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Abstract

Purpose Assessing the health impacts of nutritional interventions in metabolically compromised but otherwise healthy indi-
viduals is challenging, necessitating sensitive tools. Phenotypic flexibility offers an innovative way to measure homeostatic
capacity during challenge tests. A composite biomarker of inflammatory resilience has proven useful in evaluating the health
benefits of whole-grain wheat interventions in overweight and obese individuals. Expanding this method to other dietary
interventions to combat low-grade inflammation is essential.

Methods This study investigated the feasibility of a composite biomarker of inflammatory resilience through secondary anal-
ysis of samples from two independent energy restriction (ER) trials, Bellyfat (NCT02194504) and Nutritech (NCT01684917).
In these trials, fasting and postprandial inflammation was analysed using a variety of markers. Four composite biomarker
models were developed on the basis of postprandial inflammatory marker responses via the ‘health space’ model method.
These models were statistically evaluated for their sensitivity in detecting the effects of 12 weeks of ER.

Results The minimal composite biomarkers, consisting of IL-6, IL-8, IL-10, and TNF-a, lacked the ability to detect post-
prandial intervention effects in both ER trials. However, in the Nutritech study, the extended, endothelial, and optimized
composite biomarkers of inflammatory resilience displayed significant responses to the ER (all P <0.005). In the latter 3
models, a reduction in the inflammatory score was correlated with a reduction in BMI and body fat percentage.

Conclusion This study underscores the feasibility of employing a composite biomarker of inflammatory resilience to evaluate
ER interventions. Further validation in additional nutritional intervention studies is necessary. Once validated, this composite
biomarker could offer a novel approach for assessing low-grade inflammation and phenotypic flexibility.
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Introduction

Determining the health effects of nutritional intervention
strategies in healthy but metabolically compromised persons
is challenging, and researchers have recently put effort into
the generation of sensitive tools [1]. Traditionally, health
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measure health, ideally with clusters of composite biomark-
ers and integrated biological processes without a focus on
one biomarker or pathway.

Over the last decade, the concept of resilience has been
developed as a novel approach to quantifying the ability to
adapt homeostasis to an external stressor such as a stand-
ardized meal, temperature change or physical exercise [2,
5-7]. In the metabolism field, phenotypic flexibility refers
to the body’s ability to adapt its physiological processes
in response to metabolic challenges such as food intake
[5]. One of these challenges is the PhenFlex Challenge
Test (PFT), which was developed as a standardized high-
caloric liquid meal test containing lipids, carbohydrates,
and proteins, to quantify phenotypic flexibility in health and
metabolic diseases [1, 5, 8]. At multiple timepoints after
ingestion of the PFT, blood samples are taken to determine
various biological parameters. As a reference in this test,
similar parameters are measured in response to the PFT in
two additional groups: young, lean individuals, representing
healthy people, and older, obese individuals, representing
those with compromised health [1]. This approach allows for
the calculation and visualization of standardized composite
biomarkers in a so-called ‘health space’, reflecting the cop-
ing behaviour of specific biological processes in response to
a standardized perturbation, such as those relating to liver
health, vascular health, metabolism and inflammation within
the extremes of the healthy population [1, 9]. In an earlier
study, we demonstrated that the health space approach is
suitable for evaluating interpretable intervention effects
using these composite markers, which were not observed
when these markers were analysed after overnight fasting.
If the intervention effect causes the composite biomarker to
shift in the direction of young, lean individuals, this result
indicates a beneficial effect of the intervention, whereas if
the intervention effect causes the composite biomarker to
shift in the direction of older obese individuals, this find-
ing indicates a detrimental effect of the intervention. This
approach supports the idea that health is defined by an indi-
vidual’s ability to respond under metabolic pressure (i.e.,
phenotypic flexibility) rather than under homeostatic condi-
tions (i.e., overnight fasting) [10].

Low-grade inflammation is recognized as a key patho-
logical feature in most metabolic diseases. Previously, an
overview of the utility of inflammatory resilience biomark-
ers for evaluating the efficacy of nutritional interventions
was presented [11]. However, no standardized procedure to
quantify an inflammatory resilience biomarker has been pro-
posed. Therefore, we aimed to evaluate the standardized PFT
to quantify low-grade inflammation across multiple energy
restriction intervention studies, as weight loss is well known
to reduce inflammation in obese and overweight individu-
als [12]. This study aims to develop and compare several
configurations of an inflammatory resilience biomarker,
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which vary in the number and type of inflammatory marker
responses to the PFT, in two energy restriction studies.

