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The influence of food matrices on the
bioavailability of curcuminoids from a dried
colloidal turmeric suspension: a randomized,
crossover, clinical trialt
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Curcuminoid absorption can be influenced by the presence of additional compounds, but there has been no
study investigating this in a robust manner. The aim of this clinical trial was to assess the effect of the type of
food matrix on the absorption of curcuminoids from a highly bioavailable turmeric formulation. Participants
consumed the turmeric formulation in the form of capsules, a ready-to-drink fruit nectar, a sports nutrition bar,
a dairy analogue (oat milk), pectin gummies, and a probiotic drink in a randomized, crossover study. Plasma
samples were collected over a 24-hour period to assess the pharmacokinetics of curcuminoids. The relative
bioavailability of total curcuminoids was increased in all the food matrices compared to that in the capsule for-
mulation. The dairy analogue showed the highest increase in dose-normalized AUC54 1, (+76%, p < 0.0001) and
Cimax (+105%, p < 0.0001). The sports nutrition bar resulted in increased dose-normalized AUC,4 1, (+40%, p =
0.0112) and Cnax (+74%, p < 0.0001). The probiotic drink showed increased dose-normalized AUC,4 1, (+35%, p

Received 17th July 2024, = 0.0318) and Cpnax (+52%, p < 0.0001). The ready-to-drink and gummy formulations were bioequivalent to
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the capsules. The distribution of curcuminoid metabolites was similar in all the matrices. In conclusion, there
was no negative food matrix effect; on the contrary, the bioavailability of curcuminoids can be improved when
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Introduction

Curcumin, the primary bioactive component of the rhizome of
Curcuma longa (turmeric), has gained significant attention
owing to its potential health effects and benefits. Alongside
curcumin, other bioactive components known as curcumi-
noids have been identified. They are natural yellow-orange pig-
ments and hydrophobic polyphenols derived from turmeric.
Notably, turmeric extracts generally contain approximately
75%-80% of curcumin, with, its two demethoxy compounds,
demethoxycurcumin (DMC) comprising 15%-20% and bisde-
methoxycurcumin (BDMC) accounting for 0%-10%."
Curcumin and curcuminoids have been extensively studied
for their antioxidant and anti-inflammatory properties. These

“Givaudan International SA, Kemptthal, Switzerland

bGivaudan France Naturals, Avignon, France.

E-mail: pascale.fanca-berthon@givaudan.com

tElectronic supplementary information (ESI) available: Nutritional information,
analytical materials & methods, study flowchart, plasma concentration of curuc-
mionids over 24 hours, range of curcuminoid exposure. See DOI: https://doi.org/
10.1039/d4fo03414g

774 | Food Funct, 2025,16, 774-784

administered via food matrices, particularly those containing lipids in a suspended form or polar lipids.

properties have sparked interest in their potential efficacy in
modulating various health conditions.>”?

Upon oral ingestion, the majority of curcumin, along with
potentially DMC and BDMC, is excreted in an unmetabolized
form through faeces.” However, the absorbed portion under-
goes phase I and phase II metabolism. In phase I metabolism,
curcumin, DMC, and BDMC undergo successive reduction to
their dihydro-, tetrahydro-, hexahydro-, and octahydro-metab-
olites in the liver and intestinal mucosa. Both curcumin and
these metabolites are then conjugated with glucuronic acid
and sulphate, forming phase II metabolites. Reduction and
conjugation are general metabolic pathways of curcuminoids,
occurring in hepatic and intestinal tissues.” Additionally, cur-
cumin can be metabolized by intestinal microorganisms
through a two-step reduction process, resulting in the for-
mation of dihydrocurcumin and tetrahydrocurcumin (THC).®

Curcuminoids exhibit higher solubility in organic solvents
than in water.” Consequently, they have low aqueous solubility
and poor gastrointestinal absorption.””® Studies have docu-
mented that curcumin and curcuminoids exhibit low absorp-
tion from the gut, rapid metabolism, and rapid systemic
elimination.”™" These factors contribute to the limited bio-
availability of curcuminoids, thereby restricting their use in

This journal is © The Royal Society of Chemistry 2025
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general healthcare and as an adjunct in managing various
health conditions. Serum levels of curcumin and tissue distri-
bution are found to be low, regardless of the route of
administration.'®'>"?

