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Abstract

Background: A key feature of metabolic health is the ability to adapt upon dietary perturbations. Recently, it was
shown that metabolic challenge tests in combination with the new generation biomarkers allow the simultaneous
quantification of major metabolic health processes. Currently, applied challenge tests are largely non-standardized.
A systematic review defined an optimal nutritional challenge test, the “PhenFlex test” (PFT). This study aimed to prove
that PFT modulates all relevant processes governing metabolic health thereby allowing to distinguish subjects with
different metabolic health status. Therefore, 20 healthy and 20 type 2 diabetic (T2D) male subjects were challenged
both by PFT and oral glucose tolerance test (OGTT). During the 8-h response time course, 132 parameters were
quantified that report on 26 metabolic processes distributed over 7 organs (gut, liver, adipose, pancreas, vasculature,
muscle, kidney) and systemic stress.

Results: In healthy subjects, 110 of the 132 parameters showed a time course response. Patients with T2D showed 18
parameters to be significantly different after overnight fasting compared to healthy subjects, while 58 parameters were
different in the post-challenge time course after the PFT. This demonstrates the added value of PFT in distinguishing
subjects with different health status. The OGTT and PFT response was highly comparable for glucose metabolism as
identical amounts of glucose were present in both challenge tests. Yet the PFT reports on additional processes,
including vasculature, systemic stress, and metabolic flexibility.

Conclusion: The PFT enables the quantification of all relevant metabolic processes involved in maintaining or regaining
homeostasis of metabolic health. Studying both healthy subjects and subjects with impaired metabolic health showed

that the PFT revealed new processes laying underneath health. This study provides the first evidence towards adopting
the PFT as gold standard in nutrition research.
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Background

A key feature of health is the ability to adapt upon a large
variety of perturbations [1, 2]. In the context of metabolic
health, these perturbations primarily come from our diet.
The quantification of the multitude of responses upon a
metabolic meal tolerance test (carbohydrate, lipid, and
protein) reveals detailed insight in mechanisms and organs
involved in maintaining metabolic homeostasis [3] and is
specified as “phenotypic flexibility” [4].

The use of emerging technologies like metabolic profiling
and targeted proteomics in metabolic tolerance tests has
allowed the development of a new generation of bio-
markers [5] by the simultaneous quantification of multiple
processes [3, 6-11]. The response to challenges may be
used to derive biomarkers for maintenance of physiological
function and ultimately as indicator for prevention of
(metabolic) diseases. There is a strongly increasing interest
in this type of biomarker in nutrition and health studies,
demonstrating their use in uncovering early alterations in
metabolism preceeding chronic diseases [9, 11-14].
Recently, it was shown that quantification of challenge
response significantly contributes to demonstrating health
effects of food and nutrition in dietary intervention studies
[6, 7, 14-18]. A standardized optimal nutritional challenge
test was defined after performance of a systematic literature
review [3]. In this literature review, modulation of 35
different physiological processes were being evaluated. This
covered 61 studies that applied various metabolic challenge
tests to quantify health and nutritional effects, with the
objective to develop a standard in nutrition and health
research [3]. This challenge test was named the “PhenFlex
test” (PFT).

The present study aimed to assess the ability of PFT to
quantify flexibility of a multitude of processes, both in
healthy and metabolically impaired subjects and therefore
evaluated PFT response in 20 male volunteers with type 2
diabetes mellitus (T2D) to 20 healthy male volunteers.
Processes included gut hormone production, lipolysis and
adipokine production, (re)absorption, urea cycle, endothelial
integrity, protein/amino acid metabolism, muscle tissue
injury control, core metabolism, lipoprotein production,
hepatic tissue injury control, a- and f cell function, systemic
insulin sensitivity, oxidative stress, and switch between
carbohydrate and lipid oxidation. Our hypothesis was that
the biomarker PFT response would identify the involvement
of multiple processes in T2D which are not shown at fasting
nor in healthy subjects. Finally, we compared PFT to an
OGTT as a benchmark for glucose metabolism to investi-
gate if similar responses would occur upon both challenges.

Methods

Subjects

The study was conducted at the Centre of Human Drug
Research (CHDR) in Leiden, The Netherlands. Study
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participants were recruited from the CHDR volunteer
database and via study specific advertisements in local
media and internet. The trial was retrospectively regis-
tered on 25 April 2017 with ID: ISRCTN27707180.

The study population consisted of two groups of 20 male
participants aged 30-70 years. The first group consisted of
20 healthy male volunteers with a body mass index (BMI)
between 20.0-25.0 kg/m? The second group consisted of
20 male T2D subjects with a documented history of
diabetes mellitus and use of prescription oral glucose-
lowering drug(s). The T2D had a BMI of 25.1-34.9 kg/m>
and stopped antidiabetic medication 1 week prior to the
first study day. All subjects reported to have regular Dutch
eating habits. Excluded were subjects with uncontrolled
hypertension (systolic blood pressure > 150 mmHg and/or
diastolic blood pressure of > 95 mmHg), having a history of
medical surgical events other than T2D that might signifi-
cantly affect the study outcome, use of medication that
might interfere with parameters to be measured with one
of the challenge tests, smokers, active in sports for more
than 6 h a week, reported unexplained weight loss or gain
>4 kg in the month prior to the pre-study screening,
reported slimming or medically prescribed diet, or a
reported food allergy or sensitivity. For the diabetic
subjects, additional exclusion criteria were use of insulin
and a fasting glucose of <7 mM after stopping oral anti
diabetic treatment for 1 week. The study was performed in
compliance with good clinical practice.

