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Abstract

Purpose We examined the impact of matrix food structure on post-prandial folate bioavailability (and other macronutrients)
in human volunteers using a randomized, controlled, crossover experimental design.

Methods Twelve healthy male volunteers (22.6 + 0.4 years old) were offered four food models (differing in matrix structure:
Custard, Pudding, Sponge cake and Biscuit) to which 1 mg of folic acid was added, according to a randomized, controlled,
crossover experimental design. Plasma folates, glucose, insulin, alpha amino nitrogen and triglycerides were measured over
the post-prandial period (from TO to T480 min).

Results Food matrix structure was capable of altering folate plasma availability. The highest folate availability was observed
for pudding and to a lesser extent Sponge cake whereas the lowest was for the two matrices presenting extreme rheological
properties: Custard (liquid) (P <0.05 total AUC) and to a lesser extent Biscuit (hard solid) (P <0.05, AUC 180 min). The
analysis of plasma kinetics of appearance of other nutrients/metabolites helps to understand/explain the lower bioavailability
of folates in Custard and Biscuit.

Conclusion A least overall efficient bio-accessibility of all macronutrients and folic acid is observed in the gut lumen for Bis-
cuit (delayed/incomplete destructuration of biscuit along the digestive tract). On the contrary, the lower folic acid absorption
observed with custard does not fit with the rapid plasma appearance of other nutrients and should require further investigation.

Keywords Food structure - Folate - Folic acid - Clinical trial - Bioavailability

Introduction

Caroline Buffiere and Manon Hiolle contributed equally to the
work. Folates are a group of heterocyclic compounds based on the

pteroic acid skeleton conjugated with one or more L-gluta-
mate units. They are involved in the regulation of various
metabolic pathways within the cells such as nucleic acid
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synthesis and one carbon metabolism (for instance, regen-
eration of methionine from homocysteine) [1]. Any altera-
tion of these folate-requiring metabolic pathways can impact
greatly on cell division and homeostasis, and folate defi-
ciency has been associated with an increased risk to develop
megaloblastic anaemia, chronic diseases (vascular diseases),
reproductive disorders [impact on incidence of neural tube
defects (NTD)] and alteration of cognitive function in the
elderly [1-3].

Even if 1000 pg/day is generally considered to be the
maximum daily folate intake for adults (to avoid any adverse
effect), the maximum recommended daily intake (RDI) is
settled at 330 pg/day for adults and 600 ug/day for pregnant
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women by European Food Safety Authority [4]. These
recommendations should cover folate requirements via
an adequate nutritional supply [1]. As it has been shown
that plasma or blood folate concentrations were increased
after folic acid supplementation on a short term [5, 6] and a
long-term basis [7], food fortification in folic acid in grain
products has been mandated by the US Food and Drug
Administration since 1998; this is not the case in several
European countries. This policy has been intended to target
a specific population: women in the age of becoming preg-
nant [2] to limit the occurrence of NTD in the population.
Several studies have shown that these food fortifications
in folic acid have reduced the prevalence of NTD in these
populations [2, 8—10]. However, potential adverse effects
of food fortification in folic acid on the overall population’s
health have also been mentioned [10-12]. One of the most
documented adverse effects of food fortification in folic acid
is the aggravation and/or masking of vitamin B12 deficiency,
particularly in elderly population or even during pregnancy.
Then vitamin B12 deficiency is directly responsible for an
increased occurrence of various age-related diseases: meg-
aloblastic macrocytic anaemia, cardiovascular diseases,
neurological pathologies, and osteoporosis [10, 11, 13]. In
parallel, the impact of folic acid supplementation on cancers
(colorectal cancers in particular) remains a matter of debate
[14]. To summarize, although food fortification in folic acid
has been shown to decrease the occurrence of NTD, some
side deleterious effects (particularly towards elderly popula-
tion) are still questioned in the literature. The optimal dose
of folic acid supply (ranging from 0.4 to 40 mg per day
used in interventional studies [14]) on the short-term and the
long-term basis [11, 15] capable to improve overall health
status also remains a matter of debate.