To enhance the bioavailability of curcumin and curcumi-
noids, several approaches have been explored. These include
the use of adjuvants such as piperine, which interferes with
glucuronidation, as well as liposomal curcumin, nanoparticles,
phospholipid complexes, and structural analogues of curcu-
min.'® One solution to improve the absorption of curcumi-
noids is their delivery as a dried colloidal suspension. A pre-
vious study has demonstrated that a low dose (300 mg) of this
turmeric formulation (TF) resulted in high absorption of
unconjugated and conjugated curcuminoids, with significant
differences compared to a high dose (1500 mg) of the standard
extract."* Building upon this study, our objective was to investi-
gate whether the absorption of curcuminoids from TF can be
influenced by additional factors, particularly their inclusion in
different food matrices. Therefore, the aim of this clinical trial
was to evaluate the bioavailability of curcuminoids from TF in
various food matrix formulations.

Materials & methods
Ethics

This clinical trial received approval from the Committee of
Protection of Persons (Comité de protection des personnes Sud-
Ouest et Outre-mer I; reference number 1-21-061) and the
French National Agency for Medicines and Health Products
Safety (Agence nationale de sécurité du médicament et des produits
de santé; reference number 2021-A00317-34). The trial was per-
formed in accordance with the principles stated in the
Declaration of Helsinki adopted by the 18" World Medical
Association General Assembly in 1964 and amended by the
64™ World Medical Association General Assembly in 2013 and
registered with ClinicalTrials.gov (NCT06300021). Prior to study
inclusion, all participants provided written informed consent.

Study design

The study followed a randomized, cross-over, and open-label
design. The procedures are depicted in Fig. 1. On six different
days, with wash-out periods of at least one week in between,
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Fig. 1 Study procedures.
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participants consumed either a 300 mg TF capsule or 300 mg
of TF in one of five different food matrices in a randomized
order. Participants arrived at each experimental visit in a
fasting state with standard meals (ESI Table 1) provided for
dinner the previous evening as well as for lunch, mid-after-
noon snack, and dinner during the experimental session. As
per the U.S. Food and Drug Administration (FDA) guidance,"’
pharmacokinetic (PK) blood samples were collected at baseline
(10 minutes before TF consumption) and at 0.25, 0.5, 0.75, 1,
1.5, 2, 2.5, 3, 3.5, 4, 6, 8, and 24 hours after consumption.

Investigational products

The TF used in this trial was a dried colloidal suspension of
curcuminoids composed of standard turmeric extract, quillaja
extract, sunflower oil, and acacia gum. It contains a minimum
of 30% curcuminoids and is commercially available as
Turmipure Gold® (Givaudan France Naturals, Avignon,
France). This TF has been clinically proven to enhance the bio-
availability of curcuminoids.'* In addition to the capsules
(Caps, reference format), the highly bioavailable TF was inves-
tigated in five different food matrices selected to assess the
effect of acidity, protein/sugar/fibre interaction, protein/fat
interaction, gelification, and dairy protein/dairy fat interaction
on its absorption. The specific food matrices were obtained
from commercially available products.

+ Ready to drink (RTD): 300 mg of TF dispersed in 60 mL
of mango fruit nectar, followed by the consumption of 150 mL
of water

+ Sports nutrition bar (SBar): 32 g sports nutrition bar con-
taining 300 mg of TF, followed by the consumption of 150 mL
of water

+ Dairy analogue (DA): 300 mg of TF dispersed in 240 mL
of oat milk

+ Gummies (Gum): 10 g of pectin gummies containing
300 mg of TF, followed by the consumption of 150 mL of water

« Probiotic drink (Prob): 300 mg of TF dispersed in 100 g of
plain Actimel® (Danone, Paris, France), followed by the con-
sumption of 150 mL of water

The composition of SBar and Gum is detailed in the ESLf
along with the nutritional values of all investigational products
in ESI Table 2.7 The measured content of individual curcumi-
noids in different products is provided in Table 1, and the
analytical methodology for quantifying curcuminoids in food
matrices is described in the ESL

Study population

The study included participants who met the following criteria:
between 18 and 45 years of age, body mass index between 18.5
and 24.9 kg m~2, and maintained a stable weight within three
kilograms in the last three months. Their routine blood chem-
istry values had to be within the normal range. Women either
had to use the same reliable contraception for at least three
cycles or be menopausal for at least three months. Participants
had to be either non-smokers or have a tobacco consumption
of no more than five cigarettes per day and agree not to smoke
during the study. They also had to have good general and
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Table 1 Curcuminoid content in investigational products
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Parameter Caps (1 =10) RTD (n =10) SBar (n = 8) DA (n=9) Gum (n = 10) Prob (n=9)
Total curcuminoids, mg 101.19 (2.16) 99.98 (0.75) 79.88 (3.83) 100.22 (1.44) 93.70 (10.30) 99.15 (1.43)
Curcumin, mg 86.56 (1.83) 85.35 (0.64) 68.61 (3.33) 85.55 (1.22) 79.97 (8.81) 84.64 (1.21)
DMC, mg 13.53 (0.30) 13.44 (0.10) 10.42 (0.47) 13.48 (0.20) 12.65 (1.37) 13.33 (0.20)
BDMC, mg 1.10 (0.03) 1.19 (0.01) 0.85 (0.04) 1.19 (0.02) 1.07 (0.12) 1.18 (0.02)