Study design

The study was a explorative randomized cross-over
study in two groups of 20 healthy male volunteers and
20 male T2D subjects (Fig. 1). The sample size was not
determined by statistical power analysis but was based

> 2 days wash out

20 PFT n=10 0GTT n=10
(n=20) 0GTT n=10 PFT n=10
Healthy PFT n=10 OGTT n=10
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Fig. 1 Overview of study design and time points at which blood
samples were collected in response to challenge tests for biomarker
analysis. Twenty healthy male volunteers and 20 T2D subjects were
given the PhenFlex test (PFT) drink or a glucose drink (OGTT) in
randomized order on two different study days. The wash-out period
between the two challenge tests was at least 2 days. On study days,
blood samples were taken at t = 0 (= 10 h of fasting) and six time points
(t=051t=1t=21t=41t=6and t =8 h) after consumption of the

challenge drinks for analysis of a total of 132 different metabolic markers
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on the results of previous studies with a similar study
design [6, 19-21]. To minimize the risk of bias and
enhance the validity of statistical comparisons, we
choose to only include male subjects in this explorative
study. Both groups were given the PhenFlex test (PFT)
drink or a glucose drink (OGTT) in the morning after
an overnight fast (=10 h) in randomized order on two
different study days. The wash-out period between the
two challenge tests was at least 2 days. The wash-out
period was sufficient, which was statistically checked by
comparing baseline biomarker concentrations within
subjects. On study days before the first blood draw, a
cannula was placed and blood samples were taken at
t = 0 (fasting) and six time points (¢ = 0.5, t = 1, £ = 2,
t=4,t=6,and t = 8 h) after consumption of the chal-
lenge drinks. Subjects were not allowed to eat or drink
until the last blood sampling, except from drinking
water. In addition to the blood sampling, ventilated hood
measurements were performed in subgroups of subjects.
A subgroup of ten healthy and ten T2D underwent an
indirect calorimetry measurement to assess the meta-
bolic flexibility (QUARK).

Subjects were instructed to eat the same meal on the
evening before each study day and to maintain their
habitual life style and diet from the screening until the
end of the study period, with the following restriction:
no unusual exercise/physical activity, no intake of food
supplements, NSAIDs, betablockers, statin, or paraceta-
mol. Use of ACE-inhibitors and statins was allowed for
the T2D during the study.

Challenge drinks

The PhenFlex test used a drink (the “PhenFlex drink”) of
400 mL, which consisted of a mixture of 12.40% (w/w)
palm olein, 17.25% (w/w) dextrose, 4.13% (w/w) Protifar
(Nutricia), 0.10% (w/w) (vanilla flavor), 0.12% (w/w)
trisodiumcitrate, 0.08% (w/w) sodiumhydroxide, and
66.12% (w/w) water. This resulted in a drink of
3950 kJ/950 kcal with a macronutrient composition of
60 g fat (of which 39% saturated fatty acids, 47% mono
unsaturated fatty acids, 14% poly unsaturated fatty
acids), 75 g glucose, and 20 g protein. The PhenFlex
drink was food-grade produced using a production
protocol with HACCP principles in the NIZO food
research processing centre. The OGTT was a standard
oral glucose tolerance test consisting of 75 g glucose in
300 mL water prepared by the LUMC hospital phar-
macy. The drinks were stored in a refrigerator with
restricted access at 2-8 °C until consumption. Both
challenge drinks had to be consumed within 5 min.

Metabolic parameters
Blood samples were collected in tubes containing clot acti-
vator for serum or in ice-chilled tubes containing
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Li-heparin or K;EDTA as anticoagulant for plasma and
whole blood. DPP-1V inhibitor was added to K,EDTA tubes
for glucose-dependent insulinotropic polypeptide (GIP)
analyses and approtinin to tubes for glucose-related param-
eters. After centrifugation (for 15 min at approximately
2000 g at approximately 4 °C within 30 min after collec-
tion), plasma and serum samples were stored at < -20 °C
for clinical chemistry and < — 70 °C for all other parameters.
The following parameters were measured using routine
methodology in all serum samples: total cholesterol,
HDL cholesterol, LDL cholesterol, triglycerides, free
fatty acids (FFA), glucose, gamma-glutamyltransferase
(GGT), alanine-aminotransferase (ALAT), aspartate-
aminotransferase (ASAT), alkaline phosphatase (ALP),
albumin, and creatinine. Plasma samples were analyzed
for C-reactive protein (CRP), serum amyloid A (SAA),
secreted intercellular adhesion molecule-1 (sICAM-1),
secreted vascular adhesion molecule-1 (sVCAM-1)
using a 4-plex Meso Scale Discovery (MSD, Rockville,
Maryland, USA). Glucose-related parameters consisting
of glucagon, glucagon-like peptide-1 (GLP-1), leptin,
and insulin were measured in plasma using a different 4-
plex MSD plate (MSD, Rockville, MD, USA). Enzyme-
linked immunosorbent assays (96-wells) were used to
measure adiponectin, GIP, C-peptide, and glutathione
ratio. Metabolic profiling was used for assessment of
endogenous plasma metabolites by gas chromatography—
mass spectrometry (GCMS) technology. In addition, fast-
ing glycated hemoglobin Alc (HbAlc) (in whole blood)
and fructosamine (in serum) were measured. All parame-
ters were analyzed by TNO Triskelion BV.

