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Impact of the orange juice fruit matrix on
postprandial glycemia: a crossover randomized
trial in healthy young men with post hoc analysis
of interindividual response variability
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The impact of fruit juices on postprandial glucose response (PPGR) remains controversial due to their free

sugar content. The aim of this study was to investigate the effect of the fruit matrix in 100% orange juice

(OJ) on PPGR. In this randomized crossover trial, we compared the intake of 300 mL of 100% OJ to

sugar-matched drinks with reduced (50% OJ) or no (0% OJ) fruit matrix and a glucose control (25 g

sugar) in healthy young males. We characterised the juices for nutrients and (poly)phenols and measured

glucose and insulin over 2 hours. We also analysed interindividual variability and performed a post-hoc

cluster analysis of the participants based on the different responses to the drinks. Metabolomics was used

to further explore plasma differences between clusters. Differences in incremental area under the curve

(iAUC) with the 100% OJ and 50% OJ against the 0% OJ did not reach significance, but the 100% OJ sig-

nificantly lowered the glucose peak (Cmax) compared to 0% OJ and reduced glucose levels at 15 minutes

(C15 min) compared to 50% OJ and 0% OJ. High interindividual variability was expressed as ‘high respon-

ders’ with larger differences in Cmax between 100% OJ and 0% OJ than ‘low responders’ as well as differ-

ences in the 60 min plasma metabolomes, particularly in OJ-derived metabolites like dihydroferulic acid

glucuronide. The OJ fruit matrix attenuates postprandial glucose peaks and rate of glucose rise in healthy

young males. The occurrence of responder groups with differentiated plasma metabolomes underscores

the importance of considering both the food matrix and individual physiological differences when asses-

sing the glycemic impact of fruit juices.

Introduction

Type 2 diabetes mellitus (T2DM) is characterized by impaired
glucose metabolism.1 Maintaining normal glycemia (70 mg
dL−1 (3.9 mmol L−1)–100 mg dL−1 (5.6 mmol L−1)),2 and avoid-

ing postprandial hyperglycemia (which begins when plasma
glucose rises above 140 mg dL−1 (7.77 mmol L−1))3 are impor-
tant for the prevention of T2DM. Lifestyle and dietary habits,
in particular, the quantity and type of carbohydrate intake, are
key factors contributing to the postprandial glucose response
(PPGR).4,5 The PPGR refers to the changes in blood glucose
concentration following the consumption of a meal. It is
characterized by measuring glucose levels at different time
points over a two-hour period to generate a response curve.
The overall glycemic impact is commonly quantified by the
incremental area under the curve (iAUC) (area above the indi-
vidual’s pre-meal (fasting) baseline glucose level). Other
metrics such as the magnitude and time of the glucose spike
(Cmax and Tmax)

6 as well as the rate of the rise of blood glucose
(related to the concentration at 15 min: C15 min)

7 are also
important for understanding of the response dynamics.

The classification of specific dietary sugars as ‘free’ was pro-
posed by the World Health Organization (WHO) in 20038 and
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was adopted by the European Food Safety Authority (EFSA)
and several countries but not the United States (US) where
added sugars are used. The free sugars classification includes
added sugars plus those naturally present in honey, syrups,
fruit and vegetable juices, and juice concentrates. Since sugar
molecules are chemically and biologically indistinguishable by
source,9 any physiologic differentiation between free and other
sugars must arise mainly from the effects of the food matrix,
defined as the complex structural and chemical environment
of a food, its components (e.g., nutrients and non-nutrients),
and how they interact.10

The International Diabetes Federation advises against
sugar-sweetened beverages (SSB) and fruit juices because these
can cause spikes in blood glucose levels.11 All free sugars,
whether from fruit juices or added sugars are assumed by the
WHO to have potential negative health effects leading to
inconsistent dietary guidelines, with some countries discoura-
ging their consumption while others equate a maximum of
one daily serving of fruit juice to a portion of fruit.12

Nevertheless, the impact of fruit juice consumption on glucose
metabolism remains unclear and, whereas some observational
studies suggest that each additional serving of fruit juice is
associated with a higher risk of T2DM,13 several meta-analyses
conclude that fruit juice has no impact on glucose and insulin
regulation nor the risk of T2DM.14–16 Regarding orange juice
(OJ), the effects on glucose and insulin are also
inconsistent.17–19 One problem with the assessment of fruit
juices is the indiscriminate combination of data on 100% fruit
juices and juice-type drinks which could contain added sugars
and a lower proportion of fruit matrix (i.e. micronutrients
(vitamin C, minerals), pectin, bioactives (flavonoids)).20 Only a
few studies have compared the intake of 100% OJ with carbo-
hydrate-matched sweetened orange drinks but the results are
insufficiently conclusive.21–23

The main aim of the present study was to investigate the
effect of the fruit matrix on the postprandial glycemic and
insulin response by comparing a well-characterized OJ (100%
OJ) with two sugar-matched drinks with 50% or 0% of the fruit
matrix in healthy young male adults. We hypothesized that the
100% OJ would have a lower response than the drink contain-
ing only sugars. If free sugars are equally detrimental, as
judged by WHO, we would expect to see no statistically signifi-
cant difference in the glycemic responses following the three
test beverages. We also analyzed interindividual variability and
explored distinct responder subgroups using a post-hoc cluster-
ing analysis.

Materials and methods

Four beverages were manufactured, bottled (300 mL) and sup-
plied by AMC Natural Drinks, (Murcia, Spain): (i) a 100% OJ,
(ii) a 50% OJ formulated to contain the same qualitative and
quantitative composition of sugars (sucrose, glucose and fruc-
tose) as in the 100% OJ but half the content of fruit matrix,
(iii) a drink formulated to contain only the sugars (sucrose,

glucose and fructose) as in the 100% OJ (0% OJ), and (iv) a
control solution containing only the equivalent total quantity
of glucose (25 g). The 100% OJ was obtained by directly
squeezing Navel and Valencia orange varieties. Washed fruit
was processed using extractor cups, which separate the juice
and pulp from the peel oil and rinds. The fresh juice was then
transferred to a holding tank for bottling and subsequent
High-Pressure Processing (HPP) to preserve its ‘freshly
squeezed’ characteristics. For the 50% OJ and the 0% OJ, the
ingredients were blended directly in the holding tank and
packaged under identical conditions to the 100% juice. No
additives, preservatives, or additional nutrients were intro-
duced into any of the beverages. Despite a most commonly rec-
ommended quantity of 50 g, to avoid the intake of an excessive
amount of juice, the quantity of total sugars was reduced to
25 g. All drinks were kept under refrigeration (4 °C) during the
study period.

Characterization of the drinks

Nutritional composition. We characterized the drinks for
pH, nutrients (sugars, total carbohydrates, fiber, protein, min-
erals, and vitamin C) content, as well as for their (poly)
phenols composition. Details of the specific methods applied
to determine the nutritional composition (ashes, protein, fat,
fiber, total carbohydrates, sugars, vitamin C, and minerals) are
included in SI Material and methods. The sugar content was
checked again at the end of the study to ensure that the con-
tents had not changed during the storage period (∼6 months).
Analyses of nutrients and minerals were carried out in
duplicate.

Polyphenols. Acetonitrile and water 0.1% (v/v) formic acid
were purchased from J.T. Baker (Deventer, The Netherlands),
formic acid was obtained from Panreac (Barcelona, Spain) and
methanol was from Scharlab (Barcelona, Spain). The 100% OJ
(10 mL) was homogenized and centrifuged at 5000g for
20 min. The supernatant was filtered through a 0.22 µm PVDF
filter ready for injection into the analytical system. The
remaining pellet was extracted (×3) with 4 mL of methanol by
stirring in a thermoblock at 50 °C for 30 min followed by cen-
trifugation at 5000g for 20 min. The total supernatant (12 mL)
was evaporated in a Speedvaccum concentrator, reconstituted
in 2 mL of methanol, and also filtered through a 0.22 µm
PVDF filter prior to injection.