Results are presented as mean (SD) of product samples tested. BDMC, bisdemethoxycurcumin; Caps, capsule; DA, dairy analogue; DMC,
demethoxycurcumin; Gum, gummies; Prob, probiotic drink; RTD, ready to drink; SBar, sports nutrition bar.

mental health, with no clinically significant abnormalities in
their medical history or physical examination. The exclusion
criteria comprised various medical conditions such as meta-
bolic or endocrine disorders, chronic diseases, liver diseases,
and gastrointestinal disorders. They also covered specific
medical histories, recent illnesses, allergies or intolerances,
pregnancy or lactation, certain medication use, recent sup-
plementation, changes in food habits or physical activity,
eating disorders, excessive alcohol consumption or drug depen-
dence, incompatible lifestyle, recent participation in other
clinical trials, legal protection or deprivation of rights, incap-
ability to sign informed consent, inability to be contacted in
emergencies, specific dietary habits (including having con-
sumed curcumin-containing foods or supplements at least 3
times per week and for 2 weeks prior to testing), recent blood
donation, and clinically significant abnormalities in control
records. For a comprehensive list of inclusion and exclusion cri-
teria, please refer to ClinicalTrials.gov, identifier NCT06300021.

Sample size

Various guidelines for determining an appropriate sample size
for a pilot study have been published,'®" suggesting a range
of 10 to 40 participants per group. In consideration of an
anticipated dropout rate between 10% and 30%, we intended
to include 40 participants in this study.

Sample collection

Blood samples were collected using a catheter from an antecu-
bital vein. A total of 5 mL of blood was collected in tubes con-
taining sodium citrate 3.8% (Greiner bio-one). The tubes were
then centrifuged at 2200g for 15 minutes at 4 °C, and the
resulting plasma was divided into microtubes. These plasma
samples were stored at —80 °C until further analysis.

Plasma and curcuminoid analysis

Extraction of curcuminoids. To deconjugate curcuminoids, a
plasma sample (50 pL) was incubated with p-glucuronidase
(2500 U; #G8295; Merck) in phosphate buffer (100 mM, pH 6.8,
37 °C) or sulphatase (200 U; #S9626; Merck) in acetate buffer
(0.1 M, pH 5.0, 37 °C) for 1 hour with constant mixing. Protein
precipitation, solid-phase extraction, and filtration were per-
formed using Captiva EMR-Lipid 96-well plates (Agilent
Technologies) following the instructions provided in the ESL}

UHPLC-tandem MS of curcuminoids in plasma. The concen-
trations of unconjugated curcumin, DMC, BDMC, THC, and
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hexahydrocurcumin (HHC) were determined in the plasma
sample using high-resolution mass spectrometry on a Thermo
Fisher Orbitrap Q Exactive Focus instrument equipped with a
Vanquish ultra-high-performance liquid chromatography
(UHPLC) system. Detailed procedures for the UHPLC-tandem
mass spectrometry analysis can be found in the ESL{ along
with additional information provided in ESI Tables 3 and 4.1

Endpoints

The primary endpoint of the study was the dose-normalized area
under the plasma concentration-time curve (AUC) over 24 hours
(AUC,, 1) of total curcuminoids. Secondary endpoints included
dose-normalized (except total curcuminoids, which is the
primary endpoint) and non-normalized AUC,, 1,, dose-normalized
and non-normalized AUC;g ;, and AUC,, (plasma concentration
extrapolated to infinite time), relative bioavailability compared to
capsule formulation over 24 hours (Fej 24 1) and 8 hours (Fye g 1),
calculated as the ratio of the corresponding dose-normalized
AUCs, dose-normalized and non-normalized peak plasma con-
centration (Cpay), time to reach Cpax (Trnay), and half-ife (7y,,) of
all curcuminoid components (Table 2). Safety and tolerability
were assessed through the follow-up of any treatment-emergent
adverse events (TEAE) and measurement of vital signs.

Statistical analysis

PK parameters, including AUC, Cmax; Tmax, and Ty, were cal-
culated using non-compartmental analysis®® with R software
version 4.0.2** using the ncappc package version 0.3.0.*
Concentration-related PK parameters (AUC and Cpa,) were
additionally normalized to the amount of ingested curcumi-
noids (Table 1). The AUC values were normalized to parent cur-
cuminoid intake by dividing the observed AUC (expressed in
ng h mL™) by the corresponding parent curcuminoid dosage
of each matrix (expressed in mg). Likewise, dose-normalized
Cmax Vvalues correspond to the peak plasma concentration
(expressed in ng mL™") divided by the corresponding parent
curcuminoid dosage of each matrix (expressed in mg).
Therefore, the dose-normalized AUC and C,.., values are
expressed in ng h mL™" mg™" and ng mL ™" mg™", respectively.