Indirect calorimetry

Substrate oxidation was measured with the ventilated
hood method (QUARK RMR, version 9.1, Cosmed,
Rome, Italy) according to the manufacturer’s instruc-
tions. This indirect calorimetry is based on measure-
ment of gas exchange, to reflect energy expenditure
and nutrient metabolism [22]. The head of the patient
is covered with a transparent plastic canopy hood, con-
nected to a blower, generating a constant flow through
the hood. Inhaled air enters from the surrounding
environment (room air) and the exhaled O, and CO,
content is measured for calculation of O, consumption
and CO, production. The respiratory quotient (RQ)
was assessed as the ratio of CO, exhaled to the amount
of oxygen consumed by the individual (RQ = VCO,/VO,).
Before consumption of the challenge drink, a measure-
ment of 20 min was performed, reflecting the fasting sub-
strate oxidation of the subjects. Data of the first 5 min
were discarded. From the subsequent period of 15 min, a
10-min reading was selected which reflected a steady state.
After consumption of the challenge drink, substrate oxida-
tion was measured continuously for 3 h. Data reflecting
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the most stable 10 min from the second half of every
30-min period were used to calculate substrate oxidation
at ¢ = 30, 60, 90, 120, 150, and 180 min.

Body composition

Whole-body electrical resistance measurements were per-
formed for assessing body composition using an InBody
720 body composition analyzer (InBody, Seoul, Korea).
Bio-impedance was measured via resistance in broadband
frequencies of 1 kHz—1 MHz and reactance in mean
frequencies. Based on the data of the bio-impedance
measurement, body composition was measured indirectly.
Fat mass of the body was computed as body weight minus
fat-free mass.

Insulin resistance, insulin secretion, and B cell function

A number of indexes related to insulin resistance, insulin
secretion, and P cell function were calculated using previ-
ously published methods. The Hepatic Insulin Resistance
Index (HIRI) was calculated as fasting insulin (mU/L) x
fasting glucose (mg/dL) [23], and Muscle Insulin Sensitiv-
ity Index (MISI) was calculated as the rate of decay of
plasma glucose concentration from its peak value to its
nadir during the OGTT divided by the mean plasma insu-
lin concentration [24]. Adipocyte insulin resistance was
calculated as fasting plasma insulin (mU/L) x fasting
plasma non-esterified fatty acids (NEFA) (mmol/L) [25].

Insulin sensitivity was calculated by two methods: the
Matsuda Index (ISI) = 10,000/V [(fasting insulin (mU/L) x
fasting glucose (mg/dL)) x (mean OGTT insulin (mU/L) x
(mean OGTT glucose (mg/dL) [23] and the Homeostasis
Model Assessment of Insulin Resistance (HOMA-IR) = fast-
ing insulin (mU/L) x fasting glucose (mmol/L)/22.5 [26].

B cell function was determined by two methods: first
through calculation of the Disposition Index = ISI x
(AUCy_30 Ins/AUCy_34 Glc), where AUC,_3, is the area
under the curve between baseline and 30 min of the
OGTT for insulin (mU/L) and glucose (mg/dL) measure-
ments, respectively, calculated by the trapezoidal method
[27]. Secondly, by the homeostasis model assessment of
beta cell function that estimates steady-state beta cell
function (%B) (HOMA-B) = (20 x fasting insulin mU/L)/
(fasting glucose (mmol/L) -3.5) [26]. Insulin secretion was
measured by the insulinogenic index (IGI): IGI = [30 min
insulin - fasting insulin (mU/L)]/[30 min glucose - fasting
glucose (mmol/L)] [28].

Statistics

Statistical analyses were performed using the Statistical
Analysis System software package version 8.2 (SAS Insti-
tute, Cary, NC, USA). Means and standard deviations were
calculated for blood parameters and parameters regarding
the substrate oxidation. Several area under the curve
(AUC) parameters were calculated using the first
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measurement (¢ = 0) as reference (M1 method) exactly as
described by Pellis et al. [7]. ANOVA was applied with the
interaction subject group x time as main effect. Time
curves for healthy subjects were compared to time curves
for T2D. In case of a significant interaction, the response in
time upon the PFT or OGTT was investigated for both
groups (healthy and T2D). In case of no significant inter-
action between healthy/T2D and time, the response in time
upon the PFT/OGTT is equal for both groups. Main time
and group effects were investigated to study overall time
and group effects. The AUC measurements for healthy sub-
jects were compared to the AUC measurements for T2D.

For all ANOVAs, plots of residuals versus the corre-
sponding fitted values were inspected. If these plots re-
vealed a residual variation that increases with the fitted
value, the data were transformed by taking their natural
logarithm. The transformation was performed on the
original data set. If the absolute value of a residual
exceeded three times the residual standard deviation, the
corresponding data point was flagged as an outlier and
was removed from the data set.