The filtered samples were injected into an Agilent 1100
HPLC system equipped with a photodiode array detector
G1315D (Agilent Technologies, Waldbronn, Germany) and
coupled in series to a High Trap Capacity (HCT) ion trap mass
spectrometer (MS) (Bruker Daltonics, Bremen, Germany)
through an electrospray ionization (ESI) interface
(HPLC-DAD-ESI-MS/MS (IT)). The chromatographic separation
was achieved using a reversed-phase C18 Poroshell column
(100 × 3 mm, 2.7 μm particle size, Agilent Technologies). The
method used was a binary gradient, A (water/formic acid, 99 : 1
(v/v)) and B (acetonitrile), settled in the following gradients:
0 min, 5% B; 7 min, 18% B; 17 min, 28% B; 22 min, 50% B;
27 min, 90% B; the initial conditions were re-established at
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29 min and kept under isocratic conditions up to 35 min. The
flow rate was 0.5 mL min−1, the injection volume was 5 μL,
and the column temperature was settled at 25 °C. The
UV-Visible spectra were acquired in the range of 200 to 600 nm
and the chromatograms were registered at 320, 330 and
360 nm. In the mass spectrometer, nitrogen was used as the
drying, nebulizing and collision gas. The ESI parameters were:
nebulizer pressure 65 psi, dry gas flow 11 L min−1 and dry gas
temperature 350 °C. The capillary voltage was set at 4 kV and
the spectra were acquired in negative and positive ionization
mode in the range of m/z 100–1200. Automatic MS/MS mode
was applied with fragmentation amplitude 1 V and number of
parents, 3.

Polyphenols were identified by their UV spectra, retention
time, molecular weight and MS/MS fragmentation pattern and
were quantified in UV using calibration curves of the authentic
standards: p-coumaric acid (ref. 89498,) and sinensetin (ref.
89278) from PhytoLab phyproof (Germany); isosinensetin (ref.
36009) from Cayman Chemicals (Michigan, USA); hesperidin
(ref. 1126S), apigenin (ref. 1102S), eriodictyol (ref.
1111S-10 mg), naringin (ref. 1129S-10 mg), and isorhamnetin
(ref. 1120S) from Extrasynthèse (Geney, France); quercetin
(17799-1MG-F) was from Sigma-Aldrich (Madrid, Spain), and
nobiletin (ref. 1467848) was from USP-Reference (Rockville,
USA). Hydroxycinnamic acids were quantified with the cali-
bration curve of p-coumaric acid, glycosylated derivatives of fla-
vonoids with the calibration curve of their corresponding agly-
cones except for hesperetin and naringenin derivatives that
were quantified with the calibration curve of hesperidin and
naringin, and polymethoxyflavones were quantified with their
corresponding standards except for heptamethoxyflavone,
hexamethylquercetagetin, demethoxytangeretin and artemitin
that were quantified with the nobiletin calibration curve. The
limits of detection (LOD) and limits of quantification (LOQ)
for the different compounds are as follows: Apigenin: LOD
0.42 µM and LOQ 1.41 µM; Quercetin: LOD 0.45 µM and LOQ
1.50 µM; Isorhamnetin: LOD 0.50 µM and LOQ 1.66 µM;
Naringin: LOD 1.50 µM and LOQ 5.00 µM; Eriodictyol: LOD
1.50 µM and LOQ 5.00 µM; Hesperidin: LOD 1.58 µM and LOQ
5.26 µM; p-coumaric acid: LOD 0.18 µM and LOQ 0.61 µM;
Isosinensetin: LOD 0.25 µM and LOQ 0.84 µM; Sinensetin:
LOD 0.19 µM and LOQ 0.63 µM and Nobiletin: LOD 0.20 µM

and LOQ 0.65 µM. Analyses of (poly)phenols were carried out
in triplicate.

Clinical trial

Study design. This study was conducted at the facilities of
the Catholic University of Murcia (UCAM), Spain, from the 4th

to the 29th of November 2024. The study was designed as a
crossover, randomized, single-blinded (to researchers analyz-
ing the data) intervention trial to compare four drinks: a 100%
orange juice (100% OJ), a 50% orange juice (50% OJ) and a 0%
orange juice (0% OJ) and a glucose control solution (Fig. 1).
Randomization was carried out using a computer-generated
sequence. Participants were assigned to a randomized
sequence of the four test drinks: one serving of the glucose
control, two servings of the 100% OJ (on two separate dates),
one serving of the 50% OJ, and two servings of the 0% OJ (on
two separate dates) totaling six test sessions per participant,
with each session scheduled at least 2 days apart to allow for
metabolic washout. The individual sequences were structured
using a Latin square design to control for potential order
effects and to ensure that all beverages were tested across
different positions and days throughout the study. The ran-
domization sequences were constructed so that each drink
appeared in each session order (1st to 6th) approximately
equally across participants, while avoiding back-to-back rep-
etition of the same drink. The allocation sequence was gener-
ated and concealed prior to the initiation of the trial, ensuring
that neither enrolment nor assignment personnel had access
to it.

During the first visit, the participants completed a series of
questionnaires to assess their dietary habits and lifestyle, and
anthropometric measurements were obtained by the UCAM
study personnel prior to the initial blood extraction. For each
session (test drinks), participants also completed a paper 24 h
dietary record documenting all meals taken during the pre-
vious day (food items, cooking procedure, drinks, and esti-
mated quantities). A total of 5 food diaries was collected.
Separation between food diaries was at least 2 days, and
Sundays were included when a test drink was being consumed
on a Monday.

On the day of the intervention, the participants arrived at
the study unit after a 10–12 h fast – excepting only a small

Fig. 1 Study design. Abbreviations: OJ, orange juice.
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amount of water taken up to 1 h before arrival. After compli-
ance with the overnight fasting requirements was verified, the
0 min (baseline levels) blood sample was obtained. The volun-
teers were then given the assigned test drink and instructed to
drink the full volume (300 mL) within 5 minutes. Following
beverage consumption, blood samples were drawn at 15, 30,
45, 60, 90, and 120 minutes, via venous canulation using a
single-use butterfly needle and standard venipuncture pro-
cedures. All blood samples were collected from the antecubital
vein by trained nurses. During the whole intervention, the par-
ticipants remained all in the same room under the same con-
ditions, and under the direct care of the nurses who super-
vised each participant to minimize potential harms associated
to the blood sampling (pain, bruising) or signs of discomfort
following the intake of the test drink (nausea, dizziness, head-
ache). The nurses provided immediate assistance and ensured
the participants were comfortable during the study.

Participants. Sample size was estimated using G*Power
(v3.1.9.4)24 for a within-subject crossover design (analyzed with
a Linear Mixed Model). Based on a desired power of 80% (1 −
β = 0.80) to detect a medium effect size (Cohen’s d = 0.6) for
Cmax at a significance level of α = 0.05 (two-tailed), a minimum
of 24 participants were required. This effect size corresponds
to detecting a mean difference of approximately 10 mg dL−1,
assuming a SD of approximately 16 mg dL−1 based on previous
studies.22,23 To account for potential dropouts, we aimed to
recruit 30 participants.

Volunteers from the area local to the UCAM were recruited
during September and October 2024. Recruitment was con-

ducted via online classified advertisements, social media, and
word-of-mouth. Women were excluded to control for hormonal
fluctuations during the menstrual cycle that affect glucose
levels.25 Eligible criteria were: healthy adult males aged 18 to
45 years, non-smokers, habitual breakfast consumers, and be
willing to consume the study beverages. Individuals were
excluded if they were following a therapeutic diet or had food
allergies, sensitivities, or an aversion to the beverages investi-
gated in the study, had a BMI ≥30.0 or significant weight fluc-
tuations within the past six months, or had been diagnosed
with diabetes, pre-diabetes, gastrointestinal disease, liver
disease, kidney disease, or any metabolic disorder. Exclusion
criteria were based on self-reporting. A flow diagram (Fig. 2)
indicates the number of participants recruited and assessed
for eligibility, randomly allocated to the test sessions, and
finally analyzed. All participants were informed about the pro-
tocol, signed a consent form before entering into the study
and received a compensation payment after their participation
was completed. The study protocol was approved by the UCAM
Ethical Committee (ref: CE092408) and registered at
Clinicaltrials.gov (NCT06638190).

Anthropometric, lifestyle and dietary habits of the partici-
pants. We characterized the participants for their anthropo-
metric (body mass index (BMI), waist circumference (WC), %
body fat and % muscle mass), and lifestyle habits
(Mediterranean Diet (MD) adherence, level of physical activity
(PA), quality of the sleeping habits, and chronotype). We also
assessed the main nutrients and (poly)phenol intake of the
participants during the study. Details of the specific methods

Fig. 2 Consort flow diagram. Abbreviations: OJ, orange juice.
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and questionnaires employed are included in SI Material and
methods.

Glucose and insulin analyses

Blood samples were collected in standard serum separator
tubes (SST) without anticoagulant. After clotting at room temp-
erature, the samples were centrifuged at 1200–1500g for
10 minutes at 4 °C to obtain the serum. Serum aliquots were
immediately stored at −80 °C until analysis of glucose and
insulin concentrations.