In this context, the actual assessment of folate bioavail-
ability (i.e., fraction of folates ingested that are absorbed
and become available to the body for utilization or stor-
age in healthy individuals) or bioefficacy (as described by
Brouwer et al. [16]) is essential [16]. Indeed, the quantity
and form of folate supplies should be adapted to fit bet-
ter with population requirements, according to their age
or health status. Plasma folate concentration in the fasted
and fed state is considered to be an indicator of folate bio-
availability [6]. However, the plasma folate levels (more
precisely plasma 5-methyltetrahydrofolic acid level) are
the consequence of the metabolic use of folates within the
body. Plasma/blood folate concentrations are the result of
folate appearance and disappearance within the plasma
compartment [16]. Indeed, folate bioavailability is the
result of various interacting parameters: (1) the chemi-
cal structure of folates supplied (mono- or polyglutamyl
chains), (2) the vector (food) used for folate supply, (3)
the digestion process of food containing folates (starting
in the mouth) and (4) the efficiency of folate absorption by
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the intestinal brush border/activity of the carrier-mediated
absorption of folates [17]. Among all these parameters,
one factor has been rarely studied but mentioned to impact
on folate absorption: the matrix effect that involves the
interaction of folates with food components and/or entrap-
ment within the food matrix [18]. Generally, when the
food matrix effect is studied, a comparison between syn-
thetic folic acid (supplemented alone or added to grain
products) and natural folates (present within variable food
matrices rich in folates) is made. However, in such situa-
tions, folates supplied are also chemically different, which
is also a parameter known to impact the bioavailability [6].

Consequently, the present work was designed to assess
whether food matrix alone could significantly modify one
specific form of folate (i.e., folic acid) bioavailability.
Four different folic acid-enriched model foods (Biscuit,
Sponge cake, Pudding and Custard) have been designed
and the 5-methyltetrahydrofolic acid (MTFA) appearance
in plasma of healthy volunteers was measured post-pran-
dially (until 8 h post-food ingestion) according to a rand-
omized controlled cross-over design. To make sure that the
folate bioavailability was conditioned only by the matrix
effect, the four matrices were designed so that macronutri-
ent composition (proteins, lipids and carbohydrates) was
similar between each food model. The only difference
between the four model foods was their water content and
their production process, which allowed the development
of different micro- and macrostructures. Folic acid content
in each food model was measured before ingestion.

Methods
Subjects

The ethical committee (IDRCB 2017-A01996-47)
approved the study, and all subjects gave written informed
consent after explanation of the purpose, the methodol-
ogy and the potential risks. The Clinical Trial identifi-
cation number is NCT03413267 (Clinical Trials.gov).
Eleven healthy (BMI 22.1 +0.4 kg/m?) young men
(22.6 + 0.4 years old) participated in the study. They all
presented normal blood biochemical and haematological
profiles (complete blood count (CBC), platelets, C-reactive
protein (CRP), glucose, creatinine, urea, sodium, potas-
sium, calcium, phosphorus and vitamin D) and a complete
and healthy dentition (no pain, no masticatory disorders,
normal maxilla-mandibular relationships, no dental treat-
ment, and no orthodontic treatment since 3 years) that
could affect masticatory effectiveness. Volunteers did not
take any nutritional supplement or any medicine.
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Preparation of food matrices

One liquid (Custard) and three solid (Pudding, Sponge cake
and Biscuit) micronutrient-enriched foods were designed.
Custard was provided as a packed powder that was rehy-
drated and heated before use. Solid foods were produced no
more than 2 months prior to use; they were stored at — 20 °C
as daily portions.

Each portion of food ingested by the volunteers con-
tained 10 g wheat flour, 10 g pea flour, 10 g egg white

powder, 31 g egg yolk powder, 54 g sugar and 20 g sun-
flower oil. Their water content varied as follows: 17 g
for Biscuit, 119 g for Sponge cake, 170 g for Pudding
and 376 g for Custard. Production flowcharts of the food
matrices are presented in Fig. 1. All preparation steps were
carried out with a kitchen robot Thermomix® TM5 (Vor-
werk, Wuppertal, Germany). The cooking of solid foods
was operated with a semi-professional convection oven
(De Dietrich, Niederbronn-Les-Bains, France).

Biscuit Sponge cake Pudding Custard
Kneading Whisking Mixing Packaging n°1
All ingredients Rehydrated egg All ingredients Wheat and pea flours
3min white 2,5 min Polyamide/polyethylene bags
3min 80% vacuum
Heat treatment Heat treatment
.. Packaging n°2
Mixing