The null hypotheses (no effect) were rejected at the
0.05 level of probability (¢ = 0.05). P values (interactions
between healthy/T2D and time, AUCtotal and 7 = 0)
were collected into one table and corrected for testing
multiple parameters by applying the Benjamini—Hoch-
berg procedure for controlling the false discovery rate
(FDR). The analysis of the other AUC characteristics
(AUC+, AUC-, Tmin, Tmax, Cmin, Cmax) was used as
additional support for the findings on AUCtotal. Bio-
markers that had a significant interaction effect (time x
group response) or a significant AUC effect had a differ-
ential response to the PFT or showed curve shape differ-
ences were referred to as the challenge response.
Biomarkers that had a differential group effect had dif-
ferential offset concentrations but the same shape of the
challenge response curve over the time course was re-
ferred to as postprandial concentrations or postprandial
levels response.

Hierarchical clustering

The same method was used as described in Pellis et al.
to create groups of parameters exhibiting a similar
response to the PFT [7]. Hierarchical clustering was
performed on the time profiles of all parameters with a
significant time effect. For the hierarchical clustering,
Pearson’s correlation was used as the distance measure,
and complete linkage was used to define the distance
between clusters. The number of five clusters was
chosen manually taking into account the difference in
response and the number of plasma parameters. We
aimed to define clusters clearly distinct in the type of
response and containing at least four parameters.
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Results and discussion

Subjects characteristics

The T2D were older (p < 0.0001; average age 58 years)
and had higher BMI (p < 0.0001; 29 kg/m?) compared to
the healthy subjects (average age 42 years and BMI
23 kg/m?) (Table 1). Fasting glucose levels were higher
(p < 0.0001) in T2D (average of 10.2 mmol/L) compared
to the healthy subjects (average of 5.4 mmol/L).

PhenFlex test response characterization in healthy
subjects

Statistical analysis revealed that 110 of 132 parameters
responded significantly to PFT drink in healthy subjects
(Additional file 1: Table S1, Fig. 2). These 110 signifi-
cantly modulated plasma parameters were grouped into
5 discrete response time course clusters (Fig. 3). Cluster
1 was the biggest cluster represented by 37 out of 110
plasma parameters. These parameters increased during
most of the 8 h time course. Cluster 2 represents 8
plasma parameters that mainly decreased during most
of the time course of 8 h. Time profile cluster 3 repre-
sented the 31 plasma parameters that decreased upon
PFT, with a subsequent recovery phase. Cluster 4 repre-
sented 8 plasma parameters with a classical absorption
profile, reaching maximum concentrations around 4 h
after PFT challenge, followed by a continued reduction
towards baseline values at the final (8 h) time point.
Cluster 5, represented by 26 plasma parameters has a
similar profile to cluster 4, with the main difference
that parameters in cluster 5 reached maximum values
around 1 h and that minimum concentrations were
reached at the final time point (8 h), which were below
baseline values. The healthy physiological responses of
main metabolic processes modulated by PFT are
described in more detail below.

Table 1 Demographic characteristics and fasting laboratory
values of subjects at inclusion (mean (SD))

Healthy (n = 20) T2D (n = 20)
Age (years) 422 (76) 58309.0)7
BMI (kg/m?) 233 (1.5) 287 2.2
Glucose (mmol/L) 54 (05) 10207
Cholesterol (mmol/L) 50 (1.0) 46(1.2)
HDL (mmol/L) 13(03) 10(02)
LDL (mmol/L) 34(08) 31(10)
Triglyceride (mmol/L) 14 (1.0 1.9 (0.9

“Significant differences between fasting values healthy subjects and T2D
(p value < 0.05);

“Significant differences between fasting values healthy subjects and T2D
(p value <0.01);

““Significant differences between fasting values healthy subjects and T2D
(p value <0.001)
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Gut

Gut hormone production In response to the lipid load,
the gut secretes the incretin GIP. GIP shows a tempor-
ary increase in response to PFT drink, with maximum
concentrations 4 h postprandially (cluster 4), similar as
to TG response profile. Also, GLP-1 showed a similar
time profile as compared to GIP (cluster 4).

Adipose tissue

Lipolysis Plasma concentrations of both NEFA and
glycerol increased after a lag time (cluster 1). Insulin,
immediately released after PFT intake, suppresses fat
mobilization for energy production. In the late (cata-
bolic) phase of the 8-h time course, adipose tissue tri-
glycerides are hydrolyzed by hormone-sensitive lipase
for beta-oxidation, evidenced by the observed increased
plasma levels of NEFA and glycerol. The various plasma
free fatty acids either showed the same time cluster 1
response as NEFA or decreased plasma concentrations
with subsequent recovery (cluster 3 response). Subse-
quently, also the plasma monoglycerides and diglycer-
ides showed increased concentrations after a lag time
(cluster 1).

Adipokine production Leptin, the hormone that regu-
lates the amount of fat storage, is secreted when the
amount of fat storage has reached a certain threshold.
This adipokine showed increased concentrations in the
late time frame of PFT response (cluster 1).