The Glucose Oxidase (GOD) Activity Assay Kit (E-BC-K520-
M) (Elabscience, Texas, USA) was used for the quantitative
determination of blood glucose.26 This method utilizes a
reagent that consists of GOD, peroxidase (POD), and a chromo-
genic system (comprising 4-aminophenazone and phenol) pre-
pared in accordance with the manufacturer’s instructions. A
volume of 10 µL of the serum samples (diluted if necessary)
was mixed with 1 mL of the GOD-POD reagent, incubated at
37 °C for 10 minutes, and absorbance measured at 500 nm
with a Synergy HT multi detect microplate reader BioTek
Instruments, Inc. (Winooski, VT, USA). The glucose concen-
tration was determined by comparison with a calibration curve
prepared using serial dilutions of a glucose standard solution.
This method has a detection range of 1.0–400 mg dL−1. All
samples fell within this range. No samples exceeded these
limits or required imputation.

To measure insulin, we applied a highly sensitive Human
Insulin ELISA Kit (E-EL-H2665) (Elabscience, Texas, USA).27

Briefly, all samples, reagents, calibrators and controls were
prepared at room temperature. Next, a capture reagent com-
posed of insulin-specific monoclonal antibodies labelled with
magnetic particles was added to the wells, followed by the
addition of 50–100 µL of sample, calibrators, or controls
according to the manufacturer’s instructions. The mixture was
incubated at 30–37 °C for 40 min. Subsequently, the magnetic
particles were washed to remove any unbound debris. After the
wash step, a chemiluminescent reagent that reacted with the
antibody–insulin complex was added and incubated for
40 min. The emitted light signal was measured with a Synergy
HT multi detect microplate reader BioTek Instruments, Inc.
(Winooski, VT, USA) and the insulin concentration in each
sample calculated using a calibration curve generated from
standards. This method has a detection range of 0.156–10 µU
mL−1. Samples exceeding this range were diluted and re-ana-
lyzed according to the manufacturer’s protocol.

All samples were measured in duplicate, and results with a
coefficient of variation (CV%) > 10% between replicates were
re-analyzed. Calibration curves were constructed for each assay
batch using kit standards. Internal controls (low, medium, and
high concentration) were included in each run to monitor
assay performance.

The glucose and insulin results at the different time points
(0–120 min) were used to calculate the iAUC using the trape-
zoidal method (areas where concentrations dropped below
fasting were treated as zero).

Untargeted metabolomics analysis of plasma samples by
UPLC-ESI-QTOF-MS

The plasma samples (200 µL) obtained from the volunteers at
time 0 and 60 min after the intervention with 100% OJ and 0%
OJ were extracted with 600 µL acetonitrile + 1% formic acid by
vortexing for 2 min. The mixture was centrifuged at 4000g for
10 min, and the supernatant was reduced to dryness using a
speed vacuum concentrator (Savant SPD121P, ThermoScientific,
Alcobendas, Spain). The dried samples were re-suspended in
200 µL of methanol, chrysin (Sigma Aldrich, St Louis, MO, USA)
0.1 µM added as internal standard, and filtered through a
0.22 µm polyvinylidene fluoride (PVDF) filter before analysis.

An untargeted metabolomics approach was performed
using an ultra-high-performance liquid chromatography
system (UHPLC Infinity 1290, Agilent) connected to a high-
resolution quadrupole time-of-flight mass spectrometer
(Agilent 6550 iFunnel Q-TOF) featuring an Agilent Jet Stream
(AJS) electrospray ionization (ESI) source. The MS was operated
in negative ionization mode with the following settings: gas
temperature at 280 °C, drying gas flow rate of 11 L min−1,
nebulizer pressure at 45 psi, sheath gas maintained at 400 °C
with a flow of 12 L min−1, capillary voltage set to 3500 V, frag-
mentor voltage at 100 V, and octopole RF voltage at 750 V. Data
were acquired over a m/z range of 100 to 1100 with a scan
speed of 3 spectra per second, applying continuous mass cali-
bration using reference ions at m/z 112.9855 and 1033.9881.

Chromatographic separation was achieved using a reversed-
phase C18 column (Poroshell 120, 3 × 100 mm, 2.7 µm) held at
a constant temperature of 20 °C. The mobile phases were com-
posed of water containing 0.1% formic acid (Solvent A) and
acetonitrile with 0.1% formic acid (Solvent B), delivered at a
flow rate of 0.4 mL min−1. The gradient program was as
follows: starting at 1% B, ramping to 28% B at 10 min, increas-
ing to 50% B at 16 min and to 95% at 24 min, maintained at
95% until 26 min, followed by a drop to 1% B at 27 min, and
re-equilibrated to 1% B from 27 to 32 min.

Spectral data were collected in both centroid and profile
modes. The raw files were converted to .abf format and ana-
lyzed using MS-DIAL version 5.1.2 (prime.psc.riken.jp/
compms) for feature detection and data matrix generation.
Parameter settings for peak detection were adjusted to ensure
broad metabolome coverage, with an MS1 tolerance of 0.01
Da. Peaks were detected using a minimum intensity threshold
of 1000 and a mass slice width of 0.1 Da. A linear weighted
moving average with a smoothing factor of three scans was
applied for noise reduction.

Statistical analysis

Exploratory data analysis. Our final dataset consisted of 25
individuals. Missing data were minimal (4 out of 150 total
observations, 2.7%) and occurred in four participants across
three of the four treatment conditions (Fig. 2). We did not
apply imputation or listwise deletion. Normality assumptions
of the models’ residuals were verified by applying the Shapiro–
Wilk test as well as the inspection of the Q–Q plots, and homo-
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scedasticity of the residuals by the Levene’s test using the
rstatix package.28 The results of the anthropometric, dietary
and lifestyle variables investigated in this study are presented
as the mean ± SD, and categories of some of those variables
are presented as number of volunteers within the category and
percentage (N (%)). Where indicated, the coefficient of vari-
ation (CV (%) = SD × 100/mean) was also calculated.
Correlation analyses between variables were carried out using
the Pearson method.

Comparison between treatments. We applied a Linear Mixed
Model (LMM) which is recommended for repeated measures
designs and to account for the variations between individuals,
as well as it deals with unbalanced and incomplete data sets.29

The LMM was applied to see if the type of drink had a signifi-
cant effect on the total response over time (iAUC), the peak
level reached (Cmax), and the level at 15 minutes (C15 min). The
model was fitted with the lme4 package,30 initially considering
all plausible fixed and random effects, using restricted
maximum likelihood (REML) estimation by default. The final
model included ‘treatment’ (four levels: glucose control, 0%
OJ, 50% OJ, 100% OJ) as fixed effects and ‘participants’ as
random effects (Cmax ∼ treatment + (1|participant)). Post-hoc
comparisons were performed using Tukey’s test with
emmeans.31 Results are presented as the estimated mean
difference ± SE. Participants were also classified as either
those reaching the peak concentration (Tmax) at ≤30 min or at
>30 min. A generalized LMM (lme4) with post-hoc Benjamin–
Hochberg30 contrasts was applied to investigate the probability
that Tmax was >30 minutes.

We explored the sources of variability in the Cmax glucose
response by conducting a variance analysis using a more
complex LMM that includes an additional random intercept
for each combination of participant and treatment (Cmax ∼
treatment + (1|participant) + (1|participant: treatment)). This
model allows to estimate the intra- and interindividual varia-
bility as well as the variance attributable to subject-by-treat-
ment interaction, which represents the degree of consistent
individual differences in treatment response. This model was
applied only to duplicate treatments, 0% OJ and 100% OJ.
Results are presented as variance (SD).

Clustering analysis. Clustering was used to classify partici-
pants based on their individual differences between treat-
ments (0% OJ − Glucose control, 50% OJ − Glucose control,
100% OJ − Glucose control, 100% OJ − 0% OJ) for scaled and
centered Cmax values. Subsequently, the distance matrix was
calculated using Euclidean distance. To determine the optimal
number of subgroups, we used the Silhouette method, which
indicated that the participants were best divided into two dis-
tinct clusters. We then used the k-means clustering algor-
ithm32 to assign each participant to one of these two groups.
To understand what drove the separation between the clusters,
we applied Principal Component Analysis (PCA) using stats.32

Student’s t tests were additionally performed to profile the two
clusters by comparing their average glucose and insulin
responses (iAUC, Cmax, and C15 min) as well as their anthropo-
metric variables. Results are presented as mean ± SD.

All analyses were performed in R 4.5.033 using dplyr34 for
data processing and ggplot235 for visualization.