180°C/18 min

Cooling

Darkness/30 min

Dry ingredients
Water and oil
2,5 min

Aluminium mold
180°C/20 min

Dry ingredients
Polyamide/polyethylene bags
80% vacuum

Packaging

Polyamide/
polyethylene bags
80% vacuum

Heat treatment

Aluminium mold
180°C/30 min

Cooling

Darkness/30 min

Cooling

Darkness/30 min

Storage

-20°C

Packaging

Polyamide/
polyethylene bags
80% vacuum

Heat treatment

Packaging n°1 in water
110 °C/20 min

Mixing

Packaging n°2
1 min

Preparation

Defrost to room
temperature

Packaging

Polyamide/
polyethylene bags
80% vacuum

Storage

-20°C

Heat treatment

80 °C/7 min

Fig. 1 Production flowchart of the micronutrient-enriched matrices

Storage

-20°C

Preparation

Defrost to room
temperature

Storage

4°C

Preparation

Defrost to room
temperature

Mixing
On day of use
Folic acid, vitamin B12 and oil
2 min
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On dry matter, the four matrices were all composed of
17% proteins, 52% carbohydrates and 30% lipids. The lipid
content was gravimetrically determined after Folch’s extrac-
tion; the protein content was determined by the Kjeldahl
method. Before processing (for solid matrices) or on day
of use (for Custard), each matrix was supplemented with
1000 pg folic acid (Folic acid ref 05-050, Nutrilo GmbH,
Germany) and per portion ingested by the volunteers. All
matrices were also supplemented with 12 ug B12 vitamin
(Folic acid, Vitamin B12, ref 05-450, Nutrilo GmbH, Ger-
many) and with fat-soluble vitamins so that the portion
ingested by the volunteers contains lutein (20 mg) and vita-
min D (50 000 UI). The present work will only focus on
folate kinetic analyses. The analysis of lutein and vitamin
D bioavailability will be detailed elsewhere (Reboul et al.,
submitted).

Characterization of matrix microstructure

Confocal laser scanning microscope observation of the four
matrices was performed using the ZEISS LSM 880 inverted
confocal microscope (Carl Zeiss AG, Oberkochen, Ger-
many) set at the magnification 20 X (Plan Apochromat objec-
tive, dry, NA 0.80). The protein network and fat components
were stained using a 1% (w/v) Fast Green aqueous solution
and a 0.1% (w/v) Nile Red 1,2-propanediol solution, respec-
tively (Sigma Aldrich, St. Louis, USA). Both fluorescent
solutions were first mixed at a ratio 1:4. Then 10 pL of this
mix was either deposited on the surface of the slice for solid
matrices (Biscuit, Sponge cake and Pudding), or directly
added to 100 pL of the Custard, and vortexed. The samples
were held at 20 °C for at least 10 min to permit the diffusion
of the fluorescent dyes into the solid matrices. One drop of
the labelled Custard was deposited on a glass slide. A cover
slip sealed with an adhesive frame (Geneframe, ABgene
House, UK) was then added on the top of the four different
product slices, before observation using 488—633 nm exci-
tation wavelengths in sequential beam fluorescent mode,
for fat and protein detection, respectively, at a 1.32 s pixel
dwell scanning rate. Red Nile and Fast Green were detected
using a GaasP between 500 and 585 nm and a PMT between
635 and 735, respectively. Micrographs had a resolution of
0.15 pum/pixel and were recorded in the samples at a constant
depth of 10-15 um from the glass slide. Images shown in
this paper correspond to superimpositions of images of the
same area observed separately with the two markers, with
proteins coded in green and fat in red. Aqueous phase and
any gas bubbles in the slices may appear as black holes in
the micrographs. There were at least two samples of each
product, and for each sample, at least 16 micrographs were
recorded. The micrographs presented in Fig. 3 are repre-
sentative of the different product samples.
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Experimental design

All subjects were offered the four matrices according to a
randomized, controlled, cross-over experimental design.
The four sampling days were separated by at least 3 weeks
of a wash-out period. During the 2 days before each sched-
uled sampling day, the volunteers were advised to consume
diets poor in folates. On the day of sampling, they were
in a fasted state (overnight fast). A catheter was inserted
into a dorsal vein of the hand for venous blood sampling.
A blood sample was withdrawn in the fasted state and then
the volunteers ate one of the four foods. They also drank
200 mL of water within the 15 min post-food ingestion,
then 100 mL every 2 h (up to 500 mL total water at the end
of kinetic). Blood sampling was then withdrawn within
the 8 h post-food ingestion (post-prandial state) (30, 60,
90, 120, 180, 240, 300, 360, 420 and 480 min after matrix
ingestion). Blood was collected in EDTA-containing dark
tubes, immediately centrifuged at 1500 g for 10 min at
4 °C. Supernatant were then subsampled and stored at
— 80 °C until analysis.