Materials and methods
Study design

In this multi-study feasibility research, secondary analysis
was performed on samples from the Bellyfat and Nutritech
studies [13, 14].

The Bellyfat study was a 12-week, randomized, paral-
lel-designed study comparing two energy restriction (ER)
interventions and a habitual diet control arm, as described
previously [13]. The study was approved by the Medical
Ethics Committee of Wageningen University and registered
at clinicaltrials.gov as NCT02194504 on the 16th of July,
2014. All the participants provided informed consent prior to
their inclusion in the study. It was performed in accordance
with the ethical standards defined in the 1964 Declaration
of Helsinki and its later amendments. In brief, participants
aged 40-70 years with abdominal obesity (BMI> 27 kg/m?
or a waist circumference > 88 cm for women or> 102 cm
for men) were stratified according to BMI, age, and sex.
The interventions consisted of a 25% ER diet with a low-
or high-nutrient quality diet (further referred to as LQ-ER
and HQ-ER, respectively). Compared with the LQ-ER diet,
the HQ-ER diet was enriched with MUFAs, n-3 PUFAs,
fibre, and plant-based protein and the level of fructose was
lower than that of the LQ-ER diet. The participants in the
control group were instructed to maintain their habitual diet.
Both ER diets resulted in significant average weight loss
and BMI reduction: 6.3 kg and 2.1 kg/m? in the LQ-ER
group and 8.4 kg and 2.8 kg/m? in the HQ-ER group. The
control group, however, gained 0.8 kg on average, with a
BMI increase of 0.3 kg/m?. The original study was powered
to detect changes in intrahepatic lipid accumulation, and the
sample sizes were as follows: the control group (n=30) and
the LQ-ER and HQ-ER groups (n=40 each). Among these
110 individuals, 100 completed the study, with 39 in the
LQ-ER diet group, 34 in the HQ-ER diet group, and 27 in
the control group [13]. For this multi-study feasibility analy-
sis, the sample sizes were as follows: control group (n=27),
LQ-ER group (n=39), and HQ-ER group (n=34).

In the NutriTech study, the subjects were randomized
to parallel arms consisting of 12 weeks of ER rather than
healthy weight maintenance as a control [14]. The study
was approved by the Medical Ethics Committee of West
London Ethics Committee and registered at clinicaltrials.gov
as NCT01684917 on the 11th of September, 2012. All the
participants provided informed consent prior to their inclu-
sion in the study, which was performed in accordance with
the ethical standards of the 1964 Declaration of Helsinki and
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its later amendments. In brief, participants aged 50-65 years
old with a BMI of 25-35 kg/m? were stratified by BMI, age
and sex. The intervention arm followed a supervised ER
diet that reduced caloric intake by 20%, whereas the control
group was advised to consume an average healthy European
diet. The ER diet resulted in significant average weight loss
of 5.6 kg and a BMI reduction of 1.9 kg/m?, whereas in
the control group, participants gained 0.1 kg on average,
with a BMI increase of 0.1 kg/m?. The original study was
powered to detect changes in insulin sensitivity. Among the
68 participants who completed the study, 31 were in the
control group, whereas 37 were in the ER group [14]. For
this multi-study feasibility analysis, the sample sizes were
as follows: control group (n=29) and ER (n=36). In the
Nutritech study, 2 distinct metabotypes were determined
based on the hierarchical clustering of the phenotypic data,
which revealed two distinct clusters with specific metabolic
profiles and biomarker concentrations [15]. Compared with
those classified as metabotype A, individuals classified as
metabotype B presented slower glucose clearance, greater
intra-abdominal fat mass, and elevated liver lipid levels [15].

PhenFlex challenge test and inflammatory marker
measurements

Resilience was quantified in both studies by applying the
standardized PFT before and after 12 weeks of interven-
tion in overweight and obese participants who fasted for at
least 12 h [1, 5, 8, 16]. In brief, PFT is a high-calorie drink
that contains 75 g of glucose, 60 g of fat and 18 g of pro-
tein concentrate and is ingested within 5 min. No food or
beverages were allowed during this period except for water.
Plasma samples were taken before and after consumption
of the PFT (t=0, 30, 60, 120, and 240 min). Both inflam-
matory and anti-inflammatory biomarkers were selected to
capture a more complete profile of the inflammatory sta-
tus. The plasma levels of interleukin (IL)—6, IL-8, IL-10,
IL-12p70, IL-13, interferon (IFN)-y and tumour necrosis
factor (TNF)-a were measured using multiplex immunoas-
says (Multiplex Panel Human; Meso Scale Discovery). For
the Nutritech and PhenFlex reference studies, the levels of
myeloperoxidase (MPO), leptin, adiponectin, C-reactive pro-
tein (CRP), serum amyloid A (SAA), E-selectin, P-selectin,
soluble intercellular adhesion molecule (SICAM)—1, solu-
ble vascular adhesion molecule (sVCAM)—1 and plasmino-
gen activator inhibitor (PAI)—1 were also determined. The
following multiplexed immunoassays (provider, product
number, units) were employed, and they were previously
optimized for small plasma volumes using commercially
available reference blood donor plasma samples (TCS
Bioscience Ltd., Buckingham, UK) [10]: MPO (R&D Sys-
tems, DY3174), adiponectin (R&D Systems, DY1065),
leptin (R&D Systems, DY398), E-selectin (R&D Systems,

