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Introduction

Oilseeds like sunflower are good candidates to contribute to the increasing demand for plant protein sources for humans. As oil coproducts, sunflower cakes contain about 30% protein [START_REF] Liu | Determination and Prediction of the Amino Acid Digestibility of Sunflower Seed Meals in Growing Pigs[END_REF]. The amino acid (AA) composition of sunflower is relatively well balanced, except for a moderate lysine deficiency [START_REF] Janicki | Amino Acid Composition of Cereal and Oilseed[END_REF]. Besides AA composition, which is a key determinant of protein quality, AA digestibility also plays a role in the satisfaction of human AA requirements. Data on protein digestibility from sunflower cake have been collected in pigs, values varying from 72 to 82% [START_REF] Liu | Determination and Prediction of the Amino Acid Digestibility of Sunflower Seed Meals in Growing Pigs[END_REF][START_REF] Nørgaard | Ileal digestibility of sunflower meal, pea, rapeseed cake, and lupine in pigs[END_REF][START_REF] Almeida | Digestibility by growing pigs of amino acids in heat-damaged sunflower meal and cottonseed meal[END_REF][START_REF] González-Vega | Amino acid digestibility in canola, cottonseed, and sunflower products fed to finishing pigs[END_REF]. The AA digestibility of a sunflower isolate has recently been reported to be very high (95%) in rats [START_REF] Tessier | 15 N and 2 H Intrinsic Labeling Demonstrate That Real Digestibility in Rats of Proteins and Amino Acids from Sunflower Protein Isolate Is Almost as High as That of Goat Whey[END_REF]. However, sunflower AA digestibility has never been assessed in humans.

To directly determine AA digestibility in humans, ileal samples can be collected either in ileostomates or in healthy volunteers. In the latter, digesta must be collected using a naso-ileal tube. This method allows investigation of protein digestion under many nutritional conditions. When coupled to the use of 15 N intrinsically labelled dietary protein, values of protein and AA ileal digestibility have been obtained for many protein sources [START_REF] Bos | Assessment of net postprandial protein utilization of 15 N-labelled milk nitrogen in human subjects[END_REF][START_REF] Gaudichon | Net Postprandial Utilization of [ 15 N]-Labeled Milk Protein Nitrogen Is Influenced by Diet Composition in Humans[END_REF][START_REF] Mariotti | Nutritional Value of [ 15 N]-Soy Protein Isolate Assessed from Ileal Digestibility and Postprandial Protein Utilization in Humans[END_REF][START_REF] Gaudichon | Ileal losses of nitrogen and amino acids in humans and their importance to the assessment of amino acid requirements[END_REF][START_REF] Bos | Postprandial metabolic utilization of wheat protein in humans[END_REF][START_REF] Bos | The Poor Digestibility of Rapeseed Protein Is Balanced by Its Very High Metabolic Utilization in Humans[END_REF][START_REF] Oberli | High True Ileal Digestibility but Not Postprandial Utilization of Nitrogen from Bovine Meat Protein in Humans Is Moderately Decreased by High-Temperature, Long-Duration Cooking[END_REF][START_REF] Calvez | Very low ileal nitrogen and amino acid digestibility of zein compared to whey protein isolate in healthy volunteers[END_REF][START_REF] Mariotti | The Influence of the Albumin Fraction on the Bioavailability and Postprandial Utilization of Pea Protein Given Selectively to Humans[END_REF][START_REF] Mariotti | The bioavailability and postprandial utilisation of sweet lupin (Lupinus albus)-flour protein is similar to that of purified soyabean protein in human subjects: a study using intrinsically N-labelled proteins[END_REF]. Whereas this method is the usual direct way to measure AA digestibility in healthy volunteers, its main drawback is its invasiveness.

The Food and Agriculture Organization (FAO) of the United Nations has proposed a minimally invasive method based on the measurement of isotope enrichments in plasma AAs after the ingestion of a test protein labelled with 2 H, together with a 13 C reference protein of known digestibility [START_REF]Research approaches and methods for evaluating the protein quality of human foods[END_REF]. 15 N was not proposed because of transaminations, but 15 N labeling is easier and less expensive for plant proteins, especially in field growing conditions. Interestingly, the dual isotope method was implemented earlier in cystic fibrosis patients, using 15 N-labelled spirulina as the test protein and free 2 H phenylalanine as the reference amino acid of known digestibility, the 15 N/ 2 H ratio in phenylalanine being compared in plasma and meal to calculate spirulina phenylalanine digestibility [START_REF] Engelen | New stable isotope method to measure protein digestibility and response to pancreatic enzyme intake in cystic fibrosis[END_REF]. The method was further developed by another research group to determine AA digestibility in various 2 H-labelled protein sources, using 13 C-labelled spirulina as the reference protein, in Indian adults and children [START_REF] Devi | Measurement of protein digestibility in humans by a dual-tracer method[END_REF][START_REF] Kashyap | Ileal digestibility of intrinsically labeled hen's egg and meat protein determined with the dual stable isotope tracer method in Indian adults[END_REF][START_REF] Kashyap | True ileal digestibility of legumes determined by dualisotope tracer method in Indian adults[END_REF][START_REF] Kashyap | Coingestion of Black Tea Reduces the Indispensable Amino Acid Digestibility of Hens' Egg in Indian Adults[END_REF][START_REF] Devi | Amino Acid Digestibility of Extruded Chickpea and Yellow Pea Protein is High and Comparable in Moderately Stunted South Indian Children with Use of a Dual Stable Isotope Tracer Method[END_REF][START_REF] Shivakumar | Protein-quality evaluation of complementary foods in Indian children[END_REF]. This method is promising in the view of collecting data in various populations, including vulnerable people, but it needs to be validated by comparison with the usual direct determination of AA ileal digestibility. However, both methods present some specific constraints, especially in terms of feeding procedure, that may be challenging to address in one single protocol. In particular, the prolonged plateau variant of the dual tracer approach requires a fractioned feeding pattern for several hours while the direct ileal measurement requires that the food digestion is complete before the end of the experiment.