Statistical analyses were conducted using SAS® software
version 9.4 (SAS Institute Inc., Cary, NC, USA). A significance
level of 0.05 was used for all statistical tests.

The primary analysis was the log-transformed AUC,, 1, of
total curcuminoids using a mixed model for repeated
measures (SAS® PROC MIXED, statistical model no. 1). The

This journal is © The Royal Society of Chemistry 2025
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model included the sequence, product (capsule or one of the
five food matrices), visit (one of the six experimental visits),
and baseline value as fixed effects, and the participant as a
random effect. If a significant period or sequence effect was
observed, potential explanations were explored, and a second-
ary analysis was conducted on the first visit only. The five
different food matrix formulations containing TF were com-
pared to the capsule formulation (five comparisons), and a
Dunnett correction was applied to account for multiple
comparisons.

All secondary endpoints except F,; were likewise analysed
using model no. 1. The percentage difference in PK parameters
between the capsule and food matrix formulations was
reported based on the geometric mean ratio obtained in
model no. 1. F, was analysed using a mixed model for
repeated measures (SAS® PROC MIXED, statistical model no.
2). Model no. 2 included the sequence, product (one of the five
food matrices), and visit (one of the five visits with food
matrices) as fixed effects, and the participant as a random
effect. A post-hoc analysis compared the estimated means of
F.1 between the five food matrices (ten comparisons) applying
a Tukey’s correction to adjust for multiple comparisons.

Assumptions of normality and homoscedasticity for linear
models were assessed through graphical representations of
residuals generated by the statistical models. PK parameters
derived from concentration measures were logarithmically
transformed prior to analysis.

All analyses were conducted on the full analysis set, which
included all randomized participants who consumed at least
one dose of the study product and completed at least one study
treatment period. A per protocol set was also analysed, excluding
participants or visits with major deviations from the protocol.

Results

A total of 35 participants were enrolled in the trial between 14
September 2021 and 08 April 2022. The study flow is presented
in ESI Fig. 1,1 and the baseline characteristics of the study par-
ticipants are summarized in Table 3. None of the conditions
or prior health issues reported as part of the participants’
medical histories were determined to have a meaningful
impact on the study’s outcomes or the safety of the partici-

Table 3 Baseline characteristics of study participants

Baseline parameter All participants (n = 35)

Female sex, n (%) 29 (82.9)
Age, mean (SD) 33.5 (6.5)
Smoker, 1 (%) 7 (20.0)
Alcohol consumption, n (%)
No alcohol consumption 10 (28.6)
<1 drink per day or <7 drinks per week 24 (68.6)
3 drinks per day or 21 drinks per week 1(2.9)
BMI, kg m~?, mean (SD) 22.2 (1.8)

BMI, body mass index.

778 | Food Funct., 2025,16, 774-784
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pants. All participants were included in the per protocol popu-
lation, although some experimental sessions were excluded
from the analysis (4 deviations due to adverse events and an
elevated HHC sulphate level). In addition, major deviations
related to incorrect kinetic intervals for blood sampling
occurred in five distinct subjects during five different experi-
mental sessions. These biological values (V5, T180; V3, T15;
V2, T15; V2, T15; V2, T45) were set to missing at the timepoint
in question and computed using the copyMean method.

The observed kinetics of dose-normalized total curcumi-
noids plasma concentration over 24 hours are depicted in
Fig. 2, with corresponding non-normalized results and SD
listed in ESI Table 5.f Descriptive statistics for all PK para-
meters of total curcuminoids are presented in Table 4.

Fig. 3 illustrates the dose-normalized AUC,, j, for total cur-
cuminoids. The statistical model comparing the dose-normal-
ized AUC,;  for total curcuminoids (primary endpoint)
revealed a significant product effect (p < 0.0001), and signifi-
cant differences were found between the reference matrix Caps
and SBar (+40%; p = 0.0112), DA (+76%; p < 0.0001) and Prob
(+35%; p = 0.0318). Since a significant visit effect was detected
(p = 0.0310), a post-hoc sensitivity analysis was conducted on
data from all visits except visit 3, which was identified as
responsible for the visit effect. A significant product effect was
confirmed (p < 0.0001) and similar significant differences with
the reference matrix Caps were found, with no visit or
sequence effect. These effects were reflected in the relative bio-
availability of total curcuminoids in food matrices compared
to Caps (Table 4). All mean F, values were greater than one,
indicating higher bioavailability of curcuminoids in food
matrices compared to Caps. Significantly higher Fy 24 n Of
total curcuminoids was observed for DA versus RTD (+56%; p =
0.0017) and versus Gum (+36%; p = 0.0455).

