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Abstract  15 

Omega 3 EPA and DHA are polyunsaturated fatty acids with relevant health benefits. 16 

Conjugated linoleic and linolenic acids are known for their anti-carcinogenic effect, 17 

anti-inflammatory properties and body weight reduction. To achieve therapeutical 18 

doses, high amounts of these fatty acids’ food sources must be consumed. Thus, the 19 

intake of enriched oils with a high concentration of these fatty acids is often used. But 20 

several factors influence their bioavailability. Here, by using the INFOGEST static in 21 

vitro protocol of gastrointestinal tract digestion it was studied the bioaccessibility of 22 

these fatty acids in different matrixes: Pomegranate and Fish oil and omega 3, CLA and 23 

CLNA soft-gel enriched capsules. After digestion, the Recovery Index for the major 24 

bioactive PUFAs are very low: Pomegranate oil is 2%, Fish oil 11-13%, CLNA 17%, 25 

CLA 6% and Omega 3 capsules 3%. Higher initial concentrations of these PUFAs seem 26 

to be related to higher degrees of oxidation. In Pomegranate oil, CLNA and Omega 3 27 

capsules, the digestion process negatively influenced the antioxidant potential. The 28 

opposite was verified for the Fish oil and CLA capsules. Importantly, bioaccessibility 29 

studies of similar matrixes are very scarce and intestinal permeability is absent in most 30 

of the studies. Intestinal permeability studies were performed using a Caco-2/HT29-31 

MTX co-culture: there is significative incorporation of the bioactive fatty acids into the 32 

intestinal cells, which may affect their permeability performance. Interestingly, most 33 

fatty acids remain in the non-bioaccessible fraction which may be relevant when 34 

designing oral routes of administration and in gut microbiota modulation.  35 
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1. Introduction 52 

The importance of lipids in our health is now well-established (Salsinha et al., 2023). 53 

Among the main important lipid molecules are triglycerides (TGs) and their metabolites 54 

(mono- and diglycerides and fatty acids (FAs)) (Valenzuela, 2012). Regarding FAs, 55 

polyunsaturated fatty acids (PUFAs) are the ones most widely recognized and studied 56 

due to their proven health benefits. The omega 3 PUFAs eicosapentaenoic acid (EPA, 57 

C20:5 c5c8c11c14c17) and docosahexaenoic acid (DHA, C22:6 c4c7c10c13c16c19) are 58 

considered essential nutrients found in fatty fish such as mackerel, herring and salmon 59 

(Ander et al., 2003). They have been associated with the reduction of TGs and 60 

cholesterol levels, normalization of blood pressure and the consequent promotion of 61 

cardiovascular health (Rangel-Huerta & Gil, 2018). Some studies have also reported 62 

potential antioxidant properties, which may be relevant in the treatment of Sickle cell 63 

disease (Kotue et al., 2019) or type-2 diabetes (Hajianfar et al., 2013). Other PUFAs 64 

have been gaining attention due to their role in health promotion. For instance, 65 

conjugated linoleic acid isomers (CLA) are a group of linoleic acid derivatives that can 66 

be found at low levels in ruminant fats (such as beef tallow and milk fat) and dairy 67 

products from the bovine, ovine and caprine origin (Pariza et al., 2001). The most 68 

studied isomers are C18:2 c9 t11 (rumenic acid (RA)) and C18:2 t10c12 (Nornberg, 69 

2016); RA content represents about 73 to 94% (w/w) of the total CLA in milk, dairy 70 

products, meat and processed meat products (Park, 2009). CLA has been shown as an 71 

agonist of several peroxisome proliferator-activated receptor (PPAR) isoforms, being 72 

thus, responsible for the reduction of inflammatory responses (Salsinha et al., 2021). 73 

Additionally, conjugated linolenic acid (CLNA) isomers are naturally found in 74 

vegetable oils; for instance, punicic acid (PUA) (C18:3 c9t11c13), the most studied 75 

CLNA isomer, is mostly found in Pomegranate (Punica granatum) seed oil, with 76 

approximately 70 g of PUA per 100 g of fat (Fontes et al., 2017). A positive effect of 77 

PUA on body weight has been reported (Cao et al., 2007; Saha, Chakraborty, et al., 78 

2012; Sengupta et al., 2015) and its effects on peripheral tissues, are widely recognized 79 

(Miranda et al., 2011). 80 

European Food Safety Authority (EFSA) has established that 250 to 500 mg/day of 81 

EPA and DHA are the dietary recommended daily dose for European adults, based on 82 

cardiovascular risk considerations (Opinion, 2012). Regarding CFAs, namely CLA – 83 

specifically RA and C18:2 t10c12 - and CLNA – specifically PUA – the effective doses 84 

have been described as 3 g/day (Ip et al., 1994) and 2-3 g/day (Shinohara et al., 2012), 85 

respectively. Consequently, one of the biggest concern is that considerably high 86 

amounts of Fish, Pomegranate seed oil, CLA, or CLNA food products would have to be 87 

consumed to achieve an adequate intake of their respective bioactive FAs to attain their 88 

therapeutic benefits. Thus, the adopted strategy has been raising PUFA’s plasma 89 

concentration by supplementation of enriched oils containing high concentrations of the 90 

mentioned bioactive FAs in the form of soft gel or emulsions (Domoto et al., 2013). 91 

Indeed, oral supplementation has been a preferable way of delivering such compounds. 92 

Nevertheless, several factors such as the type and processing of food or even the 93 

presence of a certain antinutritional constituent, influence the bioavailability of a given 94 

FA (Gomes et al., 2019). This justifies the interest in FA composition and FA 95 

bioaccessibility and the relevance of our study: it aims to assess the bioaccessibility of 96 

bioactive FAs, omega 3 EPA and DHA, CLNA isomer PUA and CLA isomers RA and 97 
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C18:2 t10c12, using a standardized static in vitro protocol (INFOGEST 2.0) mimicking 98 

the gastrointestinal tract (GIT) digestion. Importantly, the GIT has been described as an 99 

important player in the release of bioactive compounds, being responsible for both 100 

positive and negative effects on bioactive compounds’ bioaccessibility. This perception 101 

justifies the importance of GIT simulation, to fully comprehend the potential of 102 

bioactive ingredients present in a certain matrix after oral consumption. Considering 103 

that in vivo studies are very time-demanding, require large resources and present some 104 

analytical and ethical constraints (Cardoso et al., 2015), in vitro models have been used 105 

for many decades to simulate the digestion of food. But as far as we are concerned there 106 

are only a few studies on lipid bioaccessibility in general and even fewer using similar 107 

matrixes as the ones studied here. 7 studies were found applying in vitro GIT models to 108 

access FAs or lipid bioaccessibility, 2 studies (Domoto et al., 2013; Gervais et al., 2009) 109 

used a dynamic GIT model (TIM system) and 5 studies (Costa et al., 2015; Floros et al., 110 