This study aimed to determine the true ileal amino acid digestibility of 15 N-labelled sunflower protein isolate incorporated in biscuits consumed by healthy volunteers. A second objective was to compare ileal digestibility values with those obtained with the dual isotope method within subjects.

Materials and methods

Subjects

The eligibility criteria were a BMI between 18 and 30 kg/m², an age between 18 and 65 years, a negative serology for HIV, hepatitis C virus antibodies, and hepatitis B virus surface antigens, and the absence of any dietary allergy and digestive disease. The number of volunteers was determined in accordance with previous studies on amino acid digestibility of protein sources [START_REF] Bos | Assessment of net postprandial protein utilization of 15 N-labelled milk nitrogen in human subjects[END_REF][START_REF] Gaudichon | Net Postprandial Utilization of [ 15 N]-Labeled Milk Protein Nitrogen Is Influenced by Diet Composition in Humans[END_REF][START_REF] Mariotti | Nutritional Value of [ 15 N]-Soy Protein Isolate Assessed from Ileal Digestibility and Postprandial Protein Utilization in Humans[END_REF][START_REF] Gaudichon | Ileal losses of nitrogen and amino acids in humans and their importance to the assessment of amino acid requirements[END_REF][START_REF] Bos | Postprandial metabolic utilization of wheat protein in humans[END_REF][START_REF] Bos | The Poor Digestibility of Rapeseed Protein Is Balanced by Its Very High Metabolic Utilization in Humans[END_REF][START_REF] Oberli | High True Ileal Digestibility but Not Postprandial Utilization of Nitrogen from Bovine Meat Protein in Humans Is Moderately Decreased by High-Temperature, Long-Duration Cooking[END_REF][START_REF] Calvez | Very low ileal nitrogen and amino acid digestibility of zein compared to whey protein isolate in healthy volunteers[END_REF][START_REF] Mariotti | The Influence of the Albumin Fraction on the Bioavailability and Postprandial Utilization of Pea Protein Given Selectively to Humans[END_REF][START_REF] Mariotti | The bioavailability and postprandial utilisation of sweet lupin (Lupinus albus)-flour protein is similar to that of purified soyabean protein in human subjects: a study using intrinsically N-labelled proteins[END_REF], allowing for external comparison between sunflower isolate and other proteins assessed in the same conditions. It was also calculated to enable a comparison between the ileal balance and the dual isotope methods. The size group was n = 13 to reveal a difference of digestibility of 5 ± 5% in a within subject design (two-tails paired Student test), for a risk =5% and a risk (1-) = 90% (G*Power 3.1). Recruitment started in January 2019 and ended in April 2019. All volunteers signed their informed consent. Nineteen volunteers were recruited and the final sample size was n=12 (Table 1). Values are means ± SD. n = 12. BMI: body mass index.

Causes of failure were non-migration of the tube through the pylorus (n = 2), insufficient migration in the small intestine (n = 2) and nasal pain (n = 1). Two volunteers were excluded after the experiment because their tube was not positioned in the terminal ileum (Figure 1).

Test meals

Sunflower plants were labelled with two applications of 15 N-enriched fertilizer during growth (Terres Inovia, Pessac, France). Seeds were dehulled and de-oiled (Olead, Pessac, France), and proteins were extracted and isolated as described previously (6) (UMR LRGP, Nancy, France). The 15 N-labelled sunflower protein isolate was incorporated in chocolate chip biscuits (13 g) (Foodinnov, Rennes, France). Biscuits were composed of 17.2% (w/w) of 15 N-labelled sunflower isolate as the main protein source (Supplementary Table 1). They were cooked at 180°C for 13 min. The wheat flour used in the biscuit also had a small amount of gluten (2.8% of the biscuit). As the 13 C-labelled reference protein of known digestibility, algal free 13 C-AA mixture (97%) (Eurisotop, Saint-Aubin, France) was preferred to spirulina because of its high digestibility and subsequently low interindividual variability in contrast to spirulina [START_REF] Liu | Determination and Prediction of the Amino Acid Digestibility of Sunflower Seed Meals in Growing Pigs[END_REF].