Sample analysis

Plasma concentrations in folates were determined before
(i.e., in the fasted state) and up to 8 h post-food ingestion
using a radioimmunological assay (Simultrac B12/Folates
SNB kit, MP Biomedicals, Eschwege, Germany) and a
gamma counter (Kontron, Augsburg, Germany). Insulin
plasma levels were determined using an Enzyme-Linked
ImmunoSorbent Assay (ELISA) test (Insulin ELISA kit,
Mercodia, Uppsala, Sweden). Glucose (glucose PAP CP,
Horiba, Montpellier, France) and triglyceride (triglycer-
ide CP, Horiba, Montpellier, France) concentrations were
measured using an autoanalyser (Pentra 400, Horiba,
Montpellier, France). Total plasma free aminoacids were
estimated by analysis of circulating total alpha-amino
nitrogen according to a spectrophotometric method as pre-
viously described [19]. When unspecified, reagents came
from Sigma-Aldrich, Saint Quentin Fallavier, France.

To determine folate content in ingested foods, fro-
zen foods were powdered under liquid nitrogen and dry
matter was determined. Folate extraction was performed
according to [20]. A quantity of food (100 mg of each
cooked food model, containing 200-500 ng of folic acid)
was homogenized in 30 mL phosphate buffer 75 mM con-
taining 52 mM ascorbic acid and 0.1% mercaptoethanol.
After filling tubes with nitrogen to avoid oxidation, sam-
ples stayed 10 min in a boiling bath before centrifugation
11000g for 20 min. The pellet was washed with buffer,
supernatants were pooled, volume was adjusted to 50 mL
and analysed by radioassay.
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Calculations

All data obtained from the volunteers were plasma con-
centrations and measured during 8 h. Measurements of
metabolites were not duplicated but they were done at each
time point of the kinetic (11 points, every 30 min during the
first 2 h after food model ingestion, then every hour up to
8 h post-food model ingestion). The area under the curves
(AUC) was calculated according to the trapezoidal method.
Each individual basal concentration was used as baseline
for the calculation of individual AUC. AUC was calculated
over the 8 h following the food model ingestion but also
within the first hours following food ingestion for specific
plasma metabolites: 180 min for folates (to cover the period
where folates range from basal level to maximal post-pran-
dial value), 120 min for insulin (to focus on the transient
post-prandial peak), and 240 min for alpha amino nitrogen
(as the plasma concentration values return to baseline at this
time point). For plasma folates, AUC results were expressed
corrected or not by total ingested folic acid quantity. Peak
plasma value (Cmax) and time when Cmax occurs (Tmax)
were also determined.

Statistical analysis

Statistical analyses were performed using Stata software
(version 13, StataCorp, College Station, US). All tests
were two sided, with a type I error set at 0.05. Continu-
ous data were expressed as mean + standard error of mean.
The assumption of normality was assessed using the Shap-
iro—Wilk test. Random-effects models for repeated data were
performed to compare four ingested matrix: (1) consider-
ing the following fixed effects: matrix and for longitudinal
analyses, time-point evaluation and time X matrix interac-
tion, and (2) taking into account between and within par-
ticipant variability (subject as random effect). Furthermore,
due to cross-over randomized design, period, matrix order
and carry-over were also considered as covariates. When
appropriate, a Sidak’s type I error correction was applied
to perform multiple comparisons. The normality of residu-
als from these models was studied using the Shapiro—Wilk

test. When appropriate, a logarithmic transformation was
proposed to achieve the normality of dependent outcome.

Results
Volunteers and food matrices

The differences in processing conditions (Fig. 1) and water
content resulted in four food matrices with very different
macroscopic aspects: a hard solid Biscuit, an airy and dry
Sponge cake, a humid and compact Pudding and a thick
liquid Custard (Fig. 2). A continuous protein phase can be
observed in confocal microscopy images of Biscuit, Sponge
cake and Pudding, whereas small protein particles of about
50 um in diameter are seen in those of Custard, suggest-
ing an aggregation of proteins in this matrix (Fig. 3). The
disruptions of protein phase observed in the four matrices
may be attributed to air bubble, non-homogenous mixing, or
water phase. Regarding the lipid phase, Custard and Biscuit
present bigger lipid droplets than the two other matrices, in
which lipids are more diffuse. However, the shape of lipid
droplets is different in Biscuit, in which large flakes of fat are
observed, and in Custard, in which lipids are very globular.
As a conclusion, the four designed foods strongly differ in
both microstructure and macrostructure despite an identical
macronutrient composition on dry basis.