Kidney

(Re)absorption Measuring serum creatinine is the most
commonly used indicator of renal function. Creatinine
showed decreased concentrations in response to PFT
(cluster 2).

Urea cycle Urea, which is formed in the urea cycle by
deamination of amino acids in the liver, is a waste product
excreted by the kidney in the urine. Also, urea showed
decreased concentrations in response to PFT (cluster 2).
Together, these observations suggest that glomerular
filtration rate of kidneys increased in response to PFT.

Vasculature

Endothelial integrity The plasma total, HDL, and LDL
cholesterol concentrations decreased in response to PFT
with subsequent recovery (cluster 3). Also, the plasma
adhesion markers sICAM and sVCAM showed the same
response to PFT as compared to cholesterol parameters.
Finally, SAA showed decreased concentrations in response
to PFT (cluster 2). Together, this suggests that there was a
temporarily reduced vascular response after PFT.
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Muscle

Protein metabolism Most plasma amino acids showed a
classic absorption profile in response to PFT (cluster 5).
This is a rapid increase which returns to baseline within
4-5 h and with concentrations below fasting concentra-
tion at the final time point (8 h). Some of the amino acids,
however, showed decreased concentrations in response to
PFT (glycine and tryptophan, cluster 2).

Muscle tissue injury control The amino acid derivatives
3-methylhistidine and 1-methylhistidine together with
creatinine that originate from muscle showed linear de-
creasing concentrations in response to PFT (cluster 2).
Together, this suggests that muscle turns into an anabolic
state after consumption of PFT.

Liver

Core metabolism The glycolysis intermediate pyruvate
showed a classic absorption profile (cluster 5), similar to
glucose and most amino acids. Glycerol-3-phosphate, an
intermediate metabolite derived from glycolysis, accumu-
lated in plasma (cluster 1 profile). Plasma lactate showed
linear decreased concentrations (cluster 2). This suggests
that ATP was mainly aerobically produced and that the
process of oxidative phosphorylation may have reached its
maximum capacity. The TCA cycle intermediates succin-
ate, malate, and citrate showed temporarily decreased
plasma concentrations in response to PFT (cluster 3),
whereas alpha-ketoglutarate showed increased concentra-
tions after a lag phase (cluster 1) in response to PFT.

Lipoprotein production Hepatic very low-density lipo-
protein (VLDL) production (represented by free cholesterol
and sphingomyelins) showed continuously increasing con-
centrations in response to PFT after a lag phase of about
2 h (cluster 1). Highest levels were reached at the final time
point (8 h). After about 4 h maximum TG, plasma concen-
trations were reached (cluster 4), which were normalized at
the final time point (8 h).

Hepatic tissue injury control Similar cluster 1 responses
were observed for liver integrity enzymes (ALAT, ASAT,
GGT, ALP) and the process of ketogenesis (3-hydroxybu-
tanoic acid, acetoacetate, 2-hydroxybutanoic acid).

Pancreas

B cell function PFT caused a temporary release of both
C-peptide and insulin from the pancreatic beta cells into
the circulation with maximum concentrations around
1 h (cluster 5).

a cell function Glucagon also showed a temporary re-
lease during PFT but at a later stage with maximum
concentrations around 4 h (cluster 4).

Systemic stress

Systemic insulin sensitivity PFT drink that contained
75 g of glucose (33 E%) caused a temporary increase in
plasma concentrations of both glucose and fructose
(cluster 5).
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Fig. 3 The five different observed time course clusters in response to the PhenFlex test, based on the 110 plasma metabolites and proteins with
a significant effect in time. The red line represents the average cluster time profile. The x-axes were expressed as time (minutes), the y-axes were
expressed as relatively scaled concentrations. Parameters from cluster 1 increased during most of the 8-h time course. Parameters from cluster 2
decreased during most of the time course of 8 h. Parameters from clusters 3 decreased upon PFT, with a subsequent recovery phase. Parameters
from cluster 4 showed a classical absorption profile. Parameters from cluster 5 reached maximum values around 1 h and minimum concentrations
were reached at the final time point (8 h). Finally, the different average cluster curves are summarized in one figure
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Oxidative stress Several markers related to oxidative
stress responded to PFT. The antioxidant uric acid showed
temporarily increased concentrations (cluster 5), whereas
the antioxidant vitamin E and mannose (ER stress) showed
temporary reduced concentrations (cluster 3 response).
Finally, erythronic acid, a molecule formed when N-acetyl-
D-glucosamine is oxidized, showed temporarily increased
concentrations in the late phase of the time course (cluster
4 response).

Adaptation carbohydrate and lipid switch The RQ
showed a significant increase in response to PFT drink
with maximum reached at 2 h. RQ returned to fasting
values at 150 min.