Metabolomics statistical analysis and construction of multi-
variate models. The resulting data matrices were uploaded to
MetaboAnalyst 6.0 (metaboanalyst.ca, Xia Lab). Before ana-
lysis, data preprocessing included missing value estimation,
filtering based on abundance, logarithmic transformation,
and autoscaling. The multivariate analysis, based on applying
Partial Least Squares Discriminant Analyses (PLS-DA) and the
VIP (Variable Importance in Projection) score plot of the
PLS-DA, was used to identify candidate markers associated
with juice intake. Upon evaluation of multivariate outcomes,
biomarker discovery was performed through clustering ana-
lysis within the study cohort. Finally, tentative metabolite
identifications were refined using MassHunter Qualitative
Analysis software (version B.10.0, Agilent Technologies,
Waldbronn, Germany).

Results
Nutrient and phytochemical composition of the test drinks

The pH and nutrient composition of the test drinks are shown in
Table 1. The 100% OJ and 50% OJ were slightly more acidic than
the 0% OJ and the glucose solution. The four drinks contained a
similar quantity of total sugars (∼25 g per bottle) which remained
constant during the study period. The 50% OJ and the 0% OJ
contained the same qualitative and quantitative composition in
sugars (glucose, fructose, sucrose) as the 100% OJ. The analyses
confirmed that the 50% OJ contained approximately half the
quantity of the other main nutrients (complex carbohydrates,
protein, minerals, fiber, fat and vitamin C) present in the 100%
OJ. Concerning the minerals, the 50% OJ also contained approxi-
mately half the amount of the main macro-minerals (K, P, Ca,
Mg, S, Si) per bottle than the 100% OJ whereas the other two
drinks (0% OJ and glucose control) had only trace quantities of
these minerals. Na was present at similar levels in the 100% OJ
and in the 50% OJ. Micro minerals (Mn, Fe, B, Sr, Al, Rb, Ni, Zn,
Cu, Mo, Ti) were also detected in the 100% OJ (0.5–0.05 mg per
bottle), and the 50% OJ (0.25–0.02 mg per bottle) and they were
present only at trace quantities (<0.01 mg per bottle) in the 0%
OJ and the glucose control solution.

The total quantity of (poly)phenols in the 100% OJ and
50% OJ were 218.3 ± 6.9 and 115.2 ± 0.6 mg per bottle, respect-
ively (Table 2). The main families of (poly)phenols present in
these two drinks were flavanones (84.3% of the total (poly)
phenols), followed by hydroxycinnamic acids (8.2%) and fla-
vones (6.2%). Flavonols (0.6%) and polymethoxyflavones
(0.6%) were less abundant. The specific identified compounds
were: glycosylated derivatives of hesperetin, naringenin, isosa-
kuranetin and eriodyctiol (flavanones), hexoside derivatives of
sinapic and ferulic acid (hydroxycinnamic acids), apigenin-6,8-
C-dihexoside (flavone) and glycosylated derivatives of quercetin
and isorhamnetin (flavonols). Regarding the polymethoxyfla-
vones, nobiletin, sinensetin and heptamethoxyflavone were the
most abundant ones.
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Table 1 Nutritional composition of the test drinks (total ingested quantities per bottle of 300 mL)

100% OJ 50% OJ 0% OJ Glucose control

pH 3.5 3.4 4.2 5.9
Nutrients (g per bottle) Mean ± SD Mean ± SD Mean ± SD Mean ± SD
Total sugars 25.0 ± 0.6 24.6 ± 1.2 25.0 ± 0.2 24.9 ± 0.4
Glucose 6.5 ± 0.4 6.4 ± 0.1 6.3 ± 0.1 24.5 ± 0.4
Fructose 6.5 ± 0.1 6.4 ± 0.4 6.8 ± 0.1 —
Sucrose 12.1 ± 0.1 11.9 ± 0.6 11.9 ± 0.0 —

Total CHOs 29.4 ± 0.2 26.7 ± 0.4 — —
Complex CHOsa 4.4 ± 0.8 2.1 ± 0.7 — —
Fiber 0.7 ± 0.2 0.6 ± 0.0 — —
Protein 2.1 ± 0.0 1.1 ± 0.2 — —
Fat 0.7 ± 0.2 0.9 ± 0.0 — —
Ashes 1.2 ± 0.0 0.6 ± 0.0 — —
Vitamin C 0.2 ± 0.2 <0.04 — —
kcal 134.2 ± 2.1 121.5 ± 2.1 97.3 ± 0.7 97.0 ± 1.7
Minerals (mg per bottle)
K 599.9 ± 102.2 337.6 ± 26.6 <0.003 <0.003
P 61.3 ± 10.8 35.3 ± 1.0 0.1 ± 0.0 0.02 ± 0.00
Ca 42.2 ± 8.5 25.1 ± 1.8 0.2 ± 0.0 0.2 ± 0.0
Mg 35.9 ± 8.2 21.2 ± 1.9 0.07 ± 0.00 0.05 ± 0.01
S 19.3 ± 3.2 11.0 ± 0.2 0.1 ± 0.0 0.1 ± 0.0
Na 3.6 ± 0.7 3.5 ± 0.2 1.1 ± 0.0 0.6 ± 0.0
Si 3.7 ± 2.9 1.6 ± 0.6 0.05 ± 0.00 0.04 ± 0.00

The results are presented as the mean ± SD (n = 2). Abbreviations: CHOs: carbohydrates; OJ, orange juice. a Complex CHOs were estimated as the
difference between total CHOs and total sugars.

Table 2 Qualitative and quantitative analysis of the polyphenol composition of the 50% OJ and 100% OJ. (total ingested quantities per bottle of
300 mL)

Compounds Rt (min) Absmax (nm) [M − H]− MS2 ions (m/z)
50% OJ
(mg per bottle)

100% OJ
(mg per bottle)

Flavanones Mean ± SD Mean ± SD
Hesperetin-7-O-rutinoside (Hesperidin) 14.1 330 609 301 67.01 ± 0.60 122.4 ± 6.9
Naringenin-7-O-rutinoside (Narirutin) 12.9 330 579 271 13.83 ± 0.09 25.97 ± 0.40
Isosakuranetin-7-O-rutinoside (Dydimin) 19.0 330 593 285 2.75 ± 0.15 5.20 ± 0.14
Hesperitin-7-O-(rha, glu)-glu (I) 7.7 330 771 609; 301 5.59 ± 0.29 11.20 ± 0.22
Eriodyctiol-O-rutinoside (Eriocitrin) 11.1 330 595 449; 287 5.28 ± 0.05 11.80 ± 0.16
Hesperitin-7-O-(rha, glu)-glu (II) 10.7 330 771 609; 463; 301 3.39 ± 0.29 6.37 ± 0.74

Total 97.84 ± 0.80 182.92 ± 6.70
Hydroxycinnamic acids
Sinapic acid hexoside (III) 8.2 320 385 191 1.22 ± 0.04 2.56 ± 0.02
Hydroxyferulic acid deoxyhexoside 7.9 320 355 193 2.45 ± 0.12 4.49 ± 0.01
Sinapic acid hexoside (I) 6.3 320 385 191 2.56 ± 0.29 5.56 ± 0.03
Ferulic acid hexoside 7.3 320 355 337; 191 1.97 ± 0.14 3.88 ± 0.01
Sinapic acid hexoside (II) 6.5 320 385 191 0.96 ± 0.06 1.94 ± 0.02

Total 9.17 ± 0.48 18.43 ± 0.09
Flavones
Apigenin-6,8-C-dihexoside 8.9 330 593 503; 473 6.87 ± 0.05 14.11 ± 0.06

Total 6.87 ± 0.05 14.11 ± 0.06
Flavonols
Isorhamnetin-3-O-rutinoside 13.2 360 623 315 0.54 ± 0.06 1.14 ± 0.06
Quercetin 3-O-rutinoside (Rutin) 11.3 360 609 301 0.06 ± 0.00 0.12 ± 0.05

Total 0.61 ± 0.05 1.26 ± 0.07
Polymethoxyflavones
Nobiletin 18.1 330 403 373, 388, 342 0.25 ± 0.01 0.60 ± 0.24
Sinensetin 16.8 330 373 312, 329, 343, 358, 297 0.20 ± 0.00 0.45 ± 0.14
Heptamethoxyflavone 18.9 330 433 403, 418, 385 0.12 ± 0.01 0.27 ± 0.11
Demethoxytangeretin 18.2 330 343 282, 299, 313, 328 0.09 ± 0.00 0.19 ± 0.01
Hexamethylquercetagetin 17.5 330 403 373, 387, 355, 339,