DY724), P-selectin (R&D Systems, DY 137), sSICAM-1
(R&D Systems, DY720), sVCAM-1 (R&D Systems,
DY805), SAA (R&D Systems, DY3019), CRP (R&D Sys-
tems, DY 1707), and total PAI-1 (R&D Systems, DY9387).
For each parameter, the linear range and optimal dilution
factor were optimized prior to measurement via commer-
cially available reference blood donor plasma samples (TCS
Bioscience Ltd., Buckingham, UK).

Data integration into a health space to construct
composite biomarkers of inflammatory resilience

We constructed a health space model to develop compos-
ite biomarkers of inflammatory resilience on the basis of a
previously described methodology [1, 9, 10]. First, we ana-
lysed two reference groups: a healthy reference group, which
consisted of 20 young individuals aged 20 to 29 years with
low to normal body fat percentages (<20% for men; <30%
for women), representing individuals with optimal health,
and a compromised health group, which comprised 20 older
individuals aged 60 to 70 years with higher body fat per-
centages (>20% for men; > 30% for women), representing
people with compromised health.

Next, to construct the health space model, we built a
ridge regression model using the glmnet package [17] and
designed it to classify individuals into two reference groups
according to the mean-centred and scaled inflammatory
marker responses to the PFT. In brief, this regression was
used to analyse the data and create models to identify the
most important biomarkers and the time of PFT analysis.
This approach gives them ‘weights’ based on how well they
distinguish between the references for ‘healthy’ and ‘com-
promised’. The ‘weight’ for each biomarker at each time
point represents the importance and direction of influence:
positive coefficients highlight risk indicators, and negative
coefficients represent beneficial markers. The model calcu-
lates a score by multiplying each biomarker value by its cor-
responding ‘weight’ in the regression equation and summing
up the results for each participant. In the final health score
calculation, positive and negative values balance each other,
resulting in a net score that reflects overall health status.
Scores closer to the health reference group indicate greater
resilience (low inflammation score), whereas scores closer to
the compromised reference group suggest greater resilience
(higher inflammation score).

Four different composite inflammatory resilience bio-
markers were developed: a minimal biomarker based on
IL-6, IL-8, IL-10 and TNF-«; an extended biomarker based
on adiponectin, leptin, CRP, SAA, E-selectin, P-selectin,
IFN-y, IL-6, IL-8, IL-10, IL-12p70, IL-13, TNF-a, MPO,
PAI-1, sVCAM-1, and sICAM-1; an endothelial activa-
tion composite biomarker based on E-selectin, P-selectin,
SICAM-1, sVCAM-1, and PAI-1; and a Nutritech-specified
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composite biomarker based on CRP, E-selectin, SICAM-1,
PAI-1, and SAA. Health space models contain both pro-
and anti-inflammatory biomarkers, with the idea that the
balance between pro- and anti-inflammatory components is
important for health. By comparing the intervention out-
comes between the two reference groups, the model deter-
mines either a positive or negative weight in the regression
equation. Prior to being input into each model, the data were
centred and scaled. Each model generated a regression equa-
tion, which we subsequently used to calculate scores for each
study subject across the different datasets. Model validation
was performed using tenfold cross-validation, during which
we optimized the model parameters and assessed their qual-
ity using the mean squared error metric.