2022; Gomes et al., 2019; Tan, Zhang, Liu, et al., 2020) used a static in vitro model, 111 

only 3 (Floros et al., 2022; Tan, Zhang, Liu, et al., 2020; Tan, Zhang, Zhou, et al., 2020) 112 

used INFOGEST protocol. INFOGEST is a recent standardized protocol developed in 113 

2014 and optimized to an improved digestion method (INFOGEST 2.0) in 2019 114 

(Brodkorb et al., 2019). Such protocol was created since in vitro simulations have used 115 

a wide range of different conditions that often have very little physiological relevance, 116 

and this prevents the meaningful comparison of results. It was observed considerable 117 

discrepancies between different digestion models, which were attributed to variations in 118 

the experimental parameters, e.g. chyme transit and enzyme concentration (Lin et al., 119 

2021). Thus, the importance of using a standardized method to compare the 120 

bioaccessibility results obtained is of foremost importance. In addition, in most 121 

experiments aiming to study the bioaccessibility of FAs these studies do not ultimately 122 

assess intestinal permeability lacking an adequate comprehension of bioavailability. 123 

Since there are very few studies addressing the bioaccessibility of FAs on bioactive oil 124 

matrixes and even fewer were performed using INFOGEST protocol, it was performed 125 

a deep study that intends to validate the most relevant PUFAs’ bioaccessibility. So, this 126 

study intended to assess the impact of in vitro simulation of GIT on FAs composition 127 

and on the bioactive properties, specifically on antioxidant activity. Moreover, to study 128 

the bioavailability of these FAs, it was evaluated the absorption and intestinal 129 

permeability after digestion.   130 
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2. Materials and Methods 131 

2.1. Chemicals and reagents 132 

For the in vitro GIT tract digestion α-amylase from human saliva (A1031-5KU), bile 133 

salts (bile extract porcine – B8631) and pancreatin from porcine pancreas (P7545) were 134 

purchased from Sigma-Aldrich (Missouri, USA). Rabbit gastric extract (RGE 15) was 135 

obtained from Lipolytech (Marseille, France). The dialysis 3.5 kDa membranes (Pre-136 

wetted RC Tubbing, Spectra/Por®6 Dialysis Membrane; 734-0652) were purchased 137 

from VWR Chemicals (Pennsylvania, USA).  138 

For the FAs profile analysis, hexane, methanol, dimethylformamide (DMF) and 139 

acetonitrile were HPLC grade and purchased from VWR Chemicals. Sulphuric acid was 140 

obtained from Honeywell (North Carolina, USA). Sodium methoxide was from Acros 141 

Organics (Geel, Belgium). Tritridecanoin (33-1300-13) internal standard was from 142 

Larodan Research Grade Lipids (Solna, Sweden).  143 

Regarding the antioxidant activity assessment, the DPPH reagent (2,2-diphenyl-1- 144 

picrylhydrazyl free radical, 44150) was obtained from Alfa Aesar (Kandel, Germany). 145 

Methyl-β-cyclodextrin (332615), fluorescein (F6377), 2,2’-Azino-bis (3-146 

ethylbenzothiazoline-6-sulfonic acid) (ABTS, A1888), (±)-6-Hydroxy-2,5,7,8-147 

tetramethylchromane-2-carboxylic acid (Trolox, 238813) and 2,2’-Azobis(2-methyl-148 

propionamidine) dihydrochloride (AAPH, 440914) were purchased from Sigma-149 

Aldrich. Ethyl acetate (E/0906/17) was HPLC grade from Thermo Fisher Scientific 150 

(Massachusetts, USA). Ethanol absolute (4146052) was from Carlo Erba reagents (Val 151 

de Reuil, France) and Acetone from Honeywell.  152 

2.2. FAs Sources 153 

Fish oil from Menhaden (F8020) was purchased from Sigma-Aldrich. Pomegranate 154 

Kernel Oil cold pressed, as a PUA source, was supplied by All Organic Treasure 155 

(Germany). CLA, CLNA and Omega 3capsules were purchased from commercially 156 

available sources from two relevant Portuguese sports nutrition brands. The use of the 157 

capsules is intended to assess the relevance of different matrixes in the bioactive FAs’ 158 

bioaccessibility. Indeed, using both oils and capsules the two main relevant sources of 159 

commercially available options for bioactive FAs oral supplementation, were covered. 160 

CLA capsules are MEGACLA A95 from Gold Nutrition, which presents as the main 161 

ingredient CLARINOL® A-95 Amber capsules with a 50:50 ratio of c9t11 and t10c12 162 

isomers. Omega 3 Fully concentrated EPA&DHA capsules (here defined as Omega 3 163 

capsules) were purchased in Prozis and have 360 mg of EPA and 240 mg of DHA. As a 164 

CLNA isomer source, specifically PUA, Xanthigen® capsules (here defined as CLNA 165 

capsules) purchased in Cellulase were used, with 100 mg of Pomegranate oil 166 

extract/capsule. The capsule content was extracted and further analyzed. The objective 167 

of this study was not to assess the gel capsules as a vehicle to deliver omega 3 FAs or 168 

conjugated FAs, but instead to determine how these FAs behave throughout the GIT 169 

tract in different formulations and concentrations.  170 

  171 
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2.3. In vitro GIT tract digestion  172 

For the simulation of the GIT tract digestion, the standardized static digestion model 173 

INFOGEST 2.0 protocol (Brodkorb et al., 2019) was followed. The experimental 174 

procedure is divided into the oral, gastric and intestinal phases with the correspondent 175 

fluids to better simulate the in vivo conditions. Shortly, mouth digestion includes the 176 

dilution of food 1:1 (w/w) with simulated salivary fluid complemented with salivary α-177 

amylase from human saliva. The mastication of the food is simulated using an Orbital 178 

Shaker MaxQ 6000 at 200 rpm and 37 °C for 2 min. As described in the INFOGEST 179 

protocol, the oral bolus is then diluted 1:1 (v/v) with simulated gastric fluid and gastric 180 

enzymes – pepsin and lipase from rabbit gastric extract – and agitated in the mentioned 181 

orbital shaker at 130 rpm and 37 °C, at pH 3.0 for 2 h. The resultant gastric chyme is 182 

subsequently diluted 1:1 (v/v) with simulated intestinal fluid, bile salts and pancreatic 183 

enzymes (pancreatin from the porcine pancreas) and incubated at pH 7.0 for 2 h, at 45 184 

rpm and 37 °C in the orbital shaker. For each sample (3 g/sample) two replicas were 185 

performed and a negative control without a sample, using distilled water, was used.  186 