As expected because of the level of folic acid supplemen-
tation (cf Sect. 2.2), the folate content measured in all matri-
ces ingested by volunteers averages 1 mg. No significant
differences were observed in overall folates supplied by the
different matrices to the volunteers (Table 1). However, the
numerical difference in the average of folate content exists
and can have an impact on the estimation of folate availabil-
ity assessment and, in particular, when AUC is calculated.
Consequently, AUC for folate availability at different time
points was calculated before and after correction for folate
ingested, assuming that absorption of folates was linear
within the range from 889 (Sponge cake) to 1096 (Pudding
and Custard) pg of folates supplied.

|\ w”".’}
LI

Fig.2 Macroscopic images of the four matrices: Biscuit, Sponge cake, Pudding and Custard (from left to right)
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Fig.3 Confocal images of the Biscuit (a), Sponge cake (b), Pudding (¢), and Custard (d) at magnification X 20 (lipids appear in red and proteins

in green)

Table 1 Folic acid content
measured in a portion of

Corrected for ingested folate

ingested matrices (ug) and Folic acid in matrices ~ AUC 180 min ~ AUC 480 min ~ Maximum value T max

area under the curve (AUC,

ng/mL.min) for plasma folate Biscuit 967 +39 1839+ 16a 4516+279ab 19,8+ 1.3a 220+ 1a

concentrations over the post Sponge cake 889+60 2299 +186b 4789+271a 21.7+1.2a 180+7b

prandial period Pudding 1096 +35 2354+165b  4969+227a  257+1.5b 180+7b
Custard 1096 +100 1696 +135a 3964 +294b 20.2+2.0a 200+9b

Plasma folate concentrations AUC (ng/mL.min) 180 and 480 min post-ingestion of one of the four tested
matrices: Biscuit, Sponge cake, Pudding and Custard. AUC were corrected for ingested folates. For each
matrix, average maximum values (ng/mL) and time (min) when the maximum value was observed (T max).
Values are means + SEM. For statistical description, see “Materials and methods”

Plasma folates

Regardless the food, plasma folate concentrations strongly
increased within the 180 min post-ingestion, by 5.9
times on average between TO and T180 min (Time effect
P <0.001), then the concentrations declined slowly and
progressively. At T480 min, the values were still higher
than those measured in the fasted state (9.09 ng/mL at
T480 vs. 3.55 ng/mL at TO) but were similar between
foods. Plasma folates differentially increased post-pran-
dially (significant Time x Matrix interaction) with the
highest plasma folate concentration observed for Pud-
ding which differs from other foods from T120 to T240
(P <0.05) (Fig. 4). Sponge cake is intermediate with
plasma folate concentrations different from both the group
Biscuit/Custard and Pudding at T120 (P <0.05). When
AUC was calculated and corrected from folates ingested,
results are similar except that Sponge cake AUC at T480
becomes significantly higher than Custard (P <0.05) and
similar to Pudding and Sponge cake (Fig. 4, insert). Look-
ing at the AUC over the first 180 min of the post-prandial
period (AUC at T180 min) after correction for ingested
folates, a similar matrix effect was observed (Table 1)
with an AUC 180 significantly (+27%, P <0,05) higher
for Pudding and Sponge cake compared to Custard and
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Biscuit. Lastly, folate absorption, when supplied in the
Biscuit, was delayed by 30 min with a Tmax significantly
(P <0.05) higher (220 min) compared to 180, 180 and
200 min for Sponge cake, Pudding and Custard, respec-
tively (P <0.05, Table 1).

Other metabolites, nutrients and hormones
Insulin

As generally observed post-prandially, insulin plasma con-
centrations increased rapidly, within the first 30 min after
food ingestion (Time effect P <0.05; for Biscuit, Sponge
cake, Pudding and Custard). Interestingly, and although
the four foods presented the same composition in macro-
nutrients (see “Methods” section), insulin concentration
was higher 30 min after Custard ingestion compared to the
other three foods (1.70 pg/L for Custard vs. 1.14, 1.00 and
1.11 pg/L for Biscuit, Sponge cake and Pudding, respec-
tively, Matrix effect, P <0.001; Time X Matrix effect
P <0.001) (Table 2, Fig. 5). This is confirmed by AUC
calculation within the first 120 min and 480 min post-
food ingestion with significantly higher values for Custard
compared to the other three matrices (P <0.05) (Table 2).
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Biscuit Sponge cake  Pudding Custard

—&— Biscuit
—@— Sponge cake
——Pudding
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0 60 120 180 240
temps (min)

