenoid concentrations and the lowest
total SFA. Individuals in cluster 3 (2 595) had the lowest average
TC and highest levels of stearic fatty acid. Decision trees with tar-
geted dietary advice were developed on the metabolic markers
(TC, total SFA, omega-3 index and carotenoids), demographics
and five key nutrients (salt, Fe, Ca, folate and fibre). The targeted
approach was compared with the messages delivered by nutri-
tionists as part of the Food4Me study (72 180) to participants receiv-
ing personalised dietary advice. An average match of 82 % at the
level of delivery of the same dietary message was found and the
agreement was also good by cluster, with an average match of
83% for cluster 1, 74 % for cluster 2 and 88% for cluster 3.
These results, obtained in a European population from seven
countries with diverse cultures and dietary intakes, confirm the
metabotype approach as a robust approach to the delivery of tar-
geted dietary advice and its applicability in different populations.

Conclusions and future directions

While metabotyping emerged initially to distinguish individuals
with and without diet-related diseases, it has rapidly developed
to identify those at metabolic risk and interrogate responses to
dietary interventions. With a heightened interest in inter-
individual variation in response to interventions, the approach
presents an unbiased method of identifying differential
responses. The ultimate goals will be to harness the approach
for the delivery of personalised nutrition. However, further
work is needed in understanding the biological mechanisms
underlying the differential responses. We need detailed studies
examining the underlying biology responsible for the different
metabotypes and deciphering the role of genetics and the
microbiome will be important future steps. Building this evi-
dence base will be important for the further development of
the metabotype concepts.

The framework comprising the metabotypes and decision
trees represents a model for the delivery of personalised nutri-
tion. However, there is a paucity of data demonstrating the
impact of this approach on metabolic health parameters.
Future studies are warranted to demonstrate that the approach
is effective in changing behaviours and health outcomes.

Acknowledgements

E. H. has a grant from the Brazilian Federal Agency for Support
and Evaluation of Graduate Education (CAPES) as part of the Full
Ph.D. Abroad Program (process no. 88881.174061/2018-01).
L. B. is supported by a European Research Council (ERC) grant
(no. 647783). CAPES and ERC had no role in the design, analysis
or writing of this article.

E.H. and L. B. contributed to the conception and design of the
review, E. H. drafted the manuscript, and E. H. and L. B. edited
the manuscript.

There are no conflicts of interest.

References

1. Ezzati M & Riboli E (2013) Behavioral and dietary risk factors for
noncommunicable diseases. N Engl ] Med 369, 954-964.

2. Schulze MB, Martinez-Gonzdlez MA, Fung TT, et al. (2018)
Food based dietary patterns and chronic disease prevention.
BMJ 361, k2396,

3. Browne S, Minozzi S, Bellisario C, et al. (2019) Effectiveness of
interventions aimed at improving dietary behaviours among
people at higher risk of or with chronic non-communicable
diseases: an overview of systematic reviews. Eur J Clin Nutr
73, 9-23.

4. Ordovas JM, Ferguson LR, Tai ES, et al. (2018) Personalised
nutrition and health. BMJ 361, k2173.

5. Curran AM, Horner K, O’Sullivan V, et al. (2019) Variable gly-
cemic responses to intact and hydrolyzed milk proteins in over-
weight and obese adults reveal the need for precision nutrition.
J Nutr 149, 88-97.

6. Minihane AM, Khan S, Leigh-Firbank EC, et al. (2000) ApoE
polymorphism and fish oil supplementation in subjects with
an atherogenic lipoprotein phenotype. Arterioscler Thromb
Vasc Biol 20, 1990-1997.

7. Mathias MG, Coelho-Landell CA, Scott-Boyer MP, et al.
(2018) Clinical and vitamin response to a short-term multi-
micronutrient intervention in Brazilian children and teens: from
population data to interindividual responses. Mol Nutr Food Res
62, ¢1700613.

8. Manach C, Milenkovic D, Van de Wiele T, et al. (2017)
Addressing the inter-individual variation in response to con-
sumption of plant food bioactives: towards a better understand-
ing of their role in healthy aging and cardiometabolic risk
reduction. Mol Nutr Food Res 61, 1600557.

9. Healey GR, Murphy R, Brough L, et al. (2017) Interindividual
variability in gut microbiota and host response to dietary inter-
ventions. Nutr Rev 75, 1059-1080.

10. Celis-Morales C, Livingstone KM, Marsaux CF, et al. (2017)
Effect of personalized nutrition on health-related behaviour
change: evidence from the Food4Me European randomized
controlled trial. Int J Epidemiol 46, 578-588.

11. Curtis PJ, Adamson AJ & Mathers JC (2012) Effects on
nutrient intake of a family-based intervention to promote
increased consumption of low-fat starchy foods through
education, cooking skills and personalised goal setting:
the Family Food and Health Project. Br J Nutr 107,
1833-1844.

12. Wright JL, Sherriff JL, Dhaliwal SS, et al. (2011) Tailored,
iterative, printed dietary feedback is as effective as group edu-
cation in improving dietary behaviours: results from a rando-
mised control trial in middle-aged adults with cardiovascular
risk factors. Int | Behav Nutr Phys Act 8, 43.

13. Brennan L (2016) Metabolomics in nutrition research — a
powerful window into nutritional metabolism. Essays
Biochem 60, 451-458.