327, 314, 296
0.02 ± 0.00 0.05 ± 0.00

Artemitin 18.4 330 389 356, 374, 331, 313 n.d. 0.03 ± 0.00
Isosinensetin 15.6 330 373 343, 329, 358 n.d. 0.02 ± 0.00

Total 0.67 ± 0.01 1.60 ± 0.48
Total polyphenols 115.15 ± 0.55 218.32 ± 6.97

The results are presented as the mean ± SD (n = 3). Abbreviations: OJ, orange juice; Rt. retention time; Abs, absorbance; MS, mass spectrometry;
n.d., not detected.
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General characteristics of the study participants

Anthropometric and baseline characteristics. The study
sample was comprised of 25 male young adults (22.7 ± 2.7
years old), with a BMI of 24.1 ± 2.0 kg m−2, WC of 81.6 ±
8.6 cm, and % of muscle mass and fat mass of 49.9 ± 1.9 and
15.1 ± 1.3, respectively (Table 3). They were mostly classified as
individuals with a healthy body weight (76.0%), and no
abdominal obesity based on waist circumference (92.0%). The
baseline glucose and insulin levels of the volunteers were 79.4
± 4.5 mg dL−1 (4.4 ± 0.3 mmol L−1) and 7.5 ± 2.6 µU mL−1,
respectively. In general, the baseline glucose values were more
consistent (CV%: 5.7%) than the insulin values (CV%: 34.0%
for insulin).

Dietary and lifestyle habits. The results of the analysis of the
adherence to the MD of the participants are presented in SI
Table 1. Overall, the volunteers exhibited an average moderate-
to-low adherence to the MD (14-MEDAS score = 6.3 ± 1.6). As
for other lifestyle characteristics (SI Table 2), most participants
had very high levels of activity (7027 ± 4698 METs min week), a
good sleep quality (4.5 ± 2.5 score), and an intermediate chron-
otype (47.6 ± 10.0 score).

Dietary background during the study. The intake of nutri-
ents, vitamin C, and minerals of the participants during the
study period (based on each of the 5 days previous to each
intervention) is presented in SI Table 3. The mean consump-
tion of carbohydrates was 161.3 ± 54.9 g day−1 of which free
sugars were estimated to be 44.6 ± 21.3 g day−1 (∼9% of an
average energy daily intake of 2000 calories), starch 116.7 ±
44.8 g day−1, and fiber 13.8 ± 7.7 g day−1. The mean intake of
vitamin C was 53.0 ± 22.1 mg day−1. Among the minerals, the

highest intake was for sodium (2855 ± 812 mg day−1) and K
(2269 ± 758 mg day−1) followed by P (1158 ± 408 mg day−1), Ca
(612 ± 268 mg day−1), and Mg (226 ± 96 mg day−1). The results
of the analysis of the polyphenols presented in the diet of the
participant during the study period are included in SI Table 4.
The estimated average consumption of total (poly)phenols was
1232.9 ± 921.7 mg day−1.

Baseline glucose and insulin levels did not correlate with
each other, nor did they correlate with any of the anthropo-
metric and lifestyle variables.

Postprandial glucose and insulin response metrics to the
test drinks. The time-course concentration of plasma glucose
and insulin in response to the consumption of glucose and of
the three test juices is represented in Fig. 3. The results were
indicative of small differences between the drinks and a high
interindividual variability. Data distribution and statistical
comparisons between the four treatments are shown in Fig. 4
and Table 4.

Glucose response. The glucose iAUC after consumption of
the control glucose solution was significantly higher than that
after the three test juices. The estimated mean differences ± SE
were 823 ± 192 mg dL−1 120 min against 0% OJ (p-value =
0.0002), 1023 ± 219 mg dL−1 120 min against 50% OJ
(p-value < 0.0001), and 990 ± 192 mg dL−1 120 min against
100% OJ (p < 0.0001). The control glucose solution also
yielded significantly higher Cmax values compared with the
three juices. The estimated mean difference ± SE were 13.0 ±
3.0 mg dL−1 against 0% OJ (p-value = 0.0002), 15.3 ± 3.4 mg
dL−1 against 50% OJ (p-value = 0.0001) and 20.8 ± 3.0 mg dL−1

against 100% OJ (p-value < 0.0001). Further, we detected a sig-
nificantly higher glucose concentration at time 15 min
(C15 min) following the intake of the control glucose solution
against the 100% OJ (estimated mean difference ± SE = 11.1 ±
3.1 mg dL−1, p-value = 0.003). Regarding the comparison
between the three juices, the glucose iAUC was not signifi-
cantly different after drinking the 50% OJ compared to the 0%
OJ (estimated mean difference ± SE = 201 ± 186 mg dL−1,
p-value = 0.71) and also after drinking the 100% OJ compared
to the 0% OJ (estimated mean difference ± SE = 168 ± 153 mg
dL−1, p-value = 0.70). We detected, however, a significantly
lower Cmax value following the intake of the 100% OJ in com-
parison with the 0% OJ (estimated mean difference ± SE = 7.8
± 2.4 mg dL−1, p-value = 0.009). The C15 min was also signifi-
cantly lower following the consumption of the 100% OJ than
of the 0% OJ (estimated mean difference ± SE = 12.8 ± 2.5 mg
dL−1, p-value < 0.0001), and the 50% OJ (estimated mean
difference ± SE = 8.8 ± 3.1 mg dL−1, p-value = 0.028).

Insulin response. The insulin iAUC in response to the
control glucose solution appeared slightly higher than in
response to the three test drinks but the differences did not
reach significance. The insulin Cmax was significantly higher
following the intake of the control glucose solution than of the
0% OJ (estimated mean difference ± SE = 10.5 ± 3.6 mg dL−1,
p-value = 0.021), the 50% OJ (estimated mean difference ± SE =
12.0 ± 4.1 mg dL−1, p-value = 0.021), and the 100% OJ
(estimated mean difference ± SE = 13.5 ± 3.6 mg dL−1, p-value

Table 3 Anthropometric data and baseline characteristics of the study
participants (n = 25)

Mean ± SD CV%

Age 22.7 ± 2.7 11.9%
Anthropometric characteristics
BMI (kg m−2) 24.1 ± 2.0 8.3%
BMI category N (%)
Healthy individuals (18.5–25.0 kg m−2) 19 (76.0%)
Individuals with overweight

(25.0–30.0 kg m−2)
6 (24.0%)

Individuals with obesity (>30.0 kg m−2) None
WC (cm) 81.6 ± 8.6 10.5%
WC category N (%)
No abdominal obesity (≤94 cm) 23 (92.0%)
Risk abdominal obesity (>94 cm) 2 (8.0%)
Increased risk abdominal obesity (>102 cm) None

% muscle mass 49.9 ± 1.9 3.8%
% fat mass 15.1 ± 1.3 8.6%
Baseline characteristics
Baseline glucose (mg dL−1) 79.4 ± 4.5 5.7%
(mmol L−1) (4.4 ± 0.3)
Baseline insulin (µU mL−1) 7.5 ± 2.6 34.0%

The results are presented as the Mean ± SD (n = 25) and the CV%
(coefficient of variation (percentage) = (SD/Mean) × 100) for
continuous variables. Categories for some of the variables are also
indicated with N (%): number and percentage of responses within a
category for category. Abbreviations: BMI, body mass index; WC, waist
circumference.
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= 0.002) but there were no significant differences between the
three test juices. We did not detect any significant difference
in the C15 min values between the four drinks. The insulin Cmax

and C15 min appeared slightly lower following the intake of the
100% OJ in comparison with the 0% OJ but the differences did
not reach significance.

Changes in Tmax. As for the time to reach Cmax (Tmax) (Fig. 5),
the proportion of participants with a Tmax > 30 minutes in the

glucose response was 30.0% for the glucose control solution,
10% for the 0% OJ, 8.0% for the 50% OJ and 24.0% for the 100%
OJ. A similar pattern was observed in the Tmax for the insulin
response, 30.0% for the glucose control solution, 12.0% for the
0% OJ, 16.0% for the 50% OJ and 31% for the 100% OJ. Our gen-
eralized linear mixed model estimated that the probability of a
Tmax > 30 min tended to be lower with the 0% OJ and the 50%
OJ but results did not reach significance.

Fig. 3 (A) Postprandial glycemic (mg dL−1) and (B) insulin (µIU mL−1) curves of the study participants following the consumption of glucose (n = 23),
0% OJ (n = 49), 50% OJ (n = 25) and 100% OJ (n = 49). Results are shown as the mean ± SD. Abbreviations: OJ, orange juice.