Statistical analysis

All the statistical analyses and visualizations were performed
using R version 4.1.2. All the figures were constructed with
the ggplotr2 package. We used the trapezoidal rule to cal-
culate the area under the curve (AUC) for the inflamma-
tory marker data collected during the PFTs. This method
involves calculating the areas above and below the baseline
fasting value for each feature. These areas are considered
separately as positive and negative values. The total AUC is
then derived by adding these two areas together. If any data
point was missing from a PFT response measurement, we
excluded all the data from that response. Statistical analyses
with the individual inflammatory markers, the AUCs, and
the four composite inflammatory resilience biomarkers as
variables were performed using the /me4 package [18] and
ImerTest package [19] with the emmeans package [20] for

post hoc analysis. All the statistical models incorporated the
random term 'subject’ to account for subject-specific varia-
bility as well as fixed effects for 'group' and 'occasion’. Sepa-
rate models were created for each variable and study. Model
residuals were checked for normality, and non-normally dis-
tributed data were log-transformed. For all the inflamma-
tory mediators, medians with interquartile ranges (IQRs)
are displayed since the data are not normally distributed,
and the median is considered a more robust representation of
central tendency. The estimated marginal means were back-
transformed to their original scale in the case of models with
transformed variables. Data points were excluded from the
model when the absolute standardized residuals exceeded a
threshold of 3.

Results

A minimal composite biomarker of inflammatory
resilience is not sensitive to the effects of ER
interventions

Figure 1 shows the minimal composite biomarker response
of inflammatory resilience at baseline (week 0) and follow-
up (week 12) in each intervention group in both studies com-
pared with the metabolically healthy and the metabolically
compromised reference groups described earlier [1, 10]. We
found no significant difference in the interaction effect in
the Bellyfat or the Nutritech studies with the minimal panel
(Table 1, p=0.356 and p=0.906, respectively). Moreover,
no significant differences between or within intervention
groups were observed in either study, indicating insufficient
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Fig.1 Minimal composite biomarkers of inflammatory resilience
(TNF-a, IL-6, IL-8, and IL-10). Baseline (week 0 in red) and follow-
up (week 12 in blue) data of each intervention group in the Belly-
fat and Nutritech studies. The groups were compared to the meta-
bolically healthy (aged 20-29 years, lean (L) to normal (N) body fat
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composition) and the metabolically compromised (aged 60-70 years,
normal (N) to high (H) body fat composition) reference groups. LQ-
ER low-quality energy-restricted diet; HQ-ER high-quality energy-
restricted diet
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Table 1 p values for the
interaction effect and post hoc
analysis of health space scores

Interaction

Between groups
ER vs. control

Within Group
Week 12 vs. Week 0

in the Nutritech study before Treatment x week ~ Week 0 Week 12 control ER
(week 0) and after (week 12)
the intervention Bellyfat study
Minimal panel 0.356 LQ vs. C: 0.257 0.317 0.331 LQ: 0.744
HQ vs. C: 0.105 0.476 HQ: 0.292
HQ vs. LQ: 0.557 0.732
Nutritech study
Minimal panel 0.906 0.524 0.567 0.786  0.895
Extended panel 0.004 0.872 0.081 0486  4.02E— 04
Metabotype A 0.090 0.102 0.008 0.314  0.153
Metabotype B 0.015 0.185 0.790 0.921 3.35E— 04
Endothelial activation panel  0.002 0.726 0.030 0.421 1.73E—- 04
Metabotype A 0.112 0.386 0.042 0.658  0.060
Metabotype B 0.032 0.731 0.190 0.857  5.72E- 04
Nutritech panel 0.004 0.983 0.063 0943  3.57E— 05
Metabotype A 0.022 0.180 0.003 0.261 0.029
Metabotype B 0.028 0.364 0.416 0359  2.79E- 05

The minimal panel included 4 markers (TNF-a, IL-6, IL-8, and IL-10); the extended panel included 17
markers (adiponectin, leptin, CRP, SAA, E-selectin, P-selectin, IFN-y, IL-6, IL-8, IL-10, IL-12p70,
IL-13, TNF-a, MPO, PAI-1, sVCAM-1 and sSICAM-1); the endothelial activation panel included 5 mark-
ers (E-selectin, P-selectin, SICAM-1, sVCAM-1 and PAI-1); and the Nutritech panel included 5 markers
(E-selectin, SICAM-1, PAI-1, CRP and SAA). Compared with metabotype B (compromised), metabotype
A (less compromised) is characterized by faster glucose clearance, lower intra-abdominal fat, and lower
liver lipid levels [14]. Bold data show significant interaction effects and post hoc analysis between or

within groups

C control diet, ER energy-restricted diet, LQ low-quality energy-restricted diet, HQ high-quality energy-

restricted diet

sensitivity to the two ER interventions. These observations
were supported by a lack of significant interaction effects in
the Bellyfat and Nutritech study overnight fasting levels and
the AUCt of TNF-«, IL-6, IL-8, and IL-10 (for Nutritech:
Tables 2 and 3; for Bellyfat: Supplemental Table 1).