Comparison of healthy vs. T2D subjects at fasting
Levels of several biomarkers were significantly different in
T2D as compared to healthy subjects at fasting (Table 2).
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Table 2 Fasting levels of markers that were significantly different between 20 healthy male subjects and 20 type 2 diabetic male
subjects, related to adipose tissue, vasculature, kidney, muscle, liver, pancreas, and systemic stress

Parameter Unit Healthy 72D
Adipose tissue Leptin ng/mL 296 (2.7) 653 (4.2)"
Adipose IR index - 280 (0.12) 386 (0.12)
Vasculature SICAM-1 ng/mL 247 (38) 299 (56)"
Kidney Ornithine RC 0.14 (0.02) 0.18 (0.04)"
1,5-anhydroglucitol RC 110 (0.2) 044 (02
Muscle Leucine RC 116 (0.2) 13302
Valine RC 188 (0.3) 216 (02)"
4-Oxoproline RC 0.019 (0.006) 0011 (0.005)"
Glycine RC 1.09 (0.2) 091 (0.2)"
Glutamate RC 0.28 (0.1) 049 (02)"
Liver ALAT u/L 223 (98) 380 (238)"
GGT U/L 214 (89) 367 (166)"
2-Hydroxybutanoic acid RC 0.078 (0.03) 0.13 (0.04)™"
Liver IR index - 902 (565) 3348 (1312)"
Pancreas Insulin ng/mL 0.31(0.2) 060 (0.2)"
HOMA-B % 94 (62) 50 24)"
Systemic stress HbA1c ng/mL 95.0 (23) 127 29)”
HOMA-IR - 223 (14) 827 (32"
Glucose mmol/L 54 (0.5) 102 (1.7)"
Fructose RC 0.034 (0.01) 0.059 (0.02)"
Mannose RC 033 (0.05) 058 (0.1)"
CRP ng/mL 567 (395) 1342 (1028)°

Data are presented as mean + SD
RC relative concentrations against internal standard

“Significant differences between fasting values healthy subjects and T2D (p value < 0.05);
“Significant differences between fasting values healthy subjects and T2D (p value < 0.01);
“Significant differences between fasting values healthy subjects and T2D (p value < 0.001)

A total of 18 out of 132 parameters were statistically
different in T2D as compared to healthy subjects.

Glucose metabolism

Markers related to insulin and glucose metabolism
were significantly different between the T2D and
healthy subjects at fasting such as increased glucose,
insulin, and HbA1C. All fasting indexes (lower HOMA-
B; higher HOMA-IR, HIRI, and AIR) were also differ-
ent between the two subject groups. Other plasma
metabolites related to glucose metabolism showed
lower (1,5-anhydroglucitol, glycine) or higher (man-
nose, fructose, valine, leucine, 2-hydroxybutanoic acid)
plasma concentrations in T2D.

Lipokine and adipokine production

Leptin concentrations were significantly higher in the
T2D patients, suggesting higher adiposity, which was
confirmed by a higher BMI in T2D.

Liver integrity

Plasma concentrations of ALAT and GGT were found to
be significantly elevated as compared to the healthy volun-
teers at fasting, suggesting reduced liver integrity in T2D.

Inflammatory state
Higher levels of CRP and sICAM were found, suggesting
an inflammatory state in T2D.

Comparison of healthy vs. T2D subjects in response to PFT
A total of 58 out of 132 parameters showed a statistically
different challenge effect in T2D as compared to healthy
subjects (Fig. 4). Furthermore, four PFT-based indexes re-
lated to insulin sensitivity and f cell functioning (IGI, DI,
ISI, and MISI) were also statistically different (Additional
file 1: Table S1; Additional file 2: Figures S1 A—F). The re-
sponses of the phenotypic processes that were differen-
tially modulated by PFT in T2D as compared to healthy
controls are described in more detail below.
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Fig. 4 Overview of markers that have a different PhenFlex test response between 20 healthy male and 20 male type 2 diabetic patients. Gray = no
significant differences between T2D and healthy subjects; black = significant different postprandial levels between healthy and diabetic subjects; bold
black = significantly different responses to PhenFlex challenge between healthy and type 2 diabetics; asterisk = significant different fasting levels

Glucose metabolism

The insulin and C-peptide PFT response was significantly
different in T2D as compared to healthy subjects. A delayed
insulin response was found with maximum concentrations
at the 2-h time point in T2D, as compared to the 1-h time
point in healthy subjects. For C-peptide, maximum concen-
trations were reached at the 4-h time point in T2D, as com-
pared to the 2-h time point in healthy subjects. DI and IGI
indicated a decreased f3 cell function, whereas the a cell of
the pancreas secreted higher levels of the hormone gluca-
gon in T2D. Subsequently, T2D had a higher glucose PFT
response with higher maximum concentrations as well as
decreased IS, indicating reduced systemic insulin sensitivity
in T2D. The gut hormone GLP-1, closely connected to glu-
cose metabolism, showed higher maximum concentrations
as well as a faster return to homeostatic levels in T2D as
compared to healthy subjects.

Adipose tissue

The response to PFT revealed a diminished lipolysis rate
and leptin response in T2D as compared to healthy subjects.
A blunted NEFA and glycerol response was observed in
T2D. The individual non-essential FFAs showed the same
blunted response profiles (C12:0, C14:0, C16:0, C16:1,
C17:0, C18:0, C18:1 and C18:2) in T2D, whereas this was
not the case for the essential FFA (C20:4 and C22:6). No
difference in response was observed for the essential FFA
between T2D and healthy male volunteers.