However, free 13 C-AAs were not incorporated in the biscuits because they could have been altered by the Maillard reaction during cooking. A separate matrix, a chocolate, was therefore initially chosen as the vector for 13 C-AAs to ensure a slow gastric emptying of the AAs in order to obtain a concomitant delivery of 15 N, provided by the biscuit, and 13 C. Due to the high additional energy and the high polyphenol content of chocolate (between 283 and 510 mg/100 g (25,26)), as well as the possible interaction with protein digestibility, we also decided to test apple puree, a vector that is less caloric and is lower in polyphenol contents. Finally, the chocolate was fed to seven subjects (SUN+C) and the puree to five subjects (SUN+P). Chocolate and puree compositions are given in Table 2. The test meal was split into nine portions. The first one was composed of four biscuits, and the other eight were comprised of one biscuit. In total, volunteers ingested 156 g of biscuits, including 26.8 g of 15 N-labelled sunflower isolate.

Alongside biscuits, they also ingested chocolate or apple puree for a total amount of 400 mg of 13 C-AA mixture. Volunteers were allowed one glass of water hourly, or half a glass per meal portion. Sunflower isolate contained 14.2% nitrogen (N) and 15 N enrichment was 0.80 atom percent, two times the natural abundance. Biscuits contained 3.5% N, and the 15 N enrichment was 0.73 atom percent. Sunflower isolate was composed of 33.1% IAA and 66.9% dispensable amino acids (DAA) (Table 3).

Amino acid composition of the algal mixture is presented in Supplementary Table 2. Asx: aspartate and asparagine. Glx: glutamate and glutamine.

Clinical protocol

One week before the experiment, volunteers followed a standardized diet to achieve a mean protein intake of 1.3 g.kg of body weight -1 .day -1 . This quantity of protein corresponds to the mean consumption of protein in France [START_REF] Afssa | Apport en protéines: consommation, qualité, besoins et recommandations[END_REF]. This diet standardization was performed to reduce the possible effects of the subjects' habitual diets.

The intestinal tube was composed of three lumens. One was used to inflate or deflate a balloon to help migration of the tube, another one allowed collection of ileal digestive contents, and the third to perfuse a non-absorbable marker of intestinal flow: polyethylene glycol (PEG 4000, 20 g/L, Biogaran, Colombes, France).

The day before the experiment (Figure 2), the tube was introduced through the subject's nose and was allowed to progress through the stomach and the digestive tract for 24 h. The subject then fasted from 20:00. On the day of the experiment, the position of the tube was checked with radiography and by measuring the pH of the effluent (pH being 8.0 in the ileum). At 9:00 a catheter was inserted in the forearm vein of the subject. The intestinal perfusion of PEG 4000 was initiated at a rate of 1 mL/min. Basal collection of ileal effluent was performed for 30 min, as well as blood sampling. At 10:00 subjects began to eat the first meal (four portions of biscuits together with chocolate or apple puree), followed by one portion each half hour. The experiment lasted 8 h from the first meal to the removal of the tube. Digestive contents were collected continuously and pooled by half hour. The volume of digesta was measured and diisopropylfluorophosphate was added as anti-protease.

Digestive contents were frozen at -20°C before being freeze-dried. Plasma was sampled every 30 minutes for four hours and every subsequent hour. After centrifugation, plasma supernatant was dispatched in aliquots and frozen at -20°C.

Analytical methods

The concentration of PEG 4000 in the digesta was assessed by the turbidimetric method [START_REF] Russell | Evaluation of Turbidimetric Determination of Polyethylene Glycol[END_REF] to determine the ileal flow rate. 15 N and 13 C enrichments in meal, digesta and plasma individual AAs were analyzed by gas chromatography (GC 6890N, Agilent Technologies, Les Ulis, France) coupled to an Isoprime isotope ratio mass spectrometer (Isoprime, GV Instrument, Manchester, UK) via the GC5 Isoprime interface (GC-C-IRMS). Analytical methods for 15 N enrichment determination were previously described [START_REF] Tessier | 15 N and 2 H Intrinsic Labeling Demonstrate That Real Digestibility in Rats of Proteins and Amino Acids from Sunflower Protein Isolate Is Almost as High as That of Goat Whey[END_REF]. Briefly, sunflower proteins and digestive contents were hydrolyzed for 24 h with hydrochloric acid 6N at 110°C. Amino acids for sunflower isolate, ileal contents and plasma were isolated using a hydrogen form ion exchange resin (Dowex® 50WX8 hydrogen form 100-200 mesh, Sigma-Aldrich, Saint-Louis, USA) and derivatized with ethyl chloroformate [START_REF] Fromentin | A pilot study for the intrinsic labeling of egg proteins with 15 N and 13 C[END_REF].

AA quantification in ileal digesta, meal and protein isolate were performed on an Acquity H-class UHPLC system with a PDA detector (Waters, Milford, USA) as previously described [START_REF] Guillin | Real ileal amino acid digestibility of pea protein compared to casein in healthy humans, a randomized trial[END_REF]. For tryptophan, a basic hydrolysis was performed with barium hydroxide 2N. For sulfur AA, a performic acid oxidation was used before an acid hydrolysis. For the other amino acids, an acid hydrolysis was performed with hydrochloric acid 6N [START_REF] Rutherfurd | Amino Acid Analysis[END_REF]. The weight of each AA was calculated using free AA molecular weight [START_REF] Rutherfurd | Quantitative Amino Acid Analysis[END_REF].