An extended composite biomarker of inflammatory
resilience is sensitive to the effects of ER
intervention

Owing to the lack of discriminative effect supporting the
effect of weight loss in the health space with the afore-
mentioned minimal composite biomarker, we wanted to
determine if another, more extensive panel of inflamma-
tory markers could further improve our health space model
sensitivity to quantify effects from ER intervention studies
on ‘inflammatory resilience’. Therefore, we subsequently
measured multiple additional inflammatory markers, namely
adiponectin, leptin, CRP, SAA, E-selectin, P-selectin,
IFN-y, IL-6, IL-8, IL-10, IL-12p70, IL-13, TNF-a, MPO,
PAI-1, sVCAM-1 and sSICAM-1, in the Nutritech and ref-
erence groups, which are known to contribute to chronic
low-grade inflammation [11, 21]. With this extended panel,
a significant interaction effect was observed (p=0.004,

Fig. 2 and Table 1), which was explained following post
hoc analysis by a significant shift towards the metabolically
healthy reference group after 12 weeks within the ER group
(p=4.02E— 04), which was not observed in the control
group (p=0.486). In the Nutritech study, earlier published
multivariate analysis identified 2 distinct metabotypes,
which were defined on the basis of plasma markers for fatty
acid catabolism separating compromised (type A) and less
compromised (type B) metabotypes [15]. Our data revealed
a significant interaction effect for metabotype B (p=0.032,
Fig. 2 and Table 1) but not for metabotype A. This effect
was explained by a significant improvement after 12 weeks
within the ER group (p=3.35E— 04).

An endothelial activation composite biomarker
of inflammatory resilience is sensitive to the effects
of ER intervention

To understand whether the improvement in the extended
composite biomarker was explained by vascular inflam-
mation/activation, we developed a separate composite
biomarker for endothelial activation based on E-selec-
tin, P-selectin, SICAM-1, sVCAM-1 and PAI-1. A sig-
nificant interaction effect was observed (p=0.002,
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Table 2 Median overnight

(OIN) fasting plasma Baseline Follow up Interaction (O/N)
. . Week 0 Week 12 p value
concentrations of inflammatory
mediators at baseline (week 0) Control ER Control ER Treatment x week
and after intervention (week 12)
in the NutriTech study TNF-a (pg/ml) 1.07 (0.355)  1.05 (0.55) 0.992 (0.543) 1.01(0.389) 0.563
IL-6 (pg/ml) 0.825 (0.437) 0.754 (0.381) 0.723 (0.286) 0.702 (0.291) 0.912
IL-8 (pg/ml) 1.84 (0.447)  1.82(0.67) 1.98 (0.483)' 1.95(0.895)  0.399
IL-10 (pg/ml) 0.225(0.17)  0.268 (0.176) 0.244 (0.133) 0.251 (0.197) 0.796
IL-12p70 (pg/ml) 0.188 (0.105) 0.249 (0.385) 0.171(0.1) 0.238 (0.311) 0.203
IL-13 (pg/ml) 1.15 (1.44) 1.4 (2.56) 0.98 (1.52)! 1.3 (1.65) 0.009
IFN-y (pg/ml) 4.27 (2.48) 4.03 (1.52) 4.21 (5.13) 4.42 (2.31) 0.778
Adiponectin (ug/ml) 2.52 (1.84) 2.52 (1.28) 2.23 (1.75) 245 (1.4) 0.622
CRP (pg/ml) 1.12(0.973)  1.04 (0.94) 1.07 (1.06) 0.602 (0.89)°  0.004
E-Selectin (ng/ml) 7.28 (3.31) 7.25 (3.68) 7.76 (3.83) 593 (3.77°  71.75E— 09
SICAM-1 (ng/ml) 134 (51.9) 122 (30.4) 128 (39.8) 119 (33.9>*  0.324
Leptin (ng/ml) 17.7 (16.2) 16.8 (14.2) 17 (13.5) 10.9 (9.27)° 1.39E— 11
MPO (ng/ml) 24.3 (7.47) 25.8 (9.08) 24.8 (8.63) 25.1 (10.1) 0.128
PAI-1 (ng/ml) 12.9 (11) 13.2 (12.3) 13.4 (14.6) 10.6 (9.49)°  0.001
P-Selectin (ng/ml) 22 (10.8) 24.5 (10.1) 18.4 (10.9) 21 (7.68)° 0.201
SAA (ug/ml) 2.29 (1.5) 2.33 (1.38) 2.14 (1.64) 1.47 (1.45>*  0.001
sVCAM-1 (ng/ml) 417 (88.5) 395 (91.3) 415 (96.6) 414 (131)! 0.247
Data are presented as the median (IQR). Bold data indicate significance
ER energy-restricted diet
Within groups: (1) P < 0.05, (2) P < 0.005, (3) P < 0.0005 vs baseline. Differences between groups at
follow-up: (a) P < 0.05 vs control
Table3 p values for total area Interaction (AUCt) Between groups Within group
under Fhe CurYe (AUCY) values p value ER vs. control Week 12 vs. Week 0
of the interaction effect and
post hoc analysis within and Treatment x Week Week 0 Week 12 Control ER
between groups of postprandial
inflammatory markers in the TNF-a 0.991 0.767 0.776 1.44E— 04 1.69E— 05
extended panel of the Nutritech IL-6 0.863 0.807 0.944 0.057 0.052
study before (week 0) and after —— y; g 0.834 0.743 0.867 2.38E— 07 1.56E— 08
(week 12) intervention
IL-10 0.695 0.255 0.366 7.15E— 04 9.37E— 04
IL-12p70 0.686 0.158 0.222 0.011 0.018
IL-13 0.168 0.795 0.428 0.572 0.007
IFN-y 0.771 0.418 0.625 0.016 0.001
Adiponectin 0.642 0.997 0.899 0.338 0.668
CRP 0.042 0.899 0.113 0.875 0.001
E-selectin 4.01E—- 05 0.649 0.154 0.424 1.59E- 07
SICAM-1 0.071 0.147 0.013 0.560 0.033
Leptin 1.01E- 06 0.539 0.036 0.742 4.74E—- 11
MPO 0.85 0.613 0.743 0.750 0.492
PAI-1 0.085 0.843 0.248 0.583 0.001
P-Selectin 0.944 0.430 0.506 0.284 0.183
SAA 0.004 0.739 0.014 0.728 6.68E— 06
sVCAM-1 0.669 0.875 0.948 0.057 0.004