Fig. 4 Box plots showing the median (line), mean (light blue colored dot), interquartile range, and individual data points overlaid for (A) postprandial
glucose (mg dL−1) and (B) insulin (µIU mL−1) key metrics: incremental area under the curve over 120 min (iAUC), maximum concentration (Cmax), and
concentration at 15 min post-consumption (C15 min) in response to the four sugar-matched test beverages. Statistical comparative analyses were
performed in R 4.5.0 (R Core Team, 2025) applying a LMM fitted with the lme4 package. The model included ‘treatment’ (four levels: glucose
control, 0% OJ, 50% OJ, 100% OJ) as fixed effects and ‘participants’ as random effects. Brackets indicate statistically significant differences between
groups with corresponding p-values. Abbreviations: OJ, orange juice.
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We did not find any correlations between the glucose and
insulin responses and any of the anthropometric and lifestyle
variables included in this study.

Variability in the glucose Cmax responses to the drinks

The glycemic responses of each of the volunteers to the
glucose control solution showed a high variability between the
participants in the response to glucose (from participants

where the Cmax did not go beyond 110 mg dL−1 to those where
the Cmax increased up to nearly 180 mg dL−1, SI Fig. 1). The
LMM analysis of the sources of variation in the glucose Cmax

response confirmed a substantial inter-individual variance =
61.0 (SD 7.8 mg dL−1) as well as intra-individual variance =
84.9 (SD 9.2 mg dL−1). In addition, the model quantified the
degree to which the effect of 100% OJ (relative to 0% OJ) varied
from person to person yielding a variance = 16.2 (SD 4.0 mg

Table 4 Postprandial glucose and insulin response metrics for the glucose control solution and the three test drinks

Glucose Insulin

Response metric Treatment na
Estimated
Mean ± SEb (mg dL−1)

Estimated
Mean ± SEb (mmol L−1) na

Estimated
Mean ± SEb (µU mL−1)

iAUC (120 min) Glucose 23 2387 ± 213a 133 ± 11.8a 23 1208 ± 131a

0% OJ 49 1564 ± 178b 87 ± 9.9b 48 924 ± 101a

50% OJ 25 1363 ± 207b 77 ± 11.5b 25 981 ± 126a

100% OJ 49 1396 ± 178b 78 ± 9.9b 49 940 ± 100a

Cmax Glucose 23 134.6 ± 3.1a 7.5 ± 0.2a 23 47.0 ± 3.7a

0% OJ 49 121.6 ± 2.5b 6.8 ± 0.1b 49 37.0 ± 3.0b

50% OJ 25 119.3 ± 3.0bc 6.6 ± 0.2bc 25 34.9 ± 3.6b

100% OJ 49 113.8 ± 2.5c 6.3 ± 0.1c 49 33.4 ± 3.0b

C15 min Glucose 23 107.0 ± 3.0a 6.0 ± 0.2a 22 27.2 ± 4.0a

0% OJ 49 108.7 ± 2.4a 6.0 ± 0.1a 49 27.0 ± 3.0a

50% OJ 23 104.6 ± 3.0a 5.8 ± 0.2a 22 26.6 ± 4.0a

100% OJ 49 95.9 ± 2.4b 5.3 ± 0.1b 47 20.3 ± 3.1a

a Sample size (n) indicate the number of participants who completed the test. Data for glucose control and 50% OJ are from one replicate; data
for 0% OJ and 100% OJ are from two replicates. bData are the estimated means ± SE calculated using a LMM with treatment as a fixed effect and
participant as a random effect. Within each metric, means in the same column that do not share a common superscript letter (a, b, c) are signifi-
cantly different from each other (Tukey’s post-hoc test, p < 0.05). Abbreviations: iAUC, incremental area under the curve; Cmax, maximum concen-
tration; C15 min, concentration at 15 minutes; LMM, linear mixed model; OJ, orange juice.

Fig. 5 Percentage of volunteers distributed according to the time to reach Cmax (Tmax) (>30 minutes against ≤ 30 minutes) for the four tested
drinks: glucose control solution, 0% OJ, 50% OJ and 100% OJ. (A) Tmax for glucose responses; (B) Tmax for insulin responses. Abbreviations: Cmax,
maximum (or peak) concentration; OJ, orange juice; Tmax, time to reach Cmax concentration.
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dL−1). This value accounted for approximately 10% of the total
variance. Overall, these results supported a complex structure
of the variance with a high and stable intra- and inter-individ-
ual variability as well as a moderate heterogeneity in the
glucose Cmax response to treatment (100% OJ against 0% OJ).

Clustering analysis of the PPGR

K-means cluster analysis of the participants based on the sig-
nificant Cmax differences between the four drinks led to two
well-separated clusters. PCA analysis was used to help identify-
ing which differences were more important in distinguishing
these two groups (Fig. 6A). The analysis revealed that 94.8% of
the differences were explained by two principal components
(Fig. 6B): the first principal component (PC1) explained 70.7%
of the variance and represented the changes between the three
juices and the glucose control, and the second principal com-
ponent (PC2) explained 24.1% of the variance and represented
principally the differences between the 100% OJ and the 0%
OJ. The Cmax differences between the tested drinks for each
volunteer in cluster 1 and cluster 2 are shown in Fig. 7. Cluster
1 grouped volunteers (n = 12) that showed variable differences
between the responses to the four drinks (both peak increases
and reductions) whereas the volunteers grouped in cluster 2 (n
= 11) displayed consistent reductions in the glucose peaks
when comparing the three juices against the control solution
and when comparing the 100% OJ against the 0% OJ.

The results of the comparison between the PPGR profiles of
the two clusters is presented in Table 5. In addition to the sig-
nificant differences in the Cmax differences between treat-

ments, the volunteers in cluster 2 also displayed higher iAUC
values than in cluster 1 which were significant for the control
glucose solution and the 0% OJ. The Cmax values were also sig-
nificantly higher in cluster 2 for the control glucose solution
and slightly higher for the 0% OJ and 50% OJ. We also
detected a lower C15 min value in cluster 2 following the intake
of the 50% OJ and of the 100% OJ (p-value = 0.01).

We further analyzed the differences between the two clus-
ters for the insulin responses as well as for all the anthropo-
metric and lifestyle characteristics investigated in this study.
Most values were not significantly different between the clus-
ters but we detected lower C15 min in cluster 2 following the
intake of the 50% OJ (p-value = 0.04) and of the 100% OJ (not
significant) (SI Table 5).

Multivariate analysis and metabolite tentative assessment

After preprocessing the raw data, a total of 38 878 entities were
aligned and used to create the data matrix. The created data
matrix was exported to MetaboAnalyst for its evaluation. For
the first metabolome inspection, we created a PLS-DA model
of the full data based only on the sampling time, i.e. 0 min
compared to 60 min following the intake of the two drinks
(100% OJ and 0% OJ) (Fig. 8a). The results showed a clear sep-
aration and expected discrimination between the two time
points with the two first components explaining a total of 27%
of the variability of the data.

On a second inspection, we created the PLS-DA model of
the full data based on the sampling time and including the
intake of the 100% OJ and 0% OJ as independent variables. In

Fig. 6 K-means clustering of the study participants based on the Cmax significant differences between treatments (0% OJ – glucose control, 50%
OJ – glucose control, 100% OJ – glucose control, 100% OJ–0% OJ). (A) Results are projected onto the first two principal components of the PCA
analysis: PC1 and PC2 that explain 70.7% and 24.1% of the total variance, respectively. (B) The shaded areas represent the convex hulls for each
cluster and each point represents an individual colored and shaped by its assigned cluster: cluster 1 (orange circles) and cluster 2 (green triangles).
Statistical analyses were performed in R 4.5.0 (R Core Team, 2025) applying a Silhouette method to determine the optimal number of subgroups and
k-means clustering. A PCA using stats (R Core Team, 2025) was applied to understand what drove the separation between the clusters.
Abbreviations: OJ, orange juice; PCA, principal component analysis.
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addition to the separation by time (0 min and 60 min), we
were able to observe the separation at 60 min between the
plasma metabolomes of the two drinks (Fig. 8b: 0% OJ (green

dots) and 100% OJ (blue dots)) implying a general difference
in the plasma metabolome of the volunteers after the intake of
each of the two drinks. The VIP score plot of the PLS-DA dis-

Fig. 7 Glucose Cmax differences (mg dL−1) between the test drinks: 0% OJ – glucose control, 50% OJ – glucose control, 100% OJ – glucose
control and 100% OJ–0% OJ for each individual and color differentiated by cluster. Abbreviations: OJ, orange juice.