Muscle

A distinctly different response to PFT between T2D and
healthy subjects was observed for most proteinogenic
amino acids. This suggests a different protein metabolism
between the two groups. Fourteen out of 19 proteinogenic
amino acids showed a differential PFT response. T2D
showed for all plasma BCAAs and derivatives a higher
amplitude in response to PFT as compared to healthy
subjects. Similar differences in PFT response profiles were
observed for serine, lysine, threonine, glutamate, and tyro-
sine. Finally, alanine, asparagine, glutamine, cysteine, and
phenylalanine also showed a differential PFT response in
T2D as compared to healthy that differed from the above
described amino acids.

Three metabolites that are intermediates of energy
metabolism responded differently to PFT between T2D
and healthy subjects. These were alpha-ketoglutarate,
succinate, and pyruvate. Together, PFT response pro-
files from these metabolites suggest that T2D have a
diminished carbohydrate metabolism shown by higher
amplitudes for glycolysis and TCA cycle as compared
to healthy subjects.

Liver

The ketone bodies 3-hydroxybutanoic acid and acetoace-
tate both involved in ketogenesis showed a reduced re-
sponse in T2D as compared to healthy subjects. The
minimum concentrations were reached at a later time
point (4 vs. 2 h in healthy subjects) and the plasma increase
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Fig. 5 a Average glucose response in OGTT vs PhenFlex test in 20 diabetic type 2 male patients and 20 healthy male volunteers. b Average
insulin response in OGTT vs. PhenFlex test in 20 diabetic type 2 male patients and 20 healthy male volunteers. Red = average diabetes type 2
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at late time points is reduced, suggesting a diminished
[-oxidation. Substrate oxidation measures showed that
T2D have a significant lower RQ, indicating that T2D use a
higher fat% and a lower carbohydrate% as an energy source
compared to healthy subjects. The response to PFT
revealed that ALAT and ASAT had a higher amplitude to
PFT in T2D as compared to healthy subjects. Together
these data further confirmed a reduced hepatic tissue injury
control in T2D.

Systemic stress

Finally, in response to PFT, several markers related to
oxidative stress showed a differential response in T2D as
compared to healthy subjects. Glutathione ratio and levels
of ribose were significantly lower in T2D as compared to
healthy subjects. The response of erythronic acid was
found to be strikingly different between the two groups.
Healthy subjects showed a clear response (cluster 4) to

PFT, whereas this response was lacking in T2D. Finally,
CRP levels, a biomarker representing the process of
inflammation, were significantly higher upon PFT in T2D
as compared to healthy subjects.

Comparison of glucose and insulin PFT responses to OGTT

Similar glucose and insulin patterns were observed
between the two subjects groups (Fig. 5a, b). Although,
plasma glucose and insulin concentrations in T2D and
plasma glucose in healthy subjects were higher in re-
sponse to OGTT than in PFT. Indexes related to glucose
metabolism that can be calculated from an OGTT were
also calculated for PFT and compared (Table 3). DI, IS,
IGIL, and MISI were all significantly different between
healthy and T2D after both OGTT and PFT. Although
the direction of change was the same for all indexes after
OGTT and PFT, the absolute values for the indexes were
different after the two challenges, especially for DI (6.31
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Table 3 Overview of indexes related to insulin resistance, insulin secretion, and {3 cell function and their values in response to OGTT
as compared to PFT that both contain 75 g of glucose in 20 healthy male subjects and 20 type 2 diabetic male subjects

Index Healthy 72D FDR p values

OGTT PhenFlex OGTT PhenFlex OGTT PhenFlex
DI 631+ 34 2463 + 417 051+02 155+ 08 0 0
€] 1.28 £ 0.6 38357 0.26 £ 0.1 091 £05 0 0.00005
Matsuda 583 +34 740 £ 6.0 213 +10 184 + 0.7 0.00002 0
MISI -165+ 1.1 -113+12 -058+12 -0.14+ 03 0 0.00006

Data are presented as mean + SD. The column FDR p values shows the FDR corrected p-values after statistical evaluation of indexes in healthy vs T2D per index

and per challenge test

DI disposition index, /Gl insulinogenic index, MISI muscle insulin sensitivity index

for OGTT vs. 24.63 for PFT in healthy subjects).
Furthermore, it was observed that healthy subjects had a
remarkable higher standard deviation for the different
indexes as compared to T2D.

Conclusions

The goal of this clinical study was to characterize PFT
by assessing the healthy adaptive capacity of relevant
metabolic processes as determined from the literature
review [3]. In other words, this study examined to what
extent a series of biomarkers, representing the selected
health related processes, are responsive to the PhenFlex
challenge in our healthy volunteers.

Processes represented in Fig. 2 were found to be mod-
ulated by PFT during the 8 h time course except for
chronic low-grade inflammation as measured by CRP.
These findings, including a lack of response of CRP, are
in accordance with what is described in the literature
[3]. Importantly, processes of endothelial integrity, rep-
resented by sVCAM-1, sSICAM-1, SAA, total cholesterol,
HDL, and LDL, showed a significant time effect in
healthy male volunteers as well as markers related to
hepatic tissue injuries such as GGT, ALP, ASAT, and
ALAT. Also, most markers related to oxidative stress
represented by uric acid, vitamin E, ribose, erythronic
acid, and mannose showed a significant time response as
well as metabolic flexibility (RQ). These processes are
known to be augmented by a mixed meal challenge as
compared to single macronutrient challenges such as
OGTT and oral lipid tolerance test (OLTT) [3, 8].
Therefore, we conclude that PFT modulated phenotypic
flexibility as expected in healthy individuals.