Calculations

The ileal flow rate was evaluated for each period of 30 minutes (F, mL/30min) using the following formula:

F = [PEG] solution [PEG] digesta × perfusion flow rate × 30
where [PEG] is the concentration of glycol in the perfused solution and in the digestive contents, and the perfusion flow rate of the PEG was set at 1 mL/min.

To determine AA ileal digestibility, it was necessary to determine the total amount of each AA ingested and the amount of exogenous AAs recovered in the ileal contents.

The total amount of AA ingested (AAingested i, mmol) was:

AA ingested i = [AA] meal i × protein ingested
where [AA]meal i is the quantity of each AA "i" in the sunflower isolate (mmol/g), and

"protein ingested" is the amount of isolate ingested by the subject (g).

The quantity of exogenous AA in digesta (AAexo i, mmol) at every period was:

AA exo i (t) = [AA] ileum i (t) × DM (t) × F(t) × APE ileum i (t) APE isolate
where [AA]ileum i is the quantity of each AA "i" in the digestive contents at each period "t" (mmol/g), DM is the amount of dry matter in the digestive contents (g/100 mL), F is the ileal flow rate (mL/30 min), APE is the enrichment excess of each AA "i" in the digestive contents at each period "t" compared to the basal abundance (in atom percent) of 15 N and APEisolate that of sunflower isolate. Basal abundance is the abundance measured in the t = 0 sample of each volunteer.

The same calculation was used for the digestibility of 13 C-AAs, except that the APE of For each AA, the ileal digestibility (% of ingested AA) was:

AA ileal digestibility i = 1 -( ∑ 𝐴𝐴 𝑒𝑥𝑜 𝑖 AA ingested i × 100)
where ΣAAexo i for each AA "i" is the sum of exogenous AA over 8 h (mmol), and AAingested i is the quantity of AA "i" from sunflower isolate for 15 N and the tracer dose for 13 C, respectively, that was ingested by the volunteer (mmol).

To calculate mean AA digestibility, the digestibility of each AA was weighted by the relative contribution of the AA in sunflower protein isolate.

The formula used to determine ileal digestibility of 13 C-free AAs was similar.

The ratio between the two isotopes in the meal was determined for each IAA (i):

Meal ratio i = N meal i 15 C meal i 13
The AUC (APE/h) for plasma enrichment in both isotopes was calculated for each IAA, and the ratio between the two isotope AUCs was determined for each IAA (i) as follows:

Plasma AUC i = AUC N i 15 AUC C i 13
Using the dual isotope method, IAA absorption (IAAabsorption plasma i) for every IAA (i)

was determined using plasma AUC and meal ratios as follows:

IAA absorption plasma i = C AA digestibility 13 i × Plasma AUC i Meal ratio i
where 13 C AA digestibility i is the ileal 13 C digestibility of the AA "i", determined by analysis of digestive content.

Statistical analysis

Data are expressed as means ± standard deviation (SD). The main outcome was the digestibility of individual AAs obtained by the two methods and their subsequent comparison. 13 C or 15 N enrichment kinetics data were analyzed in a mixed model with group as a fixed factor and time as a repeated factor. Differences between digestibility methods were estimated using a paired Student's t-test. Differences between IAA and DAA digestibility within groups as well as differences between vector groups (SUN+C or SUN+P) were estimated using an unpaired Student's t-test.

All analyses were done using R (version 3.5.1, R project). Differences were considered statistically significant for a Pvalue inferior to 0.05.

Results

Ileal AA digestibility of 15 N-labelled sunflower

True amino acid digestibility of sunflower protein isolate was determined in the ileum (Table 4). In the SUN+C group, values were the lowest for glycine (~68 %) and the highest (~92%) for glutamine/glutamate (glx). Mean ileal IAA digestibility was 6 % higher (P < 0.01) than DAA digestibility and the variability among IAAs was lower. In the SUN+P group, values were also the lowest for glycine (~73%) but the highest methionine (~95%). For all AAs, there was no statistically significant difference between the two groups and no difference for mean digestibility of AAs (P = 0.34).

Nevertheless, mean IAA digestibility was lower in SUN+C group than in SUN+P group (P < 0.05). 

Amino acid digestibility of the reference 13 C-free AA mixture

For chocolate, ileal digestibility of 13 C AAs values varied from around 95 % for tyrosine to 99 % for alanine (Table 5). When incorporated in puree, ileal 13 C-AA digestibility values ranged in the same range but phenylalanine was the most digestible. There was no statistical difference between IAA and DAA digestibility values (P = 0.83 for SUN+C and P = 0.98 for SUN+P). There was also no difference between chocolate and puree for mean (P = 0.87) and individual AA digestibility.

Table 5. Amino acid ileal digestibility of 13 C algal free amino acids. Plasma kinetics of 15 N and 13 C AA 15 N enrichment in the meal IAA ranged from 0.281 ± 0.07 APE for histidine and 0.379 ± 0.031 APE for lysine (Supplementary figure 1). For 13 C, it ranged from 0.211 ± 0.081 APE for histidine to 2.613 ± 0.470 APE for alanine.