To screen the action of GIT tract digestion conditions in the lipid profile of the samples, 187 

aliquots were collected at the different stages of digestion (oral, gastric and intestinal 188 

phases).  189 

2.4. Bioaccessibility assessment using dialysis membranes 190 

After intestinal digestion a segment of dialysis tubing (3.5 kDa molecular weight cut-191 

off) was filled with the digested samples and placed inside a recipient filled with 192 

distilled water and further incubated overnight in the orbital shaker, at 37 °C and 50 193 

rpm, mimicking peristaltic movements. The dialysis process had the goal to simulate the 194 

passage of the digested samples by duodenum and jejunum. At the end of the process, 195 

the solution left outside (OUT) represented the sample that is available for absorption 196 

(serum-available) and the solution that was left inside (IN) the dialysis membrane 197 

represented the non-absorbable sample (colon-available) (Gullon et al., 2015; Ribeiro et 198 

al., 2020).  199 

After, the dialysis submitted samples, both retentate (IN) and permeate (OUT) were 200 

lyophilized, and stored for analysis of the compounds  201 

2.5. Stability and bioaccessibility of compounds through in vitro GIT tract 202 

2.5.1. FAs profile 203 

2.5.1.1. Sample preparation 204 

The FAs profile of the samples and the action of in vitro GIT tract in the different stages 205 

of the digestion were assessed through GC-FID and compared with the original samples 206 

which were not subjected to the GIT tract conditions. 250 µL of digested samples and 207 

50-100 mg of lyophilized dialyzed solutions were prepared according to previous 208 

studies (Fontes et al., 2018; Pimentel et al., 2015). Briefly, for quantification purposes, 209 

200 µL of tritridecanoin acid (1.5 mg/mL) was added before the derivatization process 210 

as an internal standard. Afterward, 2.26 mL of methanol, 1 mL of hexane and 240 µL of 211 

sodium methoxide (5M) were added. Samples were vortexed and incubated at 80°C for 212 

10 min. After cooling in ice, 1.25 mL of DMF and 1.25 mL of sulphuric acid (3M) were 213 

added. Again, samples were vortexed and then incubated at 60 °C for 30 min. After 214 
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cooling, 800 µL of hexane was added. The samples were vortexed and centrifuged 215 

(1250xg, 18°C for 5 mins). The upper layer containing methyl esters (FAME) was 216 

collected for gas chromatography analysis. 217 

2.5.1.2. FAs content analysis with gas chromatography  218 

FAME extracts were analyzed using a gas chromatograph HP6890A (Hewlett-Packard, 219 

Avondaale, PA, USA) equipped with a flame-ionization detector (GC-FID) and a 220 

BPX70 capillary column (SGE Europe Ltd, Coutaboeuf, France). As previously 221 

described (Fontes et al., 2018), the injector temperature was 250 °C, split 25:1, the 222 

injection volume was 1 µL, and the detector (FID) temperature was 275 °C. Moreover, 223 

hydrogen was the carrier gas at 20.5 psi. The oven temperature program was as follows: 224 

starting at 60 °C (held for 5 min), then raised at 15 °C/min to 165 °C (held for 1 min) 225 

and finally at 2 °C/min to 225 °C (held 2 min). GLC-Nestlé36 was assayed for 226 

calculation of response factors and detection and quantification limits (LOD: 0.79ng 227 

FA/mL and LOQ:2.64ng FA/mL) 228 

2.5.2. Recovery and bioaccessibility index 229 

The recovery index (RI %, Equation 1) and bioaccessibility index (BI %, Equation 2) 230 

were calculated to determine the GIT digestion effect on the different studied matrixes 231 

based on previous studies (Gullon et al., 2015; Lucas-Gonzalez et al., 2016; Ribeiro et 232 

al., 2021). The values of the bioactive FAs in the original samples before digestion were 233 

assumed as 100%. Accordingly, the RI calculation allows the determination of the 234 

amount of a given main component - bioactive FAs, specifically -, in the tested matrix 235 

after digestion (in the oral, gastric and intestinal phases). So, RI is calculated as follows:  236 

RI (%) =
Bioactive content in the digested sample (BCDF)

Bioactive content quantified in the test matrix (BCTF)
× 100      (1) 237 

Bioaccessibility is referred to the amount of a given compound that is released from its 238 

matrix in the digestive tract and could potentially become available for blood-stream 239 

absorption. The bioaccessibility index is defined as the percentage of the bioactive 240 

compound that is solubilized after intestinal dialysis. Such concept, here determined by 241 

using the in vitro GIT tract simulation and intestinal dialysis, is important for 242 

determining the bioavailability of a given compound, which corresponds to the fraction 243 

of an ingested bioactive compound or nutrient that reaches the systemic circulation and 244 

performs its bioactive functions (Ribeiro et al., 2020). Consequently, bioavailability 245 

includes the term bioaccessibility. Thus, the BI corresponds to the percentage of the 246 

bioactive compound that passes the dialysis membrane and consequently, this index 247 

defines the proportion of the bioactive compound that could, potentially, become 248 

available for absorption in the systemic circulation. The BI index is calculated as:  249 

BI (%) =
Bioactive content in the digested sample after the dialysis step (BCS)

Total bioactive content in the digested sample after the dialysis step (BCDF)
× 100      (2) 250 

Where BCS corresponds to the OUT fraction of the dialysis step, the absorbable 251 

fraction. And BCDF to the total bioactive content, IN (retentate/ non-absorbable) + OUT 252 

(permeate/absorbable) fractions.  253 

Importantly, most studies refer to RI as BI, without taking into consideration that 254 

bioaccessibility is a term that refers not only to the effect of GIT in a given bioactive 255 
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molecule of a food matrix but also to the quantity of the bioactive compound that can be 256 

absorbed and potentially reach the systemic circulation.  257 

2.5.3. Effect of in vitro GIT digestion on antioxidant activity 258 

The antioxidant activity of the fully digested and lyophilized samples was determined 259 

using ABTS and DPPH methods as described in the following sections and using a 260 

multi-detection plate reader (Synergy H1, Vermont, USA). The activity of the 261 

lyophilized digested samples was compared to the non-digested original samples. All 262 

analyses were performed in triplicate and expressed in µmol of Trolox equivalent 263 

(TE)/g of sample. Both ABTS and DPPH assays were performed in 96 wells UV Flat 264 

Bottom Microtiter® Plates (8404, Thermo Fisher Scientific).  265 

2.5.3.1. DPPH 266 

The DPPH method followed was based on the method from (Brand-Williams et al., 267 