360 420 480

Fig.4 Folate concentrations (ng/mL) in plasma over the post-prandial period and area under the curve (AUC, ng/mL.min) over the entire
(480 min) post-prandial period for the four tested matrices. Values are means + SEM. For statistical description, see “Methods”

Table2 Plasma Insulin area under the curve (AUC, pg/L.min) and
maximum value over the post prandial period

AUC 120 min  AUC 480 min ~ Maximum value
Biscuit 66.2+11.5a 79.9+19.7a 1.14+0.18a
Sponge cake  61,2+6.8a 53.7+11.0a 1.00+0.09a
Pudding 70.8+£9.9a 854+133a 1.11+0.15a
Custard 92.6+9.8b 117.1+14.3b 1.70+0.24b

Insulin concentrations AUC (ug/L.min) 120 and 480 min post-inges-
tion of one of the four tested matrices: Biscuit, Sponge cake, Pudding
and Custard. For each matrix, average maximum values (ug/L). Val-
ues are means+SEM. For statistical description, see “Materials and
methods”

Glucose

As for insulin, glucose plasma concentrations increased
by 21% between the fasted state and T30 (Time effect
P <0.001) (Fig. 6). This was followed by a rapid drop of
glucose levels back to the fasted state values at T180 (Time
effect no more significant). There is no matrix effect, nor
significant Time X Matrix interaction.

Alpha amino-nitrogen

Total plasma amino-nitrogen (AAN) levels also increased
post-prandially (Time effect P <0.001) for all matri-
ces (Fig. 7). The higher post-prandial AAN content was
observed later than for glucose and insulin (i.e., between
100 and 180 min). Lastly, AAN concentration in plasma was
lower for Biscuit than for Custard at T60 and T90 (Time x
Matrix effect P <0.05) (Fig. 7). It should be noted that the
Time X Matrix effect mentioned above is partially due to that
the alpha amino nitrogen is not strictly the same in the fasted
state depending on the foods (although not significantly dif-
ferent at TO). This explains why AUC, that integrates the
basal level in its calculation, is no more significantly differ-
ent between foods (Fig. 7, insert).

Triglycerides
Plasma triglyceride concentrations followed the same pat-

tern of change as AAN after food matrix ingestion (Time
effect, P<0.001) (Fig. 8). Custard ingestion resulted in a
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Fig. 5 Insulin concentrations (ug/L) in plasma over the post-prandial period. Values are means + SEM. For statistical description, see “Methods”

Fig.6 Glucose concentrations 7.0 -
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higher triglyceride plasma level compared to Biscuit with  Discussion

values higher for Custard at various time points (Time X

Matrix effect P <0.05 at T90, T120 and T180, Fig. 8). This ~ The aim of the present work was to determine to which
effect was confirmed after calculation of the AUC over the  extent food structure could have an impact on folate bio-
entire post-prandial period (AUC 480) (Fig. 8, Table 3,  availability (folates appearance in plasma) in humans
Matrix effect P <0.05). in vivo. Bioavailability of folates depends on many factors
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Fig.7 Alpha amino nitrogen concentrations (mmol/L) in plasma over the post-prandial period and area under the curve (AUC, mmol/L.min)
240 min post-ingestion for the four tested matrices. Values are means + SEM. For statistical description, see “Methods”

as detailed above (food or host related) [2, 16]. Among
all the factors capable to influence bioavailability, one
of them is less studied and often confused with others,
namely the nature of the food matrix structure in which
the micronutrients are incorporated.

Assessment of folate bioavailability: our choice
for a short-term study and validation of the study
design

As discussed in the literature [21-23], several methodologies
exist to assess folate bioavailability: short-term kinetics and
long-term studies. As the present work addresses the effect
of food matrix on digestive process and ultimately folate bio-
availability, a short-term protocol was more appropriate and
the area under the plasma—response curve was used to assess
folate bioavailability [6]. To obtain a significantly increased
and measurable area under the curve, and because short-term
studies are known to be relatively less sensitive, 1 mg of
folic acid per portion was included in the tested foods (i.e.,
the maximum daily intake in Europe, see “Introduction”).

This one shot ingestion of 1 mg folic acid by the volunteers
(four repetitions over the experiment) did not have an impact
on their basal fasted folate level in plasma over time (no
period effect and a stable average of 3.55+0.17 ng/mL in
folate plasma concentrations in the fasted state). The post-
prandial sampling covered the 8 h post-food ingestion to
make sure not to miss the absorption peak [6].