The percentage differences in all PK parameters of food
matrices to Caps, including the statistical significance, are pre-

101
Caps
RTD
8- SBar
DA
Gum
6 Prob

Dose-normalized concentration
of total curcuminoids [ng/mL/mg]

Time [h]

Fig. 2 Observed mean of dose-normalized (per mg of ingested curcu-
minoids) plasma concentration of total curcuminoids over 24 hours
after product intake. Caps, capsules; DA, dairy analogue; Gum,
gummies; Prob, probiotic drink; RTD, ready to drink; SBar, sports nutri-
tion bar.

This journal is © The Royal Society of Chemistry 2025
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Table 4 Descriptive statistics for endpoints on total curcuminoids
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Caps RTD SBar

DA Gum Prob

Norm AUCy, p, ng h mL™ mg™ ¢
Norm AUCg 1, ng h mL™" mg™
Norm AUC,,, ng h mL™" mg™"
AUC,4 1, ng h mL™

AUCg 1, ng h mL™

AUC,, ng hmL™"

NOrm Cpyay, N ML~ mg™"
Crax, N mL™!

Timax, Minutes

T, minutes

Frei 24 h

Frel 0-8

49.67 (29.47)
23.30 (11.52)
71.44 (51.17)
5026.09 (2982.46)
2357.32 (1166.04)
7228.81 (5177.76)
5.31(2.69)
536.83 (272.13)
152.44 (116.14)
852.32 (781.59)
N/A

N/A

53.26 (29.87)
24.09 (9.08)
90.98 (110.44)
5325.13 (2986.59)
2408.25 (907.65)
9095.72 (11 041.59)
5.60 (2.46)
560.34 (245.76)
106.59 (101.56)
1124.71 (1999.14)
1.30 (0.90)

1.19 (0.68)

62.83 (24.94)
35.74 (10.44)
65.73 (20.87)
5018.87 (1991.94)
2855.27 (833.70)
5250.76 (1667.21)
8.27 (3.00)
660.80 (239.50)
110.47 (58.64)
366.75 (254.36)
1.58 (1.14)

1.92 (1.18)

76.34 (19.96)
39.27 (14.74)
141.02 (158.84)
7651.00 (2000.28)
3935.30 (1476.79)
14 133.03 (15 918.73)
10.06 (3.94)
1008.08 (394.86)
166.92 (376.28)
1156.55 (2055.57)
2.12 (1.78)

2.06 (1.31)

54.98 (23.96)
24.88 (11.80)
120.53 (185.09)
5152.02 (2244.62)
2330.90 (1105.64)
11293.70 (17 343.12)
5.91 (2.27)
553.46 (212.89)
211.45 (274.78)
1762.41 (5034.62)
1.26 (0.71)

1.13 (0.54)

62.43 (23.84)
30.90 (10.93)
97.87 (118.22)
6190.13 (2363.26)
3063.58 (1083.96)
9703.91 (11 721.96)
7.46 (3.15)
739.58 (312.47)
81.89 (65.65)
805.25 (1061.87)
1.66 (1.32)

1.61 (0.93)

“Primary endpoint. Descriptive statistics displayed as mean (SD). AUC, area under the concentration-time curve from 0 to 24 hours, 0 to 8 hours, and total area
from 0 to extrapolated infinite time; Caps, capsules; Cpax, peak concentration; DA, dairy analogue; F., relative bioavailability to capsule from 0 to 24 hours and
0 to 8 hours (ratio of does-normalized areas under the concentration-time curve); Gum, gummies; Norm, dose-normalized; N/A, not applicable; Prob, probiotic
drink; RTD, ready to drink; SBar, sports nutrition bar; T;,, half-life; Ty, time to reach peak concentration.
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Fig. 3 Tukey boxplots of dose-normalized (per mg of ingested curcu-
minoids) AUC,,4 4, of total curcuminoids. AUC,4 ,, area under the con-
centration—time curve from 0 to 24 hours; Caps, capsules; DA, dairy
analogue; Gum, gummies; Prob, probiotic drink; RTD, ready to drink;
SBar, sports nutrition bar.

sented in Fig. 4. There were no notable significant decreases in
dose-normalized and non-normalized AUC,, 1, AUCg 1,, AUC,,,
and Cpax. On the contrary, SBar, DA, and Prob showed signifi-
cant increases for all or some of these parameters for total cur-
cuminoids, sulphate metabolites, glucuronide metabolites,
and parent compounds and their sulphate and glucuronide
metabolites. A notable number of models for Ty,,« and Ty,
had doubtful assumptions and were thus considered invalid.
For the parameters with valid models for Ty, and Ty, a
reduction was generally observed, with a significant reduction
of —46% of Ty,ax for total curcuminoids in Prob compared to
Caps (p = 0.0177) and a nearly significant —41% reduction in
DA compared to Caps (p = 0.0543).