1995) and (Schaich et al., 2015), with slight modifications: the DPPH stock solution is 268 

dissolved in ethyl acetate. After, the DPPH stock solution is diluted with ethyl acetate to 269 

obtain a solution with an absorbance of 0.600±0.100 at 515 nm. This working solution 270 

was prepared daily. A Trolox standard curve was prepared in ethyl acetate. Samples 271 

were prepared at concentrations of 60 and 100 mg/mL in ethyl acetate and further 272 

diluted in the same solvent. Ethyl acetate was successfully used as a solvent for lipidic 273 

samples in a previous study (Falcão et al., 2017). It was the solvent chosen since no 274 

other tested solvent – ethanol, methanol, hexane and acetone - was suitable for the total 275 

dissolution of the samples (results not shown).  276 

2.5.3.2. ABTS 277 

The ABTS method followed was based on the method from (Gonçalves et al., 2009) 278 

and (Sánchez-Moreno, 2002) with slight modifications: the ABTS and the potassium 279 

persulfate were dissolved in ultrapure water and stirred overnight. The ABTS stock 280 

solution was then filtered with a 0.45µm syringe filter and diluted with ethanol to an 281 

absorbance of 0.70 (±0.02) at 734 nm. The radical working solution was freshly 282 

prepared. A Trolox standard curve was prepared in ethyl acetate. Samples were 283 

prepared at concentrations of 60, 100 and 200 mg/mL in ethyl acetate and further 284 

diluted in the same solvent.  285 

2.6. Assessment of intestinal permeability effect on digested samples: human 286 

intestinal epithelium Caco-2/HT29-MTX cell lines co-culture 287 

2.6.1. Cell preparation 288 

Caco-2 (Caucasian colon adenocarcinoma) cell line is established for the study of 289 

intestinal permeation of bioactive molecules. Nevertheless, a monoculture of Caco-2 290 

does not represent accurately duodenum epithelia due to the presence of tight junctions 291 

typical of the colon but not of the small intestine, leading to limited absorption of 292 

hydrophilic molecules (Castro et al., 2019). Moreover, Caco-2 monoculture is 293 

exclusively composed of enterocytes and overexpress efflux transporters, which 294 

characterizes an excretory rather than absorptive epithelia. Thus, HT29-MTX 295 

(Caucasian colon adenocarcinoma grade II) cell line is used in co-culture with Caco-2 296 
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cells. Importantly, HT29-MTX possesses mucus-producing ability, mimicking what 297 

happens in the duodenum mucosa.  298 

HT29-MTX E12 (ECACC 12040401) and Caco-2 (ECACC 86010202) cell lines were 299 

grown separately in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 300 

10% (v/v) fetal bovine serum, 1% (v/v) L-glutamine, 1% (v/v) penicillin and 301 

streptomycin and 1% (v/v) of non-essential amino acids. Cells were maintained at 37 °C 302 

under a 5% CO2 water-saturated atmosphere. Upon 70-80% confluence, cells were 303 

collected using trypsin. Co-culture seeding in Transwells (Milicell hanging cell culture 304 

insert, PET 0.4µm, 12-well, 48/pk, Merck) was performed in a 9:1 ratio of Caco-2 305 

(3×105 cells/well) and HT29 (3×105 cells/well) cells, respectively (Castro et al., 2019).  306 

2.6.2. Cell layer integrity 307 

Transepithelial electrical resistance (TEER) was used to assess the cell layer integrity of 308 

the Caco-2/HT29 co-culture. TEER (supplementary material table 6) was determined at 309 

the different time points during the permeability assay, to assess the cell growth rate and 310 

cell viability after contacting with tested samples. For TEER measurement, it was used 311 

a Millicell® ERS-2 Voltohmmeter (Merck, Germany) (Araujo & Sarmento, 2013). 312 

During permeability experiments, TEER values were always above 250 Ω·cm2, 313 

indicating that the cells were viable along the assay and the cell layer integrity was not 314 

compromised (Pan et al., 2015). 315 

2.6.3. FAs transepithelial diffusion across intestinal (Caco-2/HT29-MTX) 316 

cell layers 317 

Permeability assay was assessed in the mentioned Transwell inserts, using 12-well 318 

plates. Caco-2/HT29-MTX co-culture was seeded into the inserts to mimic the 319 

absorptive epithelia of the human intestine. For culture medium replacement, the 320 

medium was removed from the wells and 0.5 and 1.5 mL of fresh culture medium were 321 

added to the apical and basolateral sides, respectively. The incubation was performed 322 

for 21 days. On the day of the study, the culture medium was removed. Medium in the 323 

basolateral side (receptor part) was replaced with 1.5 mL of fresh medium. The medium 324 

on the apical side (donor part) was replaced with the samples. Briefly, 100µL of 325 

digested samples(already diluted in 1:10) was added to 900µL of the medium, fully 326 

dissolved by vortexing and further diluted at 1:100 in culture medium. This 327 

concentration was determined based on previous tests on cell cytotoxicity (results not 328 

shown). 500 µL of each sample solution was added in duplicate to the plate. DMSO 329 

(30% v/v) was used as the negative control and culture medium as the positive control. 330 

500µL of samples were withdrawn from the basolateral side at 0, 1, 3 and 6 h. After 6 h 331 

the apical content was completely removed, and cells were collected using 500 µL of 332 

NaOH 0.1M solution.  333 

2.6.3.1. FAs content analysis with gas chromatography  334 

To calculate the apparent permeability (Papp, Equation 3), the analysis of FAs content 335 

in both basolateral and apical sides, and cells was assessed through gas-336 

chromatography. As described in section 2.5.1.1 the upper layer containing FAs methyl 337 

esters was collected and further analyzed in a gas chromatograph Agilent 8860 (Agilent, 338 

USA), equipped with a flame ionization detector and a BPX70 capillary column (60 m x 339 



10 

 

0.25 mm x 0.25 μm; SGE Europe Ltd, Courtaboeuf, France). Analysis conditions were 340 

as follows: injector (split 25:1; injection volume 1 µL), injector, and detector 341 

temperatures were 250˚C and 275˚C, respectively; hydrogen was used as a carrier gas at 342 

a flow rate of 1 mL/min. The oven temperature was initially at 60˚C and then increased 343 

to a final temperature of 225˚C. Supelco 37 was used for the identification of FAs. 344 

The Papp is calculated as follows (Dima et al., 2020): 345 

𝑃𝑎𝑝𝑝 =
1

A

𝑑𝐶

dt

𝑉𝑟

C0
      (3) 346 

Where A is the area of the cell monolayers, Vr is the compound concentration in the 347 

receptor chamber (basolateral side), C0 is the initial compound concentration in the donor 348 

chamber (apical side) dC/dt is the slope of the function C=f(t). 349 

2.7. Statistical analysis 350 

Results are reported as mean values ± standard deviation. Analyses were performed 351 

using IBM SPSS Statistics 28 (SPSS Inc., IBM Corporation, NY, USA). First, data were 352 

analyzed for normal distribution using the Shapiro-Wilk test (n<50). Levene’s test was 353 

applied to verify the homogeneity of the variances. When comparing the means of two 354 

groups a t-student test was applied and one-way ANOVA was for three or more groups. 355 