With both chocolate and puree vectors, dietary 15 N IAAs appeared in plasma after 0.5 h (Figure 3A and Figure 3B), and we observed a plateau between 3 and 6 h after ingestion of the first meal. Methionine was the most enriched IAA in blood, and phenylalanine and lysine were the least enriched. 15 N enrichments in individual IAAs did not differ between the puree and chocolate vectors, except for methionine, which was more enriched in the SUN+P group (P = 0.02).

For dietary 13 C-IAAs (Figure 3C and Figure 3D), kinetics displayed different shapes between groups but there was no statistical difference on average (group effect P = 0.08) between vectors. Free IAAs appeared and increased rapidly in the SUN+P group with a plateau between 1 h and 4 h, while this occurred between 3 h and 6 h for SUN+C group, as it did for 15 N in both groups. For both groups, isoleucine was the most enriched IAA in 13 C, and lysine was the least enriched. There was a difference in 13 C enrichment between SUN+C and SUN+P groups for methionine only (P = 0.02). AUC was not different between groups for both isotopes (P = 0.28 for 15 N and P = 0.90 for 13 C for mean AUC), except for 13 C methionine AUC, which was double in the SUN+C than in SUN+P group (P = 0.03) (Table 6). Values are means ± SD. N = 7 for SUN+CHOCO group and n = 5 for SUN+PUREE group.

AA: amino acid, AUC: area under the curve.

Digestibility of lysine and threonine determined with the dual isotope method

The digestibility of sunflower lysine and threonine was calculated with the dual isotope method and compared to conventional ileal digestibility. For lysine (Figure 4A), the value obtained with the dual isotope method was lower than ileal digestibility in eight subjects, similar in one, and higher in three subjects, among which one value was aberrant (far above 100 %). Mean lysine digestibility determined with the dual isotope method was 75.9 ± 22.3%, and was not different (P = 0.66) from the value obtained with the ileal balance method due to the high variability. The mean was 12% lower than the ileal digestibility. For threonine (Figure 4B), there was a consistent underestimation with the dual isotope method in all subjects, with a mean value of 67.7 ± 7.1%, i.e. 10% below the ileal digestibility (P < 0.0001).

For other AAs that do transaminate, the same trend of an underestimation with the dual isotope method was observed, except for methionine, for which values were aberrant (Supplementary Table 3). The average digestibility of IAAs, excluding methionine, obtained with the dual isotope method around 73 %, i.e. 17% below the average ileal digestibility (P = 0.04).

Discussion

This study aimed to measure the true ileal AA digestibility of 15 N-labelled sunflower isolate incorporated in a biscuit, using a conventional method by determining the non-absorbed AAs in ileal digesta samples. We also aimed to test values obtained from the dual isotope method in the same protocol. Regarding the constraints of each method, the strategy chosen for the feeding procedure was a 4 h repeated meal, in the view of obtaining an isotopic plateau while allowing a nearly complete digestion over 8 h. 13 C-AAs were elected as the reference protein for their theoretical high digestibility. However, they had to be incorporated in separate uncooked matrixes to avoid any Maillard reactions and to limit the risk of kinetic offset. This study is the first to measure sunflower AA digestibility in humans and also pioneeringly addresses validation of the dual isotope method compared to the conventional method.

AA digestibility of sunflower isolate

The digestibility of AA from sunflower isolate, when incorporated into a cooked biscuit, was 86% on average, and the mean digestibility of IAA was close to 90%.

Interestingly, the digestibility of IAAs was around 3% higher than that of DAAs glycine and, to a lower extent, proline and serine. This is consistent with data observed in pigs fed sunflower seeds and meals that showed a lower digestibility of glycine (5).

Among IAAs measured, lysine and threonine had the lowest digestibility, which is also in accordance with the lower lysine digestibility reported for canola and sunflower meals in pigs [START_REF] González-Vega | Amino acid digestibility in canola, cottonseed, and sunflower products fed to finishing pigs[END_REF]. In the present study, the AA digestibility of the protein isolate studied was lower by about 7-8% compared to what we have previously observed in rats with a similar isolate [START_REF] Tessier | 15 N and 2 H Intrinsic Labeling Demonstrate That Real Digestibility in Rats of Proteins and Amino Acids from Sunflower Protein Isolate Is Almost as High as That of Goat Whey[END_REF]. In addition to the fact that protein digestibility is generally higher in rats than in humans (as observed for meat, for instance [START_REF] Oberli | High True Ileal Digestibility but Not Postprandial Utilization of Nitrogen from Bovine Meat Protein in Humans Is Moderately Decreased by High-Temperature, Long-Duration Cooking[END_REF][START_REF] Oberli | Compared with Raw Bovine Meat, Boiling but Not Grilling, Barbecuing, or Roasting Decreases Protein Digestibility without Any Major Consequences for Intestinal Mucosa in Rats, although the Daily Ingestion of Bovine Meat Induces Histologic Modifications in the Colon[END_REF])), the nature of the test meal containing the protein isolate (i.e. cooked in biscuits including other ingredients like wheat flour, sugar and starch as well as chocolate chips) may also explain this substantial difference. Moreover, biscuits were ingested together with a vector containing polyphenols, the chocolate vector being of particular note. Dark chocolate contains between 280 and 840 mg/100 g of polyphenol, whereas apple puree contains 100 to 200 mg/100 g [START_REF] Ovaskainen | Dietary Intake and Major Food Sources of Polyphenols in Finnish Adults[END_REF][START_REF] Scalbert | Dietary Intake and Bioavailability of Polyphenols[END_REF].