The distribution of circulating curcuminoids over 24 hours
is presented in Table 5. The proportions did not vary remark-

This journal is © The Royal Society of Chemistry 2025

ably between matrices. Glucuronide metabolites constituted
approximately three-quarters of all curcuminoids, and sul-
phate metabolites accounted for the remaining quarter, with
parent compounds and unconjugated curcumin virtually
absent (representing less than 1% of the quantified metab-
olites). Curcumin and all its metabolites constituted about
90% of all curcuminoids, with minor proportions of DMC,
BDMC, and their metabolites.

A total of 54 TEAEs were reported during the study. None of
them were serious. One reported TEAE (headache and vomit-
ing) was severe and occurred on the day of an experimental
session after ingestion of SBar. This TEAE was classified as not
related to the study product. All other reported TEAEs were
mild or moderate. Despite the markedly increased bio-
availability of TF in some food matrices, the maximal AUC,, 1,
was not increased accordingly. The ratio of maximal AUC,, j
in food matrices and Caps ranged from 0.7 (Gum/Caps) to 1.2
(RTD/Caps). The observed ranges of PK parameters related to
curcuminoid exposure are shown in ESI Table 6.t

Discussion

The results showed that the bioavailability of total curcumi-
noids over 24 hours, as assessed by the dose-normalized
AUC,, p, varied between the different matrices. Significant
increases were found between the reference matrix Caps and
the food matrices containing lipids in a suspended form or
polar lipids, specifically +76% for DA, +40% for SBar, and
+35% for Prob. Notably, the curcuminoid doses of DA and
Prob were nearly equivalent to that of Caps, indicating that
dose-normalization had virtually no effect on these results.
The Tnax Of total curcuminoids was shorter for all matrices
except Gum, with marked decreases for the liquid food
matrices (—46% for Prob and a —41% for DA). Despite the geli-
fication process involved in the preparation of the pectin-
based gummies, which could potentially affect bioavailability
and absorption rate, Gum and Caps demonstrated comparable
bioavailability and Ty, indicating their bioequivalence.
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Parent compounds
and their sulphate and
glucuronide metabolites

Curcumin and its sulphate
and glucuronide metabolites

DMC and its sulphate and
glucuronide metabolites

BDMC and its sulphate and  Curcumin and all its metabolites
glucuronide metabolites

Fig. 4 Heat map of the percentage difference in pharmacokinetic parameters of food matrices compared to capsules, based on geometric mean
ratios. Asterisks indicate p-value for difference between food matrix and capsule based on linear models on log-transformed data and adjusted for
sequence, visit, and baseline: * < 0.05, ** < 0.01, *** < 0.001, T Assumptions of the model are very doubtful. AUC, area under the concentration—time
curve from 0 to 24 hours and 0 to 8 hours and total area from 0 to extrapolated infinite time; BDMC, bisdemethoxycurcumin; C,.,. peak concen-
tration; DA, dairy analogue; DMC, demethoxycurcumin; Gum, gummies; Norm, dose-normalized; Prob, probiotic drink; RTD, ready to drink; SBar,
sports nutrition bar; Ty,, half-life time; Tax time to reach peak concentration.

Curcuminoids have poor solubility in water, which limits
their bioavailability. However, trapping them in small particles
such as micelles, liposomes, emulsions, and solid lipid par-
ticles can enhance their intestinal absorption.>®> Additionally,
lipids increase the secretion of bile acids, which may further
support the emulsification of curcuminoids.*® Therefore, the
presence of lipids in DA, Prob, and SBar may explain the
increased bioavailability of curcuminoids in these food
matrices. Previous studies have also observed improved curcu-
minoid bioavailability when administered with lipid-based for-
mulations. For example, a clinical study comparing solid lipid
curcumin particle formulation to unformulated curcumin
extract demonstrated a marked improvement in the bio-
availability of free curcumin after oral administration with a
lipid vehicle.”” Pre-clinical data have shown only modest
increases in bioavailability with simple mixtures of curcumin
and lipids or complexation with phospholipids.**™°
Furthermore, the polar lipids, amphiphilic lipids with a hydro-
philic head and a lipophilic tail, present in the DA, Prob, and
SBar may facilitate absorption. Acting as surfactants, phospho-
lipids have been suggested to improve the absorption of poorly
water-soluble phytochemicals, including curcumin.?" Clinical
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studies have shown that curcuminoid mixtures with lecithin or
phosphatidylcholine (a principal component of lecithin) can
increase the bioavailability of curcuminoids.**** Fu and col-
leagues®® investigated the in vitro bioavailability of curcumi-
noids in buttermilk and yogurt and found that curcuminoids
delivered in yogurt were 15-fold more bioaccessible than curcu-
minoids in aqueous dispersion.>*