The Bonferroni post hoc test was used to determine differences among groups. When 356 

data didn’t follow a normal distribution, it was transformed using the log base 10 357 

function. When the transformation failed to employ normality, Kruskal-Wallis’ test was 358 

used as a non-parametric test to compare the means of the groups. The level of 359 

significance was set at 0.05. 360 

  361 
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3. Results and Discussion 362 

3.1. Stability and bioaccessibility of bioactive lipids through in vitro GIT tract 363 

3.1.1. FAs profile and recovery index calculation 364 

Four classes of lipids are usually found in vegetable oils: triacylglycerols (TAGs), 365 

diacylglycerols, polar lipids, and FFAs (Demir & Demir, 2018). Pomegranate seed oil, 366 

here simply mentioned as Pomegranate oil, is reported to yield oil contents ranging 367 

from 12.2 to 24.69% (Amri et al., 2017; Loukhmas et al., 2021). The most prevalent 368 

forms of lipids were glycolipids (23.9%) and phospholipids (24.35%) (Amri et al., 369 

2017). High contents of PUFAs have been reported ranging from 46.44-89% (Amri et 370 

al., 2017; Loukhmas et al., 2021). TAGs are reported as important consituents of 371 

Pomegranate oil being the punicic acid-punicic acid-punicic acid, the punicic acid–372 

punicic acid–catalpic acid (Topkafa et al., 2015) and the Stearic-Punicic-Punicic acid, 373 

some of the most reported TAGs (Kola et al., 2021). Regarding Fish oil, the primary 374 

chemical constituent has been reported to be TAGs, it also contain variable amounts of 375 

phospholipids and glycerol ethers (Mgbechidinma et al., 2023; Zhang, Shen, et al., 376 

2018). These oils are rich in omega 3 PUFAs, typically containing between 20 and 30%, 377 

and DHA and EPA account for more than 80% of these total omega 3 PUFAs (Zhang, 378 

Zhao, et al., 2018). The omega 3 capsules contain Fish oil in their composition as a 379 

source of omega 3 FAs, so similarly to Fish oil the primary chemical consituint is 380 

TAGs. The CLA capsules used in this study present as the main ingredient 381 

CLARINOL® A-95 and as described by the manufacturer (Stepan Lipid Nutrition, 382 

USA) it is a FFA mixture of the CLA isomers. The CLNA capsules are Xanthigen 383 

capsules which are described by the manufacturer as a source of punicic acid derived 384 

from Pomegranate seed oil and brown seaweed, respectively. 385 

The effect of INFOGEST GIT digestion on total FA profile is described in figure 1 (and 386 

in supplementary material table 2, 3 and 4), where the most relevant PUFAs for each 387 

sample are emphasized. In the different GIT tract phases (oral, gastric and intestinal) 388 

significant variations in FAs profile were observed (p < 0.05). As previously reported, 389 

fat digestion occurs mainly in the intestine, where 80% of the lipolysis reaction occurs 390 

(Ribeiro et al., 2021). Here, it was observed that indeed in Fish and Pomegranate oil and 391 

CLNA capsules’ samples (figure 1) the major variation is observed in the intestinal 392 

phase where the RI values are lower: between 4 and 14% in Pomegranate oil, 11 and 393 

18% in Fish oil and around 20% in CLNA capsules. Nevertheless, oral and gastric 394 

digestion presents an important action in the facilitation of lipid intestinal digestion 395 

(Ribeiro et al., 2021; Ye et al., 2019). Other studies have been reporting the negative 396 

effects of mastication in the mouth and the acidic pH of the stomach in fat-rich foods, 397 

resulting in lipid peroxidation (Kanner & Lapidot, 2001) concerning the lipid profile. RI 398 

between 20 and 40% in the oral and gastric phases have been reported in a previous 399 

study with fat-rich matrixes (olive pomace) (Ribeiro et al., 2021). These RI values 400 

indicated that a strong degradation effect on lipid fraction is occurring. In this study for 401 

Pomegranate oil the RI is slightly higher than the reported values for olive pomace, with 402 

values between ≈65-30%. Nevertheless, the RI values for Fish oil and CLNA capsules 403 

agreed with the reported values: ≈ 30-40% and 28-38%, respectively (Ribeiro et al., 404 

2021). Regarding CLA (figure 1 and supplementary material table 3) and Omega 3 405 

(figure 1 and supplementary material table 4) capsules, the observations are slightly 406 
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different: there is a high degradation of general FAs content in oral phase and a slight 407 

increase in the intestinal phase. The RI is extremely low in both oral and gastric phase, 408 

in CLA capsules it is situated in 5-8% and in omega 3capsules in 9-15%. The RI values 409 

increase slightly in intestine to 6-28% and 7-8% in CLA and Omega 3capsules, 410 

respectively. A factor that was recently stated as a potential explanation to the extensive 411 

loss of FAs, was the presence of oxygen during all the steps of INFOGEST GIT tract 412 

digestion. Thus, it has been suggested and reinforced in this study, that the use of N2 gas 413 

at the start of each digestion step of fat-rich foods should be applied in order to reduce 414 

fat oxidation (Ribeiro et al., 2021; Tullberg et al., 2019). Considering this, such step 415 

should be mentioned or included in further INFOGEST based protocols. In fact, 416 

oxidation of omega 3 food supplements, such as capsules as used here, are an important 417 

issue that has been reported in early studies (Albert et al., 2015). Importantly, it is worth 418 

mentioning that the GIT negative effect was applied in the same degree for all FAs. It is 419 

important to mention again that in this study the capsules were not used in the GIT 420 

digestion, instead their content was removed and used directly for the digestion 421 

procedures. Although, a FA oxidation can be a plausible explanation for the degradation 422 

observed it is important to mentioned that all the capsules, for instance, present 423 

antioxidants in their composition, namely tocopherols. Importantly, besides oxidation 424 

due to the presence of oxygen in all the steps of the digestion, after consumption FAs 425 

are prone to oxidation. Indeed, they interact with the pro-oxidative environment of the 426 

digestive tract, often leading to limited bioavailability. Such processes highly depend on 427 

the physicochemical properties of the initial food, as well as the characteristics of the 428 

consumer (Floros et al., 2022). Recently, a study aiming to assess the bioaccessibility of 429 

omega 3 FAs in different matrixes (including soft capsules with concentrated Fish oil 430 

and antioxidants) and the oxidation effects throughout GIT, showed that regardless of 431 

raw material used there was a high degree of oxidation by the end of the digestion 432 

processes which ultimately resulted in the decreased bioaccessibility of omega 3 FAs. 433 

The authors described that primary oxidation takes place in the gastric phase and 434 

secondary oxidation mainly takes place in the intestinal phase. Interestingly, the authors 435 

described that antioxidants presence, either natural or added, was not sufficient to 436 

protect PUFAs from the pro-oxidative conditions in the GIT (Floros et al., 2022); the 437 

same was possibly observed here in the CLA and Omega 3 capsules. Moreover, the 438 

differences in RI observed between the Pomegranate and Fish oil and CLA and Omega 439 