Table 5 Postprandial glycemic response profiles of the two clusters identified by the significant Cmax differences between the test drinks

Cluster 1 (n = 12) Cluster 2 (n = 11)
Mean ± SD Mean ± SD p-Value

Mean Cmax difference mg dL−1 (0% OJ – control glucose) −2.7 ± 14.3 −25.2 ± 11.0 <0.001
Mean Cmax difference mg dL−1 (50% OJ – control glucose) −5.1 ± 19.6 −27.8 ± 20.7 0.01
Mean Cmax difference mg dL−1 (100% OJ – control glucose) −3.3 ± 11.02 −40.0 ± 10.7 <0.001
Mean Cmax difference mg dL−1 (100% OJ – 0% OJ) −0.6 ± 9.7 −14.8 ± 5.6 <0.001
iAUC (mg dL−1 120 min) (control glucose) 1480 ± 912 3334 ± 1875 0.006
iAUC (mg dL−1 120 min) (0% OJ) 1142 ± 426 1923 ± 889 0.01
iAUC (mg dL−1 120 min) (50% OJ) 1046 ± 752 1622 ± 838 0.09
iAUC (mg dL−1 120 min) (100% OJ) 1337 ± 747 1468 ± 802 n.s.
Mean Cmax mg dL−1 (control glucose) 119.4 ± 16.8 150.0 ± 16.7 <0.001
Mean Cmax mg dL−1 (0% OJ) 117.0 ± 10.2 125.0 ± 8.6 0.06
Mean Cmax mg dL−1 (50% OJ) 114.0 ± 16.4 122.0 ± 11.6 n.s.
Mean Cmax mg dL−1 (100% OJ) 116.6 ± 12.0 110.0 ± 8.6 n.s.
Mean C15 min mg dL−1 (control glucose) 102.5 ± 13.0 110.3 ± 19.4 n.s.
Mean C15 min mg dL−1 (0% OJ) 107.9 ± 13.5 108.0 ± 12.6 n.s.
Mean C15 min mg dL−1 (50% OJ) 106.0 ± 14.9 98.3 ± 13.4 n.s.
Mean C15 min mg dL−1 (100% OJ) 98.8 ± 7.3 90.6 ± 6.8 0.01

The results are the mean ± SD of (n = 12) for cluster 1 and (n = 11) for cluster 2. Clustering analysis was performed using the k-means clustering
algorithm based on the Cmax differences between responses to the four test drinks. Further comparison between clusters was carried out using
the Student’s t test (level of significance p-value < 0.05). Statistical analyses were performed in R 4.5.0 (R Core Team, 2025). Abbreviations: Cmax,
maximum (or peak) concentration; C15 min, concentration at time 15 min of the curve after ingestion of the test drink; iAUC, incremental area
under the curve; n.s., not significant; OJ, orange juice.
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played the discriminant entities responsible for the separation
between the three groups. The most discriminating (VIP > 5)
entities with higher concentrations 60 min after the intake of
100% OJ are depicted in (Fig. 8c). At the upper part of the list,
we were able to identify limonene-8,9-diol-glucuronide (uroter-
penol-glucuronide) with m/z 345.156 (SI Table 6). Additional
discriminating compounds (VIP > 1) found at higher concen-
trations in the plasma of the volunteers 60 min after drinking

the 100% OJ were tentatively identified and classified as terpe-
noids, phenolic acids, and polymethoxyflavones (SI Table 6).
Correlation analyses between these detected plasma metab-
olites and the glucose iAUC, Cmax and C15 min individual
responses associated with the intake of the 100% OJ detected
significant positive associations between the Cmax values and
dihydroferulic acid glucuronide (r = 0.49, p-value = 0.02) and
perillic acid-8,9-diol glucuronide (r = 0.47, p-value = 0.03).

Fig. 8 Metabolomics analysis of the plasma samples. (A) PLS-DA score plot of samples measured at time 0 min (red dots) and samples measured at
time 60 min (green dots); (B) PLS-DA score plot of samples measured at time 0 min (red dots), samples measured 60 min after the intake of the 0%
OJ (green dots), and samples measured 60 min after the intake of the 100% OJ (blue dots); (C) VIP score plot (VIP > 5) of the most important discri-
minant entities (compound limonene-8,9-diol-glucuronide marked in a red box); (D) PLS-DA score plot of samples classified as responsive clusters 1
and 2. Abbreviations: OJ, orange juice; PLS-DA, partial least-squares discriminant analysis; VIP, variable importance in projection. Statistical analyses
were carried out by multivariate analysis with MetaboAnalyst 6.0 (metaboanalyst.ca, Xia Lab).
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Finally, a PLS-DA model was developed based on the full
dataset collected at 60 min after the intake of the 100% OJ and
the 0% OJ but, this time, including the two clusters as inde-
pendent variables. Samples were clearly separated into two
groups independently of the type of juice ingested (100% OJ or
0% OJ) (Fig. 8d). These plasma metabolome-based differences
strengthen the two responsive clusters and suggest that the
main discriminant metabolites between the groups are not
directly associated with the different composition of the two
drinks (e.g. fruit matrix components like (poly)phenols).
Nonetheless, we searched for metabolites that appeared only
as a result of the 100% OJ intake (those absent at time 0 min
and at time 60 min after the intake of 0% OJ) and that were
discriminant between the two clusters by applying a biomarker
analysis by univariate receiving operating characteristic (ROC).
Following the evaluation of the candidates, we confirmed the
presence of dihydroferulic acid glucuronide and perillic acid-
8,9-diol glucuronide (SI Table 6) at a significantly higher inten-
sity in volunteers of cluster 1 than in those of cluster 2 (SI
Fig. 2).

Discussion

In the present study, we provide further evidence of the
improving effect of the fruit matrix in the glycemic response to
the consumption of orange juice. As expected, the overall
response (iAUC) of the three test juices was significantly lower
than that of the pure glucose control due to the different meta-
bolic fate of fructose and sucrose.36,37 Since the three tested
juices had the same total sugar composition and very small
differences in the quantity of fruit matrix, we did not detect a
change in iAUC in response to the various treatments (100%
OJ or 50% OJ against the 0% OJ). Of note, the 100% OJ which
contained the highest proportion of fruit matrix had a signifi-
cant reducing effect on the peak glucose response (Cmax) com-
pared with the 0% OJ containing only sugars. This effect
might be beneficial since postprandial glucose spikes have
been considered a risk factor for cardiovascular diseases.3,38,39

Gastric emptying has a major impact on the glycemic profile
and small increases in the rate of gastric emptying can cause
significant increases in the glucose levels even at early time
points.40 The small but significant delay observed in the
C15 min glucose levels following the intake of the 100% OJ
might be related to a small delay in the gastric emptying and
can contribute to attenuate the early rate of rise of glucose.
Various components of the fruit matrix are able to influence
the intestinal absorption of glucose. The addition of fiber-
enriched products to the orange juice attenuates the PPGR in
humans.41–43 Minerals like Na, K, P, Ca, and Mg are involved
in the correct functioning of the Na+/K+-ATPase pump coupled
to the SGLT1 active transport of glucose from the intestinal
lumen.44–48 It is also plausible that the differences in the pH49

between the drinks can affect the transport system of sugars.
The oxidized form of vitamin C (dehydroascorbic acid) has
also been reported to interfere with the GLUT2 glucose trans-

porter.50 In addition, the 100% OJ contained substantial quan-
tities of (poly)phenols, mostly flavanones like hesperidin
(∼122 mg) and narirutin (∼26 mg), as well as some hexosides
of ferulic and sinapic acids (Table 2). Several in vitro and
animal studies have shown that narirutin can reduce glucose
absorption51 and that naringenin, the aglycone of narirutin,
has the potential to inhibit the intestinal Na+-glucose cotran-
sporter.52 Studies in animals also show that ferulic and
sinapic acids have the potential to attenuate glucose levels by
regulating carbohydrate digestive and glucose metabolizing
enzymes, and promoting the uptake of glucose in muscles.53

In humans, hesperidin has been reported to reduce peak
plasma glucose in healthy volunteers following the intake of a
diluted orange juice with added hesperidin (49 mg per 200 ml
portion). This effect was partially attributed to the inhibition
of intestinal absorption by glucose transporters.54 All this evi-
dence supports the hypothesis that the reduction in the
glucose response observed in our study following the intake
the 100% OJ against the 0% OJ is likely due to the combined
action of the fruit matrix components. Our results are in line
with those of Robayo et al.23 and of de Paiva et al.21 who exam-
ined 100% OJ but with different comparators and in over-
weight/obese individuals, although Papandreou et al.22 found
no differences in the PPGR between 100% fresh OJ and a
nectar-sweetened orange juice in healthy young females.