The distribution of metabolites remains consistent across
different matrices, indicating that the matrix effect does not
alter the metabolism of parent compounds. Our results show
that curcumin metabolites account for approximately 90% of
total curcuminoids, while DMC and BDMC account for
approximately 7% and 3%, respectively. This distribution is
similar to the proportions of curcumin, DMC, and BDMC
ingested (85%, 13%, and 1%, respectively). Additionally, there
are minimal amounts of parent compounds detected in the
plasma over 24 hours (<1%), while the rates of sulphation and
glucuronidation remain constant across matrices, accounting
for approximately 25% and 75%, respectively, of total curcumi-
noids. In contrast, Asher and colleagues®® observed marked
differences in curcumin metabolites between standard and
phosphatidylcholine curcumin extracts. Plasma DMC and

This journal is © The Royal Society of Chemistry 2025
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Table 5 Contribution of different curcuminoid(s) to the total curcumi-
noids after consumption of a turmeric formulation in different food
matrices

Caps RTD SBar DA Gum Prob
Curcumin 0.1 0.2 0.4 0.2 0.7 0.5
DMC 0.2 0.1 0.0 0.0 0.1 0.2
BDMC 0.1 0.0 0.1 0.0 0.0 0.0
THC 0.0 0.0 0.0 0.0 0.0 0.0
HHC 0.0 0.0 0.0 0.0 0.0 0.0
Curcumin sulphate 6.9 6.7 7.1 5.3 6.1 6.3
DMC sulphate 2.2 1.8 1.8 1.2 2.4 1.7
BDMC sulphate 2.9 3.1 2.2 2.1 2.2 2.2
THC sulphate 0.5 1.8 1.8 1.4 2.3 1.5
HHC sulphate 15.2 15.5 171 15.5 14.2 14.4
Curcumin glucuronide 129 122 114 89 113 105
DMC glucuronide 5.3 5.4 4.8 3.8 4.8 4.2
BDMC glucuronide 1.0 0.7 0.8 0.4 1.1 0.9
THC glucuronide 31.9 32.9 29.9 34.8 33.0 32.0
HHC glucuronide 25.2 25.3 31.8 32.7 25.7 32.4
Parent compounds 0.3 0.3 0.5 0.2 0.9 0.8
Sulphate metabolites 274 277 285 25.0 27.0 253
Glucuronide 73.7 735 75.5 77.3 735 769
metabolites
Parent compounds and  30.9 29.8 27.8 213 283 26.0
their sulphate and
glucuronide
metabolites
Curcumin and its 19.7 191 187 142 181 17.2
sulphate and
glucuronide
metabolites
DMC and its sulphate 7.7 7.3 6.6 5.1 7.3 6.1
and glucuronide
metabolites

BDMC and its sulphate 4.0 3.8 3.1 2.5 3.3 3.1
and glucuronide
metabolites

Curcumin and all its 88.7 89.6 91.5 93.2 90.0 91.1
metabolites
Total curcuminoids 100.0 100.0 100.0 100.0 100.0 100.0

All proportions (expressed as percentage of total curcuminoids) were
calculated as the ratio of the mean area under the concentration-time
curve from 0 to 24 hours of the curcuminoid(s) of interest divided by
the mean area under the concentration-time curve from 0 to 24 hours
of total curcuminoids multiplied by 100. If the percentages do not add
up exactly to 100%, this is due to inter-individual variability of
participants. BDMC, bisdemethoxycurcumin; Caps, capsules; DA, dairy
analogue; DMC, demethoxycurcumin; Gum, gummies; HHC,
hexahydrocurcumin; Prob, probiotic drink; RTD, ready to drink; SBar,
sports nutrition bar; THC, tetrahydrocurcumin.

BDMC conjugates were drastically reduced in the phospha-
tidylcholine extract compared to the standard extract, while
HHC was increased by a factor of twenty. However, there was a
ten-fold difference in curcumin dose between the two formu-
lations, which limits the interpretability of the results.>®

It is worth mentioning that the main PK parameters of total
curcuminoids and the proportion of metabolites obtained
after a single intake of 300 mg of TF in capsule format in our
study are very similar to those obtained in the previous PK
study."® Despite being conducted on different populations of
participants and with 14 data points compared to 11 in the
previous study, the level of absorption and bioavailability of
curcuminoids in the plasma after oral consumption of the

This journal is © The Royal Society of Chemistry 2025
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investigated TF in capsule format has been confirmed.
Consistent with the previous study, unconjugated curcumin
represents less than 1% of the metabolites found in the
plasma, further supporting the notion that unconjugated cur-
cumin is not a major compound when considering curcumi-
noid bioavailability.