3 capsules seem to not be related to the initial concentration of PUFAs in these 440 

matrixes. Some studies have reported that the rate and degree of oxidation, for instance, 441 

were found to be strongly correlated with the initial concentration of the bioactive FAs 442 

(Floros et al., 2022). Here, considering in general the MUFA/ PUFA content we 443 

couldn’t verify any correlation between the initial concentration and the RI calculated 444 

after the digestion process.  445 

Interestingly, MUFAs and PUFAs presented a higher RI when compared to SFAs in the 446 

studied oils (Pomegranate and Fish oil), but not in CLNA capsules, where the values are 447 

identical. And regarding the bioactive FAs in these matrixes, in Pomegranate oil, PUA 448 

presented a RI of 50% in the oral phase, and 31% in the gastric phase and it was highly 449 

degraded in the intestinal phase since the RI lowered to 2%. Interestingly, smaller RIs 450 

were observed for both the oral (36.07%) and gastric phase (29.38%), but a higher RI 451 

(17%) was observed for PUA in CLNA capsules in the intestinal phase. The initial 452 
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concentration of PUA was higher in Pomegranate oil (577.33 µg/µL of the sample) 453 

when compared to the CLNA capsules (205.84 µg/µL of the sample). Regarding Fish 454 

oil, the RI of the main bioactive components were observed at the same degree for all of 455 

them. EPA presented a RI of 40% in the oral phase, 29% in the gastric phase and 13% 456 

in the intestinal phase; DPA showed a RI of 39%, 28% and 11% in the oral, gastric and 457 

intestinal phases, respectively. Lastly, DHA presented a RI of 39% in oral, 28% in 458 

gastric and 12% in intestinal phases. These values were slightly higher than the ones 459 

presented for the omega 3capsules: EPA – 12.29%, 13.36% and 3.04%; DPA – 7.79%, 460 

11.66% and 3.11%; DHA – 14.11%, 14.92% and 2.94%, in oral, gastric and intestinal 461 

phases, respectively. The initial concentrations of the mentioned FAs were higher in the 462 

Omega 3 capsules (supplementary material table 4). In agreement with what was 463 

discussed for PUA, higher concentrations of the bioactive FAs result in lower RIs after 464 

digestion. Interestingly, in Fish oil as previously reported (Gomes et al., 2019) the RI of 465 

EPA (12.59%) and DHA (11.46%) was lower than that of oleic acid (14.13%) and total 466 

MUFA (15.49%). Moreover, an early study assessing salmon FAs bioaccessibility using 467 

an in vitro GIT model (not INFOGEST based), demonstrated that higher levels of 468 

unsaturation decreased RI (described in the study as bioaccessibility, BI%). The authors 469 

reported higher RI values (higher than 50%) for free fatty acids (FFAs). These different 470 

results are explained by the different matrixes: salmon slices in the mentioned study 471 

here compared to the Fish oil. The differences in RI values can be explained by the 472 

gradual release of FAs from the matrix and by the intrinsic antioxidant mechanisms 473 

present in the muscle tissue of fish, which may protect the FAs from such effects 474 

(Floros et al., 2022). Interestingly, in the same study, the authors described that RI 475 

values are enhanced by chain length but reduced with higher levels of FA unsaturation. 476 

Nevertheless, a study assessing the in vitro bioaccessibility of milk FAs and the C18:2 477 

c9t11 CLA isomer using a TIM GIT in vitro model, reported that the degree of 478 

absorption of saturated FA decreased with chain length (Gervais et al., 2009). It was 479 

observed that the RI shows a positive correlation (r=0.9826) regarding chain length in 480 

SFAs in Pomegranate oil. But a negative correlation (r=-0.9332) was verified with Fish 481 

oil (figure 2). In this study, no statistically significant correlation was observed for the 482 

degree of unsaturation. The differences in the studies may be related to the GIT model 483 

since different models were used in all the mentioned studies. Indeed, in a work using 484 

two different GIT models – TIM-1 and an in vitro method adapted from the INFOGEST 485 

standardized static model, discrepancies in the RI of individual FAs were observed. The 486 

authors stated that this can be attributed to variations in the experimental parameters, 487 

such as chyme transit and enzyme concentrations (Lin et al., 2021). In the mentioned 488 

study using enriched CLA isomers milk, the reported RIs (described in the study as 489 

bioaccessibility BI%) for both C18:2 c9t11 and C18:2 t10c12 CLA isomers were much 490 

higher than the ones reported here for the CLA capsules: ≈86% (Gervais et al., 2009). In 491 

our study, we obtained similar RIs for both C18:2 c9t11 and C18:2 t10c12 CLA isomers 492 

(≈6%). Such differences between our results and the reported ones by the mentioned 493 

study, may, again, be explained by the naturally present antioxidants in milk and their 494 

possible release during GIT digestion. Nevertheless and besides the antioxidant content 495 

of milk, other important aspects have to be considered such as the chemical composition 496 

of the capsules: as mentioned the CLA content in the capsules is presented as FFAs 497 

while in milk FAs can be found esterified to the different compounds in fat majorly as 498 

TAGs (Rodríguez-Alcalá et al., 2017). Although FAs can be found in milk as FFAs, as 499 
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well, their major form is as TAGs and such difference may explain their distinct 500 

stability during GIT.  501 

Interestingly, regarding the initial concentration for the mentioned bioactive FAs, it was 502 

observed that, possibly, higher concentrations in the original matrix, before digestion, 503 

seem to be related to lower recovery indexes. In fact, regarding omega 3 FAs, it was 504 

observed that the initial concentration of EPA in omega 3 capsules was higher 505 

(411.95±0.03 µg of FA/µL of the sample) than in Fish oil (84.07±0.11 µg of FA/µL of 506 

the sample), resulting in a lower RI (3.04%) for omega 3 capsules when comparing to 507 

Fish oil (12.59%). The same was observed for DHA: omega 3 presented a higher initial 508 

concentration (220.13 µg of FA/µL of the sample), resulting in lower RI (2.94%) than 509 

Fish oil (49.54 µg of FA/µL of the sample and RI=11.46%). Similar observations were 510 

detected for PUA in Pomegranate oil and CLNA capsules. The Pomegranate oil 511 

presented a higher initial concentration (577.33 µg of FA/µL of the sample) when 512 

compared to CLNA capsules (205.84 µg of FA/µL of the sample), which resulted in 513 

lower RI: 1.90% vs 17.03%, respectively. Importantly, a recent study has reported 514 

relevant results: they found a strong correlation between the initial concentration and 515 

oxidation rate. In fact, they observed that the higher the initial concentration of a 516 

specific PUFA was, the higher the degree of oxidation was. And this correlation was 517 

observed regardless of the length of the chain and degree of unsaturation (Floros et al., 518 