Bold data show significance for the interaction effect and post hoc analysis
ER energy—restricted diet
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Fig.2 Extended composite biomarkers of inflammatory resilience
(adiponectin, leptin, CRP, SAA, E-selectin, P-selectin, IFN-y, IL-6,
IL-8, IL-10, IL-12p70, IL-13, TNF-a, MPO, PAI-1, sVCAM-1 and
sICAM-1). Baseline (week O in red) and follow-up (week 12 in blue)
data of each intervention group in the Nutritech study, both for the
total population and for metabotype A and metabotype B. Compared
with metabotype B, metabotype A (less compromised) is character-

ized by faster glucose clearance, lower intra-abdominal fat, and lower
liver lipid levels (compromised) [15]. The groups are compared to
the metabolically healthy (aged 20-29 years, lean (L) to normal (N)
body fat composition) and the metabolically compromised (aged
60-70 years, normal (N) to high (H) body fat composition) reference
groups. *p <0.0005 between occasions
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Fig. 3 Endothelial activation composite biomarkers of inflammatory
resilience (E-selectin, P-selectin, SICAM-1, sVCAM-1 and PAI-1).
Baseline (week 0 in red) and follow-up (week 12 in blue) data of each
intervention group in the Nutritech study, both for the total population
and for metabotype A and metabotype B. Compared with metabotype
B, metabotype A (less compromised) is characterized by faster glu-

Fig. 3 and Table 1), which was explained by a signifi-
cant shift towards the metabolically healthy reference
after 12 weeks of ER (p=1.73E— 04) and a significant
difference between the ER and control groups at week
12 (p=0.030). Metabotype B had a significant interac-
tion effect B (p=0.032, Fig. 3, and Table 1), which was
explained by a significant decrease after 12 weeks in the
ER group (p=5.72E—- 04).
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cose clearance, lower intra-abdominal fat, and lower liver lipid levels
(compromised) [15]. The groups are compared to the metabolically
healthy (aged 20-29 years, lean (L) to normal (N) body fat composi-
tion) and the metabolically compromised (aged 60—70 years, normal
(N) to high (H) body fat composition) reference groups. *p<0.05
between interventions. **p <0.0010 between occasions

A specified composite biomarker of inflammatory
resilience is most sensitive to the effects of ER
intervention