The safety profiles of all products tested in this study did
not show any serious adverse events related to the investiga-
tional product. Despite the higher exposure to curcuminoids
with certain food matrices, the range and maximal concen-
trations in the plasma were not increased to the same extent.
Only SBar exhibited a higher maximal AUC,, 1, value compared
to Caps, with a maximal value 1.2 times that of Caps.
Furthermore, the safety and tolerance of the investigated TF
have been previously established in a toxicological study*® and
a clinical safety trial, which demonstrated the safety at a high
dosage of 1000 mg d~* for up to 5 weeks of supplementation
(NCT03945149, unpublished results, 2021).

The strengths of this study include its cross-over design,
which eliminates inherent between-group differences in curcu-
minoid metabolism. Additionally, the curcuminoid dose in
capsules and food matrices was similar (ranging from 80 mg
in SBar to 101 mg in Caps), allowing for valid comparisons of
the food matrices through dose-normalized and non-normal-
ized results. It is important to note that pronounced differ-
ences in curcuminoid doses can limit the interpretability of
the results due to the non-linear relationship between the dose
of native curcuminoids and PK parameters of native and
metabolized curcuminoids.®® The blood sampling schedule
was planned according to the FDA guidance.'> However, a
limitation of the study is the number of evaluated outcomes,
which increases the risk of a type I error. To mitigate this risk,
the significances were adjusted by adequate corrections for
multiple comparisons. Moreover, there are more reduced
metabolites of curcumin, as well as mixed and complex conju-
gates,”” than the fifteen curcuminoids we quantified. The con-
tribution of these reduced metabolites is minimal. Regarding
mixed and complex conjugates, since sulphatase hydrolyses
both glucuronide and sulphate conjugates, disulphate, mixed
sulphate-glucuronide, and sulphate-diglucuronide conjugates
counted as sulphate compounds, while diglucuronide com-
pounds would fall under glucuronide compounds. This may
lead to a slight overestimation of sulphate compounds but, at
the same time, this enhances the accuracy of the total curcu-
minoids measurement. Importantly, these factors do not affect
the findings of this study as the imprecision is consistent
across all food matrices and the main conclusions are based
on total curcuminoids. Another inherent limitation of this
study is the inability to blind the participants to the received
food matrix. However, the effect of participants’ awareness of
the food matrix on absorption and metabolism is presumably
negligible. Finally, recruitment resulted in a high proportion
of female participants to be included in the study. Our pre-
vious study found no significant formulation-sex interaction
for the AUC,, ;, of total curcuminoids or the individually quan-
tified metabolites.'* Moreover, since the aim of this study was
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to compare the bioavailability of the same TF within different
food matrices in a cross-over design rather than interpreting
absolute bioavailability, we are confident that the high pro-
portion of women in the study does not jeopardize the study’s
findings.

Conclusions

This study is, to the best of our knowledge, the first clinical
investigation of the bioavailability of curcuminoids in different
food matrices. The absorption and bioavailability of curcumi-
noids are increased when administered in food matrices, par-
ticularly if they contain lipids in a suspended form or polar
lipids. Among the PK parameters, significant improvements
were obtained with DA, SBar and Prob, as per the AUC,, p,
AUC; 1, Crnaxs Frel 24 h and Fre g . When comparing the relative
bioavailability (Fre 24 1) of food matrices, DA showed signifi-
cantly higher values than RTD and Gum, and Prob tended to
be higher than RTD. The C,,x of total curcuminoids was sig-
nificantly increased with Prob. Importantly, there is no indi-
cation of impaired safety of TF caused by the increased bio-
availability with food matrices as the maximal values of rele-
vant pharmacokinetic parameters remain similar to Caps.

Abbreviations

AUC Area under the plasma concentration-time curve

BDMC Bisdemethoxycurcumin

Caps Capsules

Crax Peak plasma concentration

DA Dairy analogue

DMC Demethoxycurcumin

Frel Relative  bioavailability compared to capsule
formulation

Gum Gummies

HHC Hexahydrocurcumin

Prob Probiotic drink

RTD Ready to drink

SBar Sports nutrition bar

Ty Half-life time

TEAE Treatment-emergent adverse events

TF Turmeric formulation

THC Tetrahydrocurcumin

Tmax Time to reach peak plasma concentration

UHPLC ultra-high-performance liquid chromatography
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