Polyphenol is known to have a negative effect on protein digestion and digestibility [START_REF] Gilani | Impact of Antinutritional Factors in Food Proteins on the Digestibility of Protein and the Bioavailability of Amino Acids and on Protein Quality[END_REF][START_REF] Peace | Effects of soybean trypsin inhibitors and dl-ethionine on growth and serum parameters in young rats[END_REF], which is consistent with the -3 % digestibility we observed between the two groups.

Free 13 C-AAs as the reference protein for the dual isotope method

In previous studies [START_REF] Devi | Measurement of protein digestibility in humans by a dual-tracer method[END_REF][START_REF] Kashyap | Ileal digestibility of intrinsically labeled hen's egg and meat protein determined with the dual stable isotope tracer method in Indian adults[END_REF][START_REF] Kashyap | True ileal digestibility of legumes determined by dualisotope tracer method in Indian adults[END_REF], but not all [START_REF] Engelen | New stable isotope method to measure protein digestibility and response to pancreatic enzyme intake in cystic fibrosis[END_REF][START_REF] Kirschner | Intestinal function is impaired in patients with Chronic Obstructive Pulmonary Disease[END_REF][START_REF] Kashyap | Goat milk protein digestibility in relation to intestinal function[END_REF], 13 C-labelled spirulina was used as the reference protein, according to FAO recommendation. Although the equivalence of dual isotope digestibility between 13 C-AAs and 13 C-spirulina has been demonstrated [START_REF] Kashyap | Coingestion of Black Tea Reduces the Indispensable Amino Acid Digestibility of Hens' Egg in Indian Adults[END_REF], the use of 13 C-labelled spirulina is a source of uncertainties due to its moderate digestibility. Digestibility of < 90% is generally associated to a higher variability among subjects [START_REF] Gaudichon | Determinants of amino acid bioavailability from ingested protein in relation to gut health[END_REF]. In rats, we found a mean AA digestibility of spirulina of 83% [START_REF] Tessier | Protein and amino acid digestibility of 15 N Spirulina in rats[END_REF]. The values ranged from 75 to 92%, illustrating that using a universal value among studies and individuals is a substantial source of error. To date, there is no data on spirulina AA digestibility obtained in humans at the ileal level. Studies determining AA digestibility of spirulina with the dual isotope method have shown interstudy variations with an overall difference of 2.7% among AAs, and even a 11.7% difference for lysine [START_REF] Devi | Measurement of protein digestibility in humans by a dual-tracer method[END_REF][START_REF] Kashyap | Coingestion of Black Tea Reduces the Indispensable Amino Acid Digestibility of Hens' Egg in Indian Adults[END_REF]. It is usually assumed that free AAs have a 100% digestibility, and our study provides a value of 98%, on average. This high digestibility, associated to a low variability (1%), supports our hypothesis that using free AAs may be a better option than 13 C-labelled spirulina because the values for the 13 C reference AAs appear robust and reproducible. Accordingly, this strategy to use 100% digestible, free AAs as the reference was chosen by another team [START_REF] Engelen | New stable isotope method to measure protein digestibility and response to pancreatic enzyme intake in cystic fibrosis[END_REF][START_REF] Kirschner | Intestinal function is impaired in patients with Chronic Obstructive Pulmonary Disease[END_REF] to use in patients with pulmonary disorders with healthy subjects as controls. The group from Bengalore also recently used a similar free 13 C-AA mixture to determined milk digestibility in healthy Indian women [START_REF] Kashyap | Goat milk protein digestibility in relation to intestinal function[END_REF].

Influence of the feeding procedure

However, this choice of reference protein had several drawbacks in our experimental conditions because 13 C-AAs could not be incorporated directly in the sunflower biscuits, owing to the Maillard reaction that occurs during cooking at 180°C, and to which free AAs are especially sensitive. In other kinds of meals like mashed beans [START_REF] Devi | Measurement of protein digestibility in humans by a dual-tracer method[END_REF] or protein drink [START_REF] Engelen | New stable isotope method to measure protein digestibility and response to pancreatic enzyme intake in cystic fibrosis[END_REF], free AAs can be easily added to the final product. In our case, a separate matrix was necessary to incorporate them to limit the risk of offset between free 13 C and sunflower 15 N AA kinetic absorption. We selected two vectors: chocolate because it could entrap the free AAs without any heat damage, and apple puree for its ease of use.