Five distinct response type profiles were identified
(Fig. 3) to PFT, which was a comparable number of the
six distinct postprandial time course profiles reported by
Pellis et al. [7] in response to a mixed meal challenge.
However, some differences can be observed between the
biomarker responses in the two studies. For example,
cluster 5 is a collection of markers such as glucose, insu-
lin and most amino acids that are being represented into
two distinct clusters in the Pellis study [7] that differ in
the time that minimum values are being reached (4 and

6 h after postprandial challenge). The studies differ in the
composition of the challenge tests and study set-up (4 h of
fasting after a standardized breakfast vs. overnight fasting).
This shows that it is important that a standardized nutri-
tional challenge protocol is being developed in order to
compare results between studies and for the interpretation
of the challenge test response profiles.

The secondary objective was to investigate whether PFT
and defined new biomarkers are useful to demonstrate
reduced phenotypic flexibility in metabolically impaired
subjects, in this case, T2D, as compared to healthy subjects.
The phenotypic flexibility markers showed a more sensitive
response than the fasting markers (Fig. 4, Additional file 1:
Table S1 and Table 2), shown by 58 significantly different
post-challenge time courses upon PFT as compared to 18
parameters that were significantly different at fasting.
Based on challenging conditions, our results evidently con-
firmed that T2D is a systems disease with an impaired
adaptive response of pancreas, liver, muscle, adipose, gut,
systemic stress, vasculature and kidney (Fig. 4). This is in
agreement with the acknowledgement of eight organs that
are important players in the hyperglycemic phenotype of
T2D [29]. With the exception of brain insulin resistance,
all other seven players that have an important role in this
hyperglycemic phenotype were identified by looking at the
phenotypic flexibility response. Besides the well-known
interplay of muscle, liver and B cell, we were able to
identify involvement of the fat cell (disturbed lipolysis),
gastrointestinal tract (incretin deficiency/resistance), o
cell (hyperglucagonemia), and kidney (increased glucose
reabsorption) [29]. Subsequently, we also identified “vas-
culature” as an important player in the phenotype of T2D,
which is a widely accepted phenomenon [30]. Further-
more, many of the metabolites that were found to be sig-
nificantly different between T2D and healthy that were
observed in our study are quite well known from meta-
bolic profiling studies in diabetes [31]. Amino acids, in
particular, the branched-chain amino acids and glycine,
carbohydrates including 1,5-anhydroglucitol and ketone
bodies including alpha-hydroxybutyrate all have been
identified as (predictive) biomarkers for T2D [31]. Some
of the observations, especially related to the gut such as
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incretins and amino acids absorption may be the conse-
quence of delayed gastric emptying, which is occurring in
30-50% of T2D [32]. A study limitation was that our T2D
subjects were on average 16 years older as compared to
the healthy subjects and therefore ‘aging’ may partly ex-
plain our observations. So far, the effect of aging on
phenotypic flexibility has not been studied, so it has to be
speculated to what degree this influenced our results.
Probably aging deteriorates most health-related processes
to a certain extent. Still, our study provides an accurate
picture of metabolic dysregulation in diabetes pathology
as we know it from literature, indicating the power and
sensitivity of the phenotypic flexibility approach.

PFT was compared to OGTT, and although the ampli-
tude and peak of both glucose as well as insulin was re-
duced in PFT, different insulin sensitivity indexes
disclosed similar statistical differences. Based on these
results we conclude that PFT can be used to study differ-
ences in glucose and insulin metabolism. The reduced
glucose and insulin amplitude and delayed peak in re-
sponse to PFT may be the result of delayed gastric
emptying. Furthermore, healthy subjects had a remark-
able higher heterogeneity for the different insulin sensi-
tivity indexes both based on OGTT as well as on
PhenFlex challenge. This was also checked for the other
parameters quantified in this study, but not such differ-
ences were being observed for other markers between
the two groups. When obvious differences in standard
deviation were present, it was either in the healthy group
of volunteers as well as in T2D. The current results may
suggest that OGTT is more sensitive in the identification
of insulin-related effects. The added value of PFT is that
it augments processes of endothelial integrity, hepatic
tissue injury, oxidative stress as well as metabolic flexi-
bility which are important processes in the determin-
ation of metabolic health.

Taken together, PFT thus provides more accurate
information on a broad spectrum of phenotypic flexi-
bility processes. We, therefore, propose PFT as a stan-
dardized mixed meal tolerance test in metabolic and
nutritional studies. The results suggest that PFT is ap-
plicable for examining health effects of a broad range
of diets and dietary-ingredients and provides valuable
additional information as compared to the oral glucose
tolerance test.

Additional files

Additional file 1: Table S1. Health biomarkers related to phenotypic
flexibility. (DOCX 42 kb)

Additional file 2: Figure S1 A-F. Graphical overview of statistical

outcomes of the response to the PhenFlex challenge of all parameters
quantified. (DOCX 500 kb)
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