A specified composite biomarker of inflammatory resil-
ience was developed based on a selected panel of mark-
ers with (near) significant interaction effects on the fast-
ing and/or postprandial response in the Nutritech study
(p<0.1, Tables 2 and 3), with a focus on systemic and
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vascular inflammation (E-selectin, SICAM-1, PAI-1, CRP
and SAA, further referred to as the Nutritech panel). A sig-
nificant interaction effect was observed (p < 0.004, Fig. 4
and Table 1), which was explained by a significant decrease
after 12 weeks of ER (p=3.57E— 05). In addition, a signifi-
cant interaction effect was observed for both metabotype A
(p=0.023, Fig. 4 and Table 1) and metabotype B (p=0.028,
Fig. 4 and Table 1). This finding was explained by post hoc
analysis as a decrease in the composite biomarker with
12 weeks of ER intervention for metabotype A (p=0.029)
and metabotype B ER (p=2.79E— 05) individuals. Addi-
tionally, a significantly lower composite biomarker level in
the ER intervention group than in the control group was
observed for metabotype A at week 12 (p=0.003).

Inflammatory resilience score is correlated
with weight loss

In our final analysis, we assessed whether the reduction
in the inflammation score was correlated with changes in
body fat percentage as determined by bioelectric impedance
or weight loss, which was calculated as the BMI [14]. We
found a significant correlation between a reduction in BMI
or body fat percentage and a decrease in the inflammation
score in the extended, endothelial activation and Nutritech
panels (Table 4).

Table 4 p values and correlation coefficients between differences in
inflammation scores and either BMI or body fat percentage before
(week 0) and after (week 12) the intervention

Correlation p value
Coefficient
Minimal panel
BMI —0.087 0.515
Body fat % —-0.073 0.586
Extended panel
BMI 0.47 1.61E— 04
Body fat % 0.28 0.025
Endothelial activation panel
BMI 0.58 1.30E— 06
Body fat % 0.43 6.13E— 04
Nutritech panel
BMI 0.53 1.41E—- 05
Body fat % 0.42 8.00E— 04

The minimal panel contained 4 markers (TNF-a, IL-6, IL-8, and
IL-10); the extended panel contained 17 markers (adiponectin, lep-
tin, CRP, SAA, E-selectin, P-selectin, IFN-y, IL-6, IL-8, IL-10, IL-
12p70, IL-13, TNF-a, MPO, PAI-1, sVCAM-1 and sICAM-1); the
endothelial activation panel contained 5 markers (E-selectin, P-selec-
tin, SICAM-1, sVCAM-1 and PAI-1); and the Nutritech panel con-
tained 5 markers (E-selectin, SICAM-1, PAI-1, CRP and SAA). Bold
data indicate significance

BMI body mass index

Discussion

In this multi-study analysis, we aimed to evaluate composite
biomarkers of inflammatory resilience in two independent

Nutritech Metabotype A

Metabotype B

Reference

Score

Occasion

E Baseline
. Follow-up
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Fig.4 Specific Nutritech composite biomarkers of inflammatory
resilience (E-selectin, SICAM-1, PAI-1, CRP and SAA). Baseline
(week 0 in red) and follow-up (week 12 in blue) data of each inter-
vention group in the Nutritech study, both for the total population
and for metabotype A and metabotype B. Compared with metabotype
B, metabotype A (less compromised) is characterized by faster glu-
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cose clearance, lower intra-abdominal fat, and lower liver lipid levels
(compromised) (15). The groups are compared to the metabolically
healthy (aged 20-29 years, lean (L) to normal (N) body fat composi-
tion) and the metabolically compromised (aged 60-70 years, normal
(N) to high (H) body fat composition) reference groups. *p<0.05
between or within groups. **p <0.0005 between occasions
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randomized controlled ER intervention studies. We found
that the original minimal composite biomarker, which is
based on four cytokines [10], was not sensitive enough to
detect an intervention effect of energy-restricted diets in
the Bellyfat and Nutritech studies. In contrast, extended,
endothelial activation and specific composite biomarkers
were able to show a significant improvement of ‘inflamma-
tory resilience’ following 12 weeks of ER in the Nutritech
study.

Nutritional and dietary intervention strategies have shown
promise in mitigating low-grade inflammation associated
with obesity, suggesting that specific changes in diet and
nutrition can alleviate inflammatory responses in individuals
with excess weight [22-24]. According to a recent system-
atic review meta-analysis, ER diets are known to reduce the
levels of inflammatory markers such as the acute phase pro-
tein CRP and, to some extent, the cytokine IL-6 [25]. Nota-
bly, a reduction in CRP levels was especially observed when
energy restriction was maintained for more than 12 weeks
[25]. However, the overall results of an ER diet on circulat-
ing levels of TNFa, IL-8, and IL-12 in fasted subjects are
inconsistent, possibly due to heterogeneity between studies
and the limited number of studies [11, 25]. Similarly, in our
multi-study evaluation, we found no cytokine markers that,
individually, displayed significant and mutual interaction
effects in both studies.