PPGR is known to display a large intra- and inter-individual
variability in healthy subjects.55 Our study confirmed a con-
siderable interindividual variability in PPGR of the young nor-
moglycemic male participants following the intake of the refer-
ence glucose but also in the Cmax responses to the three test
juices. We successfully classified the participants into two sub-
groups, cluster 1 characterized by small differences in peak
glucose across the three test drinks (designated as ‘low respon-
ders’) and, cluster 2 defined by more consistent and higher
differences in peak responses between the drinks (designated
as ‘high responders’). These results are in agreement with pre-
vious efforts to categorize individuals into groups with
different responses and sensitivity to the intake of different
types and quantities of carbohydrates.4,5,56 Recently, the differ-
ences in the PPGR were partially associated to the insulin sen-
sitiveness or resistance and beta-cell function of the individ-
uals, and metabolic phenotypes.56 Our study also corroborated
a very high interindividual variability in the insulin responses
of the participants but neither insulin nor any of the other
characteristics investigated in this study (sex, age, BMI, diet,
PA, and sleep patterns) differed significantly between the two
groups of responders suggesting that, other factors such as the
genetic, microbiome, and metabolomic profiles might be con-
tributing to the observed interindividual variations in the
PPGR.56

Several studies have already investigated the plasma meta-
bolome during the 2 h oral glucose response and have identi-
fied a large number of important discriminatory metabolites
including molecules like fatty acids, bile acids, amino acids,
etc. The majority of these metabolites were investigated
between 30 min and 60 min of the glucose response.57,58 Our

Food & Function Paper

This journal is © The Royal Society of Chemistry 2026 Food Funct., 2026, 17, 2292–2310 | 2305

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
Fe

br
ua

ry
 2

02
6.

 D
ow

nl
oa

de
d 

on
 6

/1
6/

20
26

 3
:5

8:
15

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5fo04536c


metabolomic strategy corroborated a clear difference in the
metabolome with time (0 min compared to 60 min) as well as
between the postprandial response to 100% OJ and to 0% OJ.
Some of the discriminatory metabolites identified can be
associated with compounds present in the 100% OJ (sinapic,
ferulic, polymethoxyflavones) as well as various terpenoids
phase I and phase II (sulfates, glucuronides) derivatives. Some
of these metabolites, i.e. ferulic acid sulfate, hydroxy-tri-
methoxyflavone-sulfate, hydroxy-tetramethoxyflavone-sulfate
limonene-8,9-diol-glucuronide (uroterpenol-glucuronide), and
perillic acid-8,9-diol glucuronide have been previously identi-
fied in humans as urinary biomarkers of orange juice con-
sumption.59 Previous in vitro and animal model studies have
also reported the potential effects of orange phytochemicals,
i.e. terpenoids as limonene, phenolic acids as ferulic acid
hexoside, and flavonoids as hesperidin and polymethoxyfla-
vones (sinensetin, nobiletin and tangeretin) on glucose
homeostasis.60–62 However, no clinical studies have yet been
carried out to translate these preclinical results into valid clini-
cal evidence. Our metabolomic analysis showed that some of
the 100% OJ derived phytochemicals (dihydroferulic acid glu-
curonide and perillic acid-8,9-diol glucuronide) were positively
correlated with the glucose Cmax response to the 100% OJ and
were also present at higher levels in the plasma of the volun-
teers of cluster 1 than in those of cluster 2 (SI Fig. 2) support-
ing differences in the capacity to metabolize and absorb these
compounds between the two groups of responders. Ferulic
acid and limonene have been reported to exert beneficial
effects on glucose metabolism through mechanisms such as
enhanced cellular uptake and the regulation of key regulatory
enzymes.63,64 We hypothesize that the conversion of these
compounds into metabolites – such as dihydroferulic acid glu-
curonide and perillic acid-8,9-diol glucuronide – may reduce
these effects. This loss of bioactivity aligns with our results
which showed a correlation between higher plasma metabolite
levels and increased glucose Cmax following the intake of the
100% OJ. Consistent with this, Cluster 1 displayed significantly
higher levels of these metabolites alongside slightly higher
glucose Cmax values following the 100% OJ intake.

Interindividual variability in glycemic response challenges
one-size-fits-all dietary recommendations for fruit juices. Our
classification into ‘low’ and ‘high’ responders has practical
implications: for ‘low responders’, the glycemic impact of
100% OJ was minimal and similar to the sugar-matched drink.
In contrast, ‘high responders’ saw a significant reduction in
glucose peaks with 100% OJ, making it a more beneficial
choice for them. The modulating effect of the fruit matrix was
most evident in this high-responder group. Our study supports
the need to stratify analyses by responder type as well as to
further characterize the associated metabolic phenotype to
develop more accurate, personalized dietary advice.56 The health
implications of the OJ intake can be influenced by the lifestyle
and background diet, e.g. total sugar and polyphenol intake. In
our study, many participants had a high level of PA and con-
sumed < 50 g of sugar daily and thus, the intake of 100% OJ
may have a different impact than in individuals with higher-

sugar diets and lower activity. Also, a 300 mL serving of 100%
OJ provides substantial (poly)phenols (∼240 mg). Around 44%
of the study participants consumed less than 650 mg day−1 and
the 100% OJ can contribute toward reaching levels associated
with health benefits (500–1000 mg day−1).65–67

Strengths and limitations

Strengths of the current study are: (i) a randomized crossover
design with repeated measures, (ii) the comparison of well-
characterized drinks with the same sugar profiles to determine
the effect of the fruit matrix, and (iii) a detailed characteriz-
ation of the participants which allowed us to have a fairly hom-
ogenous sample comprised of healthy young males with very
similar anthropometric and lifestyle characteristics.
Limitations of the study: (i) the results of our study cannot be
generalized to other population groups and thus this research
should be extended to females, older people, and individuals
with metabolic disorders such as overweight/obesity, and pre-
diabetes/T2DM, (ii) this study was an acute postprandial study
that does not provide information on the effects of the habitual
consumption of OJ on long-term glycemic control, (iii) the use
of venous blood instead of capillary blood that offers a more
immediate reflection of postprandial glucose fluctuations (this
was, however, necessary to obtain the larger sample volume
required for insulin and metabolomics analysis, and iv)
although adequate for the primary purpose of this study, the
data from our group of n = 25 should be considered as an
exploratory investigation into interindividual variation. Proper
characterization of the responder and non-responder clusters
would require validation in larger more diverse populations
with additional data on the biological factors (genetics, micro-
biome, metabolome) involved in the glucose response regu-
lation to identify predictors of response. This approach should
be extended to future studies to see how widely applicable the
interindividual variation is across populations.

Conclusions

We hypothesized a similar impact on glycemic response given
that the ‘free sugars’ classification applies equally to natural
sugars in fruit juices and sugars added to beverages. However,
100% orange juice attenuates the acute PPGR compared with
its sugar components alone in healthy normoglycemic young
males. This beneficial effect seems attributable to the fruit
matrix components, although further research is required to
test which ones are responsible. The glycemic responses were
highly variable between individuals and participants could be
classified into ‘low’ and ‘high’ responder phenotypes based on
the magnitude of the differences in the reductions of post-
prandial glucose spikes. This research reinforces the complex-
ity of dietary responses to carbohydrates and emphasizes the
need for larger studies to validate these responder metabolic
phenotypes, elucidate the contributing mechanisms, and
translate the findings into personalized, dietary recommen-
dations concerning fruit juice intake.
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Abbreviations

iAUC Incremental area under the curve
JS Jet stream
BMI Body mass index
Cmax Maximum (or peak) concentration
C15 min Concentration at time 15 min of the curve after

ingestion of the test drink
ESI Electrospray ionization
GLUT2 Glucose transporter 2
GOD Glucose oxidase
GPAQ Global physical activity questionnaire
LMM Linear mixed model
MD Mediterranean diet
MEDAS Mediterranean diet adherence score
MEQ Morning-evening questionnaire
MET Metabolic equivalent of task
OJ Orange juice
PA Physical activity
PCA Principal component analysis
PLS-DA Partial least squares discriminant analyses

PODperoxidase
PPGR Postprandial glucose response
PSQI Pittsburgh sleep quality index
PVDF Polyvinylidene fluoride
Q-TOF LC/
MS

Quadrupole time-of-flight liquid chromatography
mass spectrometer

ROC Receiving operating characteristic
SGLT1 Sodium-glucose linked transporter 1
SSB Sugar-sweetened beverages
SST Serum separator tubes
Tmax Time to reach maximum concentration
T2DM Type 2 diabetes mellitus
UHPLC Ultra-high-performance liquid chromatography

system
VIP Variable importance in projection
WC Waist circumference
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