The feeding procedures for the dual isotope method differs among studies: either using a bolus [START_REF] Kirschner | Intestinal function is impaired in patients with Chronic Obstructive Pulmonary Disease[END_REF] and calculating the ratio of AUC of isotope enrichments, as proposed by FAO expert group [START_REF]Research approaches and methods for evaluating the protein quality of human foods[END_REF]; or repeated small meals over 7 to 8 h to obtain a prolonged isotopic plateau, as developed by the team from Bangalore [START_REF] Devi | Measurement of protein digestibility in humans by a dual-tracer method[END_REF][START_REF] Kashyap | Ileal digestibility of intrinsically labeled hen's egg and meat protein determined with the dual stable isotope tracer method in Indian adults[END_REF]; or alternatively, repeated meals during an intermediate time of 4 h to better correspond to normal meal ingestion [START_REF] Van Der Wielen | Blood 15N:13C Enrichment Ratios Are Proportional to the Ingested Quantity of Protein with the Dual-Tracer Approach for Determining Amino Acid Bioavailability in Humans[END_REF]. In all cases, the feeding protocol and the choice of meal tracers is a crucial point of the method.

We chose the intermediate feeding procedure to allow for an almost complete digestion during the 8 h of ileal sample collections. The plasma appearance of 13 C-AAs differed between the two vectors, being faster with puree than with chocolate. This is not surprising, as we expected that AAs would be trapped in the chocolate texture and thus be released more progressively than when added to the puree.

Plasma kinetics differed between the 13 C and 15 N labelling with a faster apparition of 13 C-AAs, especially with the SUN+P group, and a more transient plateau for 15 N AAs.

This may be due to the fact that, although incorporated in a matrix, free AAs are more rapidly absorbed than protein-bound AAs.

Using this protocol, we were able to calculate the digestibility of lysine and threonine as they are not subjected to transamination processes in the body. For these two AAs, as well as other IAAs that transaminate, we found at least a 10% lower digestibility than with the conventional method. This means that under our experimental conditions, plasma appearance of 15 N lysine and threonine was underestimated relative to 13 C lysine and threonine. Two factors may explain this difference. The first is the kinetic offset between 13 C and 15 N AAs. It is possible that the AUC calculated for 15 N was more underestimated than for 13 C. Indeed, the return to the basal level at 8 h seems to be more delayed for 15 N than for 13 C-AAs.

However, calculating the digestibility using the isotopic enrichments at the isotopic plateau instead of AUC gave similar results (not shown). Because the plateau obtained was transient and occurred at different times depending on the tracer and the subjects, the AUC calculation was preferred.

The second factor may be that there was a differential splanchnic extraction of 15 N and 13 C-AAs. This is plausible, not only due to the kinetic offset, but also to the difference in the amount of AAs from the 13 C tracer dose (400 mg) and the sunflower isolate (20 g). It is likely that the low dose, appearing earlier, is more preserved by splanchnic tissues, as the liver is known to extract more AAs when there is a massive AA afflux [START_REF] Morens | Daily delivery of dietary nitrogen to the periphery is stable in rats adapted to increased protein intake[END_REF][START_REF] Gorissen | Habituation to low or high protein intake does not modulate basal or postprandial muscle protein synthesis rates: a randomized trial[END_REF].

This suggests that different protocols must be performed to test the adequacy between dual isotope and ileal balance digestibility. From these results, it seems preferable to not separate 13 C-AAs from the test meal, when possible, and to give either a bolus, which matches with the typical meal conditions but might result in kinetic offsets, or a prolonged plateau to limit the risk of differential splanchnic extraction, but which requires prolonging the digesta collection over 8 h. In our experimental conditions, the use of 13 C-labelled spirulina as the reference protein may have avoided the kinetic offset and resulted in a better adequacy between the two methods.

Additionally, the discrepancy between both methods might have been strengthened by an overestimation of ileal digestibility due to an incomplete recovery of digesta under the condition of 4h repeated meals. On the other hand, 15 N recycling in the intestine underestimates digestibility, what has been evaluated as ~ 1-1.5 % (43).

Both pitfalls having compensatory effects, at least partially, the discrepancy we observed should mainly originate from the non-optimal dual tracer protocol we used.

The obtention of such comparison data on a protein source that has already been evaluated with the dual isotope method and a prolonged plateau approach would have helped to better identify the reason for this difference.

To summarize, our study provides original data on AA sunflower isolate digestibility in humans, showing that IAAs are almost 90% digestible, but that the limiting AA, lysine, is slightly under this value. This study is also the first attempt to validate the dual isotope method against direct ileal digestibility determination. The use of 13 C free AAs as the reference protein appeared to be a convenient methodological choice, but caution must be exercised regarding the way they are delivered. As lysine and threonine digestibility was underestimated by about 10% with the dual isotope method, this shows that further methodological investigation, especially regarding the feeding protocol, is necessary to enable internal validation of this method in a single protocol.

  The study PRODIGE was conducted in the Human Nutrition Research Center of Avicenne Hospital (APHP, Bobigny, France). It was registered at www.clinicaltrials.gov database (NCT04024605). All subjects provided a written informed consent for inclusion. Data were collected at the UMR PNCA (Paris, France). The study was approved by the Ethical Committee Sud Mediterranée IV (ref 180502) and authorized by the Health and Drug French Agency (ANSM, ref 2018062100214).

  For 13 C enrichment, the combustion furnace temperature was 850°C. The GC column (RXI-17, 30 m long, 0.25 µm i.d., 0.5 µm film thickness; Restek) temperature program started at 150°C, rose to 200°C by 4°C/min and then to 270°C by 25°C/min; the final temperature was maintained for 10 min. The inlet temperature was set at 270°C. Plasma samples (2 µL) were injected in split mode (2:1) and digestive samples were injected with split 10:1.