First demonstration of the matrix structure effect
on folate bioavailability

Using this methodology, Pudding and to a lesser extent
Sponge cake matrices resulted in the biggest increase in
plasma levels of total folates. From the analysis of the area
under the curve, we have shown that the differences between
the extreme AUC (Custard vs. Pudding) reached 39% for
AUCI180 (P <0.05) and 25% for AUC480 (A <0.05) (when
corrected from folate ingestion). These differences are far
from being marginal and show that the food matrix structure
is an important factor that could ultimately affect overall
bioavailability of folates, particularly within the first hours
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entire (480 min) post-prandial period for the four tested matrices. Values are means + SEM. For statistical description, see “Methods”

post-matrix ingestion. To our knowledge, these results dem-
onstrate for the first time that folate bioavailability can be
significantly impacted by matrix structure alone, without
potential confounding factors such as macronutrient com-
position and nature of folates since these confounding fac-
tors were here controlled and similar between matrices. Data
exist in the literature, using the same AUC methodology,
but comparisons were made using different quantities of the
same food ingested [6], matrices were different in macro-
nutrient composition [5], or the nature of folates supplied
(natural folates partially polyglutamates vs. folic acid) were
not similar [24]. Consequently, the differences observed in

Table 3 Plasma Triglycerides area under the curve (AUC, mmol/L.
min) and maximum value over the post prandial period

AUC 480 min Maximum value
Biscuit 81,1+35.6a 2.07+0.21a
Sponge cake 139.0+396a 2.31+0.36ab
Pudding 96,0 £543a 2.29+0.25a
Custard 233.1+553b 2.70+£0.34b

Triglycerides AUC (mmol/L.min) 480 min post-ingestion of one of
the four tested matrices: Biscuit, Sponge cake, Pudding and Custard.
For each matrix, average maximum values (mmol) when the maxi-
mum value was observed. Values are means+SEM. For statistical
description, see “Methods”

@ Springer

these previous studies could result from the combined causes
and not matrix structure only.

Explanations for the observed variations in folate
bioavailability

The choice of nature of folate (i.e., folic acid) enrichment
matrices in the present study was driven by two main rea-
sons. The first one is that folic acid is known to be more
resistant to heat treatments that were applied to some of the
foods we tested during their processing. It could be seen
from our data that no statistical difference in total folate con-
tent was observed between tested foods. However, the lowest
numerical folate values were obtained for foods that were the
driest and that underwent oven heating at 180 °C for 20 min
or more (Fig. 1), suggesting a marginal impact of processing
on folate content, even if not significant. On the contrary,
humid (Pudding, Custard) and less heated (Custard) pre-
sented the highest folate contents. The second reason is that
folic acid is a monoglutamate that can be directly absorbed
by brush border cells whereas polyglutamates (high fraction
of natural folates) need to be first hydrolysed into mono-
glutamates before any absorption. The utilization of folic
acid could then overcome the “host effect” associated with
a potential variability between individuals to hydrolyse
polyglutamates, and enabled to focus on “matrix effect” we
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wanted to selectively separate. At this point, it is important
to mention that the four foods tested contained flours (wheat
and pea) and egg, which naturally contain folates (not nec-
essarily folic acid) which could, therefore, present different
kinetics of absorption and lower bioavailability compared
to the supplemented folic acid [23]. Yet, it is now clearly
stated by experts in the field of folate dietary recommenda-
tions that natural food folate bioavailability is incomplete
relative to synthetic folic acid [25]. Moreover, the naturally
present folates in the tested foods represented about 3% of
the overall supply of folates, and then cannot account for the
differences of bioavailability observed between matrices and
discussed below.

Given the above, the analysis of the interactions between
folates (and in our particular case folic acid) and matrix
structure could explain why folate bioavailability was higher
after Sponge cake and Pudding ingestion compared Custard
and to a lesser extent Biscuit ingestion. Direct interactions
between food components and folates have been already
assumed but rarely studied [18]. The measurement of uri-
nary excretion ratios of labelled folic acid relative to the
quantity ingested in humans showed a tendency for a higher
ratio when folic acid is supplemented alone than when con-
sumed after a light breakfast [26]. Similarly, folate fortified
skimmed milks presented a faster absorption than fortified
whole milk [5]. These data suggest interactions between
folates and the rest of the meal or components of the meal
that could limit its overall absorption. At the molecular level,
interaction of folates with folate-binding proteins (FBP) pre-
sent in milk, for instance, have been shown to limit folate
bioaccessibility in an in vitro model of gut [27, 28]. In the
case of Biscuit and Custard matrices from the present study,
an overall lower AUC is observed in the post-prandial state.