2022). Such observations may explain the mentioned results obtained in this study.  519 

  520 
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3.1.2. Bioaccessibility assessment using dialysis membranes 521 

Bioavailability is a term that can be referred to the speed of absorption and the quantity 522 

of the substance (molecule) absorbed. Traditionally, bioavailability can also be 523 

considered the amount of a substance that reaches systemic circulation. In vivo, the 524 

absorption of a bioactive molecule occurs in the GIT only to a certain extent, and such 525 

process depends on many factors (Cholewski et al., 2018). Considering the potential 526 

health benefits of these bioactive FAs, bioavailability determination is extremely 527 

important to understand if the studied matrixes can have an impact on human health 528 

through oral supplementation. As mentioned, bioavailability includes the term 529 

bioaccessibility. So, the caculation of the BI, of a certain bioactive compound, is 530 

relevant for the determination of its bioavailability.   531 

Regarding the BI, shown in table 4, it was possible to observe that most FAs were not 532 

detected in the permeate (OUT) phase but instead in the retentate (IN) after the dialysis 533 

process. The BI for most of the FAs was thus, null, or very low 0.02-0.91%. Only the 534 

observed smaller chain FAs, such as myristic (C14), palmitic (C16) and palmitoleic 535 

(C16:1c9) acids presented higher BI values. Similar values for BI were also observed in 536 

a recent study using the same 3.5 kDa dialysis membranes for many of the same FAs 537 

(Ribeiro et al., 2021). In fact, the bioavailability of omega-3 FAs, for instance, varies 538 

depending on the type of chemical binding (lipid structure) (Schuchardt & Hahn, 2013). 539 

Moreover, bioaccessibility is also limited by the moderate to poor solubility of the FAs 540 

(Dima et al., 2020). Interestingly, the capsule samples (CLA, CLNA and omega 3) 541 

presented, in general, a higher BI compared to the oil samples (Pomegranate and Fish 542 

oil). Interestingly, chain length has been considered to have an impact on FAs’ 543 

bioavailability. In a study aiming to determine the intestinal absorption of FAs from 544 

milk, especially CLA, short-to-medium chain saturated FAs (up to C12) were described 545 

to be absorbed more efficiently than long-chain saturated FAs C14, C16 and stearic acid 546 

C18 (Jedidi et al., 2014). Here, we observed that in the capsules, lower chain-length 547 

FAs (C14 and C16) presented considerable higher BIs than longer chain-legth FAs. 548 

These results may suggest that the FAs concentration and matrix composition may 549 

affect the specific FAs response to the GIT conditions and consequently the BI after the 550 

dialysis process.  551 

Importantly, bioavailability is a complex term and when referring to nutrients the 552 

definition is still poorly defined and needs to be better standardized (Ghasemifard et al., 553 

2014). As mentioned in this study, it is important to define that the calculation of the BI 554 

for each of the FAs present in the studied matrixes is relevant for the prediction of their 555 

bioavailability, but it must be carefully considered since it is only a prediction of the 556 

same measure. It has been reported that the chemical form of the omega 3 PUFAs 557 

affects their bioavailability, but there is still a lack of strong and consisted evidence to 558 

quantify the extent of the differences. However, it has been reported that bioavailability 559 

of EPA and DHA in ethyl esters form was significantly lower than that in TAG form. In 560 

addition, the FFA form seems to be the more bioavailable structure. Indeed, there are 561 

different factors that could affect the in vivo bioavailability of different forms of omega 562 

3 PUFAs, including lymphatic recovery of FAs, the position of FAs in the glycerol 563 

backbone of TG, the position of double bond from carboxyl-end, the molecular weight 564 

of omega 3 PUFA formulations, and the actual matrix in which the omega 3 PUFA 565 
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were provided. Other important aspect to consider is the pancreatic lipase activity, 566 

which again justifies the importance of using GIT standardized in vitro methods 567 

(Ghasemifard et al., 2014). Here only CLA capsules presented a different formulation of 568 

the bioactive PUFAS (as FFA) comparing to the other matrixes (FAs mainly as TAGs), 569 

but there were no observable differences considering their BI.  570 

There are very few studies aiming to determine the BI of a certain fatty acid where 571 

permeability assays, such as the ones presented here, are mentioned. But we believe 572 

such studies are a relevant prediction tool to consider in this kind of static in vitro tests 573 

and must be used as screening tools.  574 

Since these results indicated that most FAs were retained in the non-bioaccessible 575 

fraction (retentate, IN), this could be interesting for further studies regarding their 576 

effects on gut health modulation.  577 

3.1.3. Antioxidant potential 578 

Human studies have shown that PUFAs in general improve metabolic and anti-579 

inflammatory/antioxidant capacity of several organs. In heart it was demonstrated that 580 

PPARγ activation is a mechanism by which Fish oil n-3 PUFAs enhance mitochondrial 581 

FA oxidation and antioxidant capacity in human atrial myocardium (Anderson et al., 582 

2014). Besides, they have been mentioned as enhancer factors in antioxidant defense 583 

against reactive oxygen species (ROS) (Heshmati et al., 2019). These identical results 584 

have been demonstrated in in vivo studies with rats for the ovarian ischemia/reperfusion. 585 

Interestingly, a low-dose Pomegranate seed oil extract showed anti-inflammatory 586 

potential by reducing TNF-α levels and significantly increased antioxidant activity 587 

(measured by superoxide dismutase activity and glutathione levels) (Yayla et al., 2018). 588 

The scavenging potential of these FAs and FAs’ sources was also demonstrated in vitro, 589 

as it is going to be discussed in this section.  590 

The antioxidant activity of the studied samples – CLA, CLNA and Omega 3 capsules 591 

and Fish and Pomegranate oil – before and after digestion was determined by two 592 

different methods: DPPH and ABTS (figure 3 and in supplementary material table 7). 593 

DPPH and ABTS are examples of electron transfer methods (Ribeiro et al., 2021). In 594 

this study, the ABTS method showed higher antioxidant values compared to DPPH. 595 

Such result was not expected since DPPH has been described as more efficient to 596 

measure the antioxidant activity of less polar compounds, due to its solubilization only 597 

in organic solvents. Nevertheless, both DPPH and ABTS assays confirmed the presence 598 

of free radical scavenging activity in the studied samples. 599 

The antioxidant effect of the samples was concordant in both ABTS and DPPH 600 

methods: CLA capsules presented a higher antioxidant potential after the digestion 601 

process in both methods (ABTS, DPPH) and Fish oil presented the same result in 602 