14. de Toro-Martin J, Arsenault BJ, Després JP, et al. (2017)
Precision nutrition: a review of personalized nutritional
approaches for the prevention and management of metabolic
syndrome. Nutrients 9, E913.

15. Beger RD, Dunn W, Schmidt MA, et al. (2016) Metabolomics
enables precision medicine: “A White Paper, Community
Perspective”. Metabolomics 12, 149.


https://www.cambridge.org/core/terms
https://doi.org/10.1017/S0954422419000179
https://www.cambridge.org/core

oL

Nutrition Research Reviews

10

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

20.

E. Hillesheim and L. Brennan

Nicholson JK, Connelly J, Lindon JC, et al. (2002)
Metabonomics: a platform for studying drug toxicity and gene
function. Nat Rev Drug Discov 1, 153-161.

Brennan L (2017) Use of metabotyping for optimal nutrition.
Curr Opin Biotechnol 44, 35-38.

Riedl A, Gieger C, Hauner H, et al. (2017) Metabotyping and its
application in targeted nutrition: an overview. Br J Nutr 117,
1631-1644.

Palau-Rodriguez M, Tulipani S, Marco-Ramell A, et al. (2018)
Metabotypes of response to bariatric surgery independent of
the magnitude of weight loss. PLOS ONE 13, €0198214.

van Bochove K, van Schalkwijk DB, Parnell LD, et al. (2012)
Clustering by plasma lipoprotein profile reveals two distinct
subgroups with positive lipid response to fenofibrate therapy.
PLOS ONE 7, €38072.

O’Donovan CB, Walsh MC, Gibney MJ, et al. (2016) Can metab-
otyping help deliver the promise of personalised nutrition?
Proc Nutr Soc 75, 106-114.

O’Donovan CB, Walsh MC, Nugent AP, et al. (2015) Use of
metabotyping for the delivery of personalised nutrition. Mo/
Nutr Food Res 59, 377-385.

Ventura AK, Loken E & Birch LL (2000) Risk profiles for meta-
bolic syndrome in a nonclinical sample of adolescent gitls.
Pediatrics 118, 2434-2442.

Kirchberg FF, Grote V, Gruszfeld D, et al. (2018) Are all
breastfed infants equal? Clustering metabolomics data to iden-
tify predictive risk clusters for childhood obesity. J Pediatr
Gastroenterol Nutr 68, 408-415.

Riedl A, Wawro N, Gieger C, et al. (2018) Identification of com-
prehensive metabotypes associated with cardiometabolic dis-
eases in the population-based KORA Study. Mol Nutr Food
Res 62, ¢1800117.

Fiamoncini J, Rundle M, Gibbons H, et a/. (2018) Plasma metab-
olome analysis identifies distinct human metabotypes in the
postprandial state with different susceptibility to weight loss-
mediated metabolic improvements. FASEB J 32, 5447-5458.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Vis DJ, Westerhuis JA, Jacobs DM, et al. (2014) Analyzing
metabolomics-based challenge tests. Metabolomics 11,
50-63.

Krishnan S, Newman JW, Hembrooke TA, et al. (2012)
Variation in metabolic responses to meal challenges differing
in glycemic index in healthy women: is it meaningful? Nutr
Metab (Lond) 9, 26.

Morris C, O’Grada C, Ryan M, et al. (2013) Identification of dif-
ferential responses to an oral glucose tolerance test in healthy
adults. PLOS ONE 8, €72890.

Moazzami AA, Shrestha A, Morrison DA, et al. (2014)
Metabolomics reveals differences in postprandial responses
to breads and fasting metabolic characteristics associated with
postprandial insulin demand in postmenopausal women. J Nutr
144, 807-814.

Lacroix S, Des Rosiers C, Gayda M, et al. (2016) A single
Mediterranean meal does not impair postprandial flow-
mediated dilatation in healthy men with subclinical metabolic
dysregulations. Appl Physiol Nutr Metab 41, 888-894.

Wang TT, Edwards AJ & Clevidence BA (2013) Strong and
weak plasma response to dietary carotenoids identified by clus-
ter analysis and linked to B-carotene 15,15'-monooxygenase
1 single nucleotide polymorphisms. J Nutr Biochem 24,
1538-1546.

Vazquez-Fresno R, Llorach R, Perera A, et al. (2016) Clinical
phenotype clustering in cardiovascular risk patients for the
identification of responsive metabotypes after red wine poly-
phenol intake. J Nutr Biochem 28, 114-120.

O’Sullivan A, Gibney MJ, Connor AO, et al. (2011) Biochemical
and metabolomic phenotyping in the identification of a vitamin
D responsive metabotype for markers of the metabolic syn-
drome. Mol Nutr Food Res 55, 679—-690.

O’Donovan CB, Walsh MC, Woolhead C, et al. (2017)
Metabotyping for the development of tailored dietary advice
solutions in a European population: the Food4Me study.
BrJ Nutr 118, 561-5609.


https://www.cambridge.org/core/terms
https://doi.org/10.1017/S0954422419000179
https://www.cambridge.org/core

	Metabotyping and its role in nutrition research
	Introduction
	Metabolic phenotyping of longitudinal data to examine associations with cardiometabolic risk factors and diet-related diseases
	Metabolic phenotyping to investigate differential responses to dietary challenges and interventions
	Harnessing the metabotype approach to deliver targeted nutrition
	Conclusions and future directions
	Acknowledgements
	References