  

  

  

Table 1 .

 1 Anthropometric characteristics of the subjects

		n = 12
	Sex (F/M)	8/4
	Age (years)	40.4 ± 10.5
	BMI (kg/m²)	23.7 ± 2.9

Table 2 .

 2 Composition of chocolate and puree

		Chocolate Puree
		g/100 g
	Chocolate	88.3	/
	Sugar	8.0	10.0
	Fiber	/	2.0
	Cocoa butter	2.0	/
	Algal amino acid mixture	0.7	0.7
	Energy (kcal/100 g)	391.7	44.0
	Protein (g/100 g) 1	7.3	1.0
	1 Chocolate and apple puree contain, respectively, 6.6 g and 0.3 g protein (N x 6.25)/100 g.

Table 3 .

 3 Amino acid composition of sunflower isolate in percentage of all amino acids

	IAA		DAA
	Histidine	2.35 Alanine	3.91
	Isoleucine	4.07 Arginine	9.14
	Leucine	6.21 Asx	8.92
	Lysine	4.31 Cysteine	3.31
	Methionine	3.42 Glx	21.89
	Phenylalanine	3.77 Glycine	7.36
	Threonine	3.82 Proline	4.75
	Valine	4.67 Serine	4.45
	Tryptophan	1.09 Tyrosine	2.57

Table 4 .

 4 Amino acid ileal digestibility of15 N sunflower isolate

		SUN+CHOCO SUN+PUREE Pvalue	Pooled
		IAA digestibility (%)		
	Isoleucine	87.7 ± 5.0	90.7 ± 6.0	0.36	89.0 ± 5.4
	Leucine	89.9 ± 4.5	92.7 ± 5.2	0.35	91.1 ± 4.8
	Lysine	86.4 ± 4.3	88.4 ± 4.8	0.48	87.2 ± 4.4
	Methionine	91.1 ± 5.8	95.4 ± 2.6	0.16	92.9 ± 5.0
	Phenylalanine	90.3 ± 4.9	92.6 ± 6.7	0.50	91.3 ± 5.5
	Threonine	85.8 ± 5.1	89.3 ± 5.5	0.28	87.3 ± 5.3
	Valine	88.3 ± 4.7	91.2 ± 6.1	0.38	89.5 ± 5.3
	Mean IAA	88.5 ± 5.0	91.5 ± 5.4	< 0.05 89.8 ± 5.3
		DAA digestibility (%)		
	Alanine	88.4 ± 4.5	91.0 ± 5.6	0.40	89.5 ± 5.0
	Glycine	68.3 ± 9.5	73.4 ± 10.0	0.39	70.4 ± 9.6
	Glx	92.2 ± 3.1	94.3 ± 3.8	0.33	93.1 ± 3.4
	Proline	81.4 ± 6.4	85.9 ± 6.6	0.27	83.3 ± 6.6
	Serine	82.1 ± 7.0	81.9 ± 7.1	0.98	82.0 ± 6.4
	Mean DAA	82.5 ± 10.6	85.4 ± 9.8	0.30	83.8 ±

10.3 Mean (all AA) 85.2 ± 4.7 88.2 ± 5.6 0.34 86.5 ± 5.1 Values

  

are means ± SD. N = 7 for all amino acids (AA) in the SUN+CHOCO group, except n=3 for serine. N=5 for the SUN+PUREE group, except n=4 for serine. Pooled (SUN+CHOCO + SUN+PUREE) values are presented. DAA: dispensable amino acid, Glx: glutamate and glutamine, IAA: indispensable amino acid.

Table 6 .

 6 AUC of isotopic IAA enrichment in plasma.

			AUC		
		15 N sunflower isolate	13 C algal AA
		SUN+CHOCO SUN+PUREE Pvalue SUN+CHOCO SUN+PUREE Pvalue
	Valine	0.46 ± 0.09	0.48 ± 0.09 0.76	4.35 ± 0.65	4.04 ± 0.75 0.46
	Leucine	0.40 ± 0.08	0.42 ± 0.08 0.60	4.20 ± 0.80	3.80 ± 0.87 0.43
	Isoleucine	0.48 ± 0.08	0.50 ± 0.08 0.75	5.27 ± 0.94	4.75 ± 0.82 0.34
	Threonine	0.37 ± 0.10	0.39 ± 0.09 0.73	2.64 ± 0.55	2.72 ± 0.51 0.81
	Methionine	0.60 ± 0.11	0.69 ± 0.14 0.23	1.05 ± 0.61	2.01 ± 0.71 0.03
	Phenylalanine 0.46 ± 0.09	0.47 ± 0.10 0.76	2.94 ± 0.84	3.29 ± 0.95 0.51
	Lysine	0.33 ± 0.07	0.36 ± 0.07 0.55	0.80 ± 0.22	0.94 ± 0.23 0.30
	Mean	0.44 ± 0.11	0.47 ± 0.13 0.28	3.03 ± 1.71	3.08 ± 1.39 0.90

C-AAs (i.e. 98.3 % as given by the supplier) was used instead of APEisolate.
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