In the case of Biscuit, the folate plasma peak was delayed
(Tmax delayed). These combined data suggest a longer diges-
tion time and folate release/uptake within the gut lumen.
This might be due to several and maybe combined factors,
including (1) a swallowing of a less destructured bolus, (2)
a delayed gastric emptying, and (3) a lower accessibility of
macronutrients to digestive enzymes in the matrix [29]. On the
contrary, differences in food bolus formation during mastica-
tion may have had an impact on the release of folates within
the liquid fraction of the bolus, may occur as well as differ-
ent gastric emptying rates. Both components are known to be
highly dependent on micro-/macrostructure of the food as well
as physical and chemical structures of food [30, 31]. These
assumptions are consistent with the lower folate plasma con-
centrations and plasma folate profiles observed after Biscuit
ingestion, as well as the low alpha-amino N and triglyceride
plasma concentrations and profiles observed within the first
3 h following Biscuit ingestion. Indeed, this suggests that
Biscuit ingestion led to a slower digestion process resulting
in a delayed appearance in the plasma of various nutrients/

metabolites from the diet. This is in line with the continuous
protein phase shown in Biscuit that may be less easily dis-
rupted during the digestive process compared to Sponge cake
and Pudding and may have entrapped the folates for a longer
period of time over the digestive process, leading to a delayed
bioavailability.

In the case of Custard, the story may be different since it is
clear that the lipid and protein distribution within the matrix
was different from the other matrices with globular lipids and
protein aggregates (Fig. 3). This particular structure, and its
liquid physical form, may have allowed the Custard to reach
the duodenum rapidly, without any additional need for matrix
disruption/degradation within the stomach. Even if we had
no access to the digestive process in vivo, the macronutrient
degradation through the digestive process can be hypothesized
by the analysis of water- or lipid-soluble metabolite concentra-
tions determined in plasma in the fed state. By inducing a large
and significantly higher insulin peak as well as an increased
triglyceride AUC compared to the other matrices (and alpha
amino N plasma concentrations compared to biscuit), it is
highly probable that gastric retention time for Custard was
very low. Consequently, the nutrients rapidly appeared within
the duodenum and jejunum that are the sites of absorption of
lipids, glucose and amino acids. Then it can be hypothesized
that folates, such as other nutrients, appeared very rapidly and
in large quantities in the duodenum after Custard ingestion.
Two hypotheses could then explain the lower absorption of
folates: The capacities for folates entry into the cells could
have been overflown, leading to a loss of folates within the
faeces. Indeed, folates are absorbed via two systems: a spe-
cific saturable transport system (reduced folate carrier, RFC)
when folate concentrations are low (< 10 umol/L), and a pas-
sive diffusion at higher concentrations [32, 33]. In our case,
this hypothesis is probably not valid because folate absorption
may occur mainly via a passive diffusion mechanism, suggest-
ing that absorption process may not be the limiting factor. The
other hypothesis would be an interaction of folates with highly
available macronutrients (lipids and to a lesser extent proteins/
amino acids) that are present in the matrix. Data from Achon
et al. [S] have shown that skimmed folate fortified milk was
maximizing and accelerating folate absorption compared to
whole fortified (differing only from skimmed fortified milk by
lipid content) or non-fortified milk. Consequently, the structure
of lipids in custard (globular), such as in whole milk, may limit
folate absorption by a mechanism that should require further
investigation.

Conclusion
The present study highlights that folate bioavailability and

probably bioaccessibility can be altered by food matrix
alone. Especially, the highest folate bioavailability was
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observed for Pudding and to a lesser extent Sponge cake
whereas the lowest was for the two matrices presenting
extreme rheological properties: Custard (liquid) and Bis-
cuit (hard solid). The analysis of plasma kinetics of other
nutrients/metabolites suggests that the lower bioavailability
of folates when incorporated in Custard and Biscuit probably
results from different origins. This could be a least overall
efficient bioaccessibility of all nutrients in the gut lumen
for Biscuit whereas a possible specific interaction of folates
with matrix components (and possibly lipids) could occur in
rapidly digested Custard. The validation of these hypotheses
could be done by in vivo (in appropriate animal models) or
in vitro studies via a fine analysis of kinetics of food disin-
tegration along the gut. From mechanical disintegration of
food bolus in the mouth [34], to chemical and enzymatic
disintegration of the bolus within the stomach and the duo-
denum/ileum [30, 35] including interaction between folates
and lipids (and maybe proteins) present in custard/milk in
particular, many strands remain under research about the
major food parameters that determine food behaviour during
digestion and the related nutritional consequences.
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