Obesity is associated with the shedding of VCAM-1,
ICAM-1, and E-selectin from the endothelium, leading to
increased levels of these mediators [26-29]. The shedding
of these markers is known to be associated with various
inducers, such as adipose tissue-related inflammation, met-
alloproteinases, circulating cytokines and reactive oxygen
species [11]. Similar to the observations of the Nutritech
study, earlier studies have shown that adherence to an ER
diet by (diabetic) obese patients led to reduced levels of the
acute phase proteins CRP and SAA, the endothelium acti-
vation marker E-selectin and the procoagulant factor PAI-1
[11]. These findings suggest that an ER diet, as in the case
of the Nutritech study, improves vascular health by inhibit-
ing endothelial and coagulation activity, which is associated
with systemic and local inflammation.

The measurement of inflammatory resilience follow-
ing a mixed-meal or high-fat challenge has been a topic of
debate due to inconsistent results [11, 30]. Mounting evi-
dence shows that there are no or only subtle postprandial
responses for the majority of circulating cytokines [10,
30-34]. IL-6 is a single inflammatory marker that is con-
sistently elevated following a mixed- or high-fat meal [30].
However, this result is likely attributed to the cannulation
procedure rather than to the body's metabolic response to
food [35, 36]. In both the Bellyfat and the Nutritech stud-
ies, the subjects received a catheter for blood sample collec-
tion during the mixed-meal challenge [13, 15]. Current and

previous analyses have demonstrated that measuring circu-
latory cytokines postprandially alone is likely insufficient
to reflect inflammatory resilience in overweight or obese
individuals. In contrast, the extended, endothelial activa-
tion, and Nutritech specified composite biomarkers showed
responsiveness of inflammatory resilience to ER interven-
tion. The extended composite biomarker, which is based on
17 inflammatory markers linked to adipose tissue inflamma-
tion, endothelial dysfunction, and the activation of inflam-
matory pathways in obesity, can be used for future studies to
explore inflammatory resilience as a basis to define a more
pragmatic, simpler version. The findings of the present study
led to the development of a specific composite biomarker of
inflammatory resilience to evaluate ER intervention in the
Nutritech study. The specified composite biomarker levels in
the Nutritech study fall within the range of our metabolically
healthy and metabolically compromised reference groups
(as described in the methods section), indicating content
validity. Using this composite biomarker of inflammatory
resilience in relation to the reference groups helps us to
understand the beneficial health impact of the intervention.
For example, the Graandioos study did not find an effect
of whole-grain wheat versus refined wheat on the post-
prandial responses of E-selectin, P-selectin, sSICAM-1, and
sVCAM-1, which are markers of endothelial activation [10].
However, a significant effect was observed on a composite
biomarker based on postprandial responses of TNF-a, IL-6,
IL-8, and IL-10. These findings suggest that the mechanism
by which whole-grain wheat improves inflammatory resil-
ience differs from that of the ER. To capitalize on the use
of inflammatory resilience biomarkers to support next-gen-
eration health claims [37], nutritional studies need to show
the statistical significance, clinical relevance, and biologi-
cal plausibility of interventions in improving inflammatory
resilience. Inflammatory resilience is driven by multiple
biological systems and processes, and the abovementioned
examples show that different types of dietary intervention
may require different composite biomarkers of inflamma-
tory resilience. This work exemplifies this idea by proposing
a composite biomarker based on acute phase proteins and
endothelial activation markers for the evaluation of the ER,
as opposed to the earlier proposed biomarker with circula-
tory cytokines for the evaluation of whole grain wheat.
The strengths of this study include the investigation of
multiple inflammatory markers from 2 different studies,
both in terms of overnight fasting levels and postprandial
response. In addition, we investigated multiple composite
biomarker panels to explore and optimize the health space
model for ‘inflammatory resilience’ following ER. This
approach makes it possible to evaluate the intervention
effect on phenotypic flexibility objectively. A limitation
of this study was the absence of comprehensive measure-
ments of the extended inflammatory panel in the Bellyfat
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study, which precluded validation of the findings from the
Nutritech study.

In conclusion, this study demonstrated the feasibility of
a composite biomarker of inflammatory resilience for the
evaluation of ER interventions. Pending further validation
in additional ER restriction studies, it is envisioned that
this composite biomarker constitutes a next-generation bio-
marker for the evaluation of subtle ER interventions for low-
grade inflammation.
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