ABTS, while no statistically significant difference was observed for DPPH. The 603 

antioxidant potential of Omega 3 and CLNA capsules and Pomegranate oil was 604 

negatively influenced by GIT tract digestion since they present lower antioxidant 605 

activity after the digestion process. Pomegranate juices are known to possess significant 606 

antioxidant activity due to its phenolics content (Badr et al., 2020). Indeed, a significant 607 

correlation was found between the antioxidant activity of Pomegranate seed oil and the 608 

https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/reactive-oxygen-metabolite
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total content of tocopherols, suggesting the contribution of tocopherols to the 609 

antioxidant properties of this oil (de Melo et al., 2016). Moreover, CLNA isomers such 610 

as PUA (Saha, Patra, et al., 2012) and even, PUFAs (Richard et al., 2008) in general are 611 

known for their antioxidant capacity in vivo. Although other compounds in 612 

Pomegranate oil have important antioxidant potential, it was expected that since a 613 

reduction of these FAs is observed after GIT digestion the overall antioxidant potential 614 

was also affected. Importantly, similar values for the antioxidant activity of 615 

Pomegranate seed oil were reported elsewhere: 171.44 mg TE/100 g of sample 616 

(≈6.85µmol TE/g sample) (Taner Bozkurt & Zeynep Ergun, 2021). Significantly, DPPH 617 

was described as the most successful method to determine the antioxidant activity of 618 

CLA isomers (Elfalleh et al., 2011). CLNA capsules showed lower antioxidant activity 619 

in DPPH when compared to Pomegranate oil, but higher antioxidant activity with 620 

ABTS. Such results may be related to the fact that DPPH, due to its lipophilic nature, is 621 

better suited for samples with high lipidic contents such as oils. In addition, a study has 622 

reported that high-pigmented and hydrophilic antioxidants are better reflected by ABTS 623 

than DPPH (Floegel et al., 2011). Besides, it is also important to mention that ABTS 624 

allows the measure of antioxidant activity of both hydrophylic and lipophilic 625 

compounds, whereas DPPH, by its low solubility in aqueous compounds is appropriate 626 

for analysis of lipophilic compounds, which is an important limitation to consider when 627 

interpreting the role of hydrophilic antioxidants (Ribeiro et al., 2021). CLNA capsules 628 

(Xanthigen) present pigments and have a lower percentage of Pomegranate oil in their 629 

composition. In addition, it is relevant to mention that antioxidants are incorporated in 630 

the CLNA capsules. In addition there is also the presence of the polyphenols naturally 631 

present in the Pomegranate seed oil, as discussed. Thus, the antioxidant activity 632 

measured is affected by all these compounds and not only by their FA content.  633 

We were only able to identify one in vitro study that specifically assessed the Fish oil 634 

antioxidant potential. In this study Fish oil was described as presenting a good free 635 

scavenging activity due to the presence of omega 3 FAs: DPPH● inhibition values were 636 

around 97% (in smaller concentrations of 4 mg/mL of Fish oil) and 90% for ABTS●  (4 637 

mg/mL of Fish oil) (Liyana Hannah Binti Izham Akmal & Roy, 2017). Some natural 638 

and synthetic antioxidants have been reported to be added to Fish oil to prevent lipid 639 

oxidation processes (Śpitalniak-Bajerska et al., 2018) and this must be considered for its 640 

antioxidant activity potential. Nevertheless, omega 3 EPA and DHA have been reported 641 

to have antioxidant activity (Kotue et al., 2019) or promote antioxidant cellular 642 

responses (Sakai et al., 2017) in some in vitro studies using cell lines. Here it was 643 

obtained significative values (4.11µmol TE/g sample), comparable to the Pomegranate 644 

oil (5.95 µmol TE/g sample). Lower values were obtained for the ABTS method, which 645 

can be explained by the high lipidic content of the sample, as already discussed. Slightly 646 

higher results were obtained for omega 3 capsules, which can be explained by the added 647 

tocopherol content (10 mg α-TE) in the capsules.  648 

The antioxidant activity of CLA isomers has been reported as a possible mechanism 649 

behind its anticarcinogenic and antiatherogenic effects. Nevertheless, pro-oxidant 650 

properties have been attributed to them (Fagali & Catalá, 2008; Flintoff-Dye & Omaye, 651 

2005) and thus, controversial reports have been made regarding their antioxidant 652 

potential. It has been reported that C18:2 c9t11 and C18:2 t10c12 CLA isomers reacted 653 

and quenched DPPH● at several concentrations (Ali et al., 2012; Fagali & Catalá, 2008). 654 
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It is important to mention, again that an important antioxidant activity is due to the 655 

added tocopherol content (3 mg/g). Here, it is showed that indeed CLA capsules present 656 

some antioxidant activity, although the lowest among the tested samples in both ABTS 657 

and DPPH methods.  658 

3.2. Assessment of intestinal permeability effect on digested samples: human 659 

intestinal epithelium Caco-2/HT29-MTX cell lines co-culture 660 

To predict the bioavailability of the studied samples after GIT digestion, specifically of 661 

their main bioactive FAs, besides the use of dialysis membranes (as discussed in section 662 

3.1.2) we performed a permeability assay using a co-culture of Caco-2/HT29-MTX cell 663 

lines. It was not possible to quantify any FAs on the basolateral side (receptor side) 664 

meaning that permeability was affected. Thus, the Papp was not possible to be 665 

calculated. To determine if the FAs were incorporated in the cells, the cells after the 666 

experimental time were collected. In figure 4 it is depicted the FAs profile of the 667 

original samples, cells and apical side, after normalization with control to eliminate the 668 

FFAs naturally present in the culture medium and cells. The RI was calculated in 669 

relation to the original sample added to the apical side (donor side). It was observed that 670 

in CLNA capsules and Pomegranate oil ≈10% of PUA is incorporated into the cells as 671 

well as 12-24% of other CLNA isomers, such as α-eleostearic acid (C18:3 c9t11t13), 672 

catalpic acid (C18:3 t9t11c13) and β-eleostearic acid (C18:3 t9t11t13). An early study 673 

aiming to investigate the uptake of CLNA isomers (α-eleostearic acid (C18:3 c9t11t13), 674 

catalpic acid (C18:3 t9t11c13) and β-eleostearic acid (C18:3 t9t11t13)) and their 675 

metabolism into CLA in Caco-2 cells, showed that a 24 h incubation with these isomers 676 

showed to induce an accumulation of these FAs, while the control cells were totally free 677 

of these FAs. Interestingly, the authors also demonstrated that these FAs can be 678 

converted in CLA (A.-C. Schneider et al., 2012; A. C. Schneider et al., 2013).  679 

Regarding CLA capsules, C18:2 c9t11 and C18:2 t10c12 isomers were detected in cells 680 

with a RI of 21 and 27%, respectively. Nevertheless, a considerable RI was calculated 681 

on the apical side: 12 and 9%, for the same isomers, respectively. The C18:2 c9t11 and 682 

C18:2 t10c12 were found to alter the distribution of tight junction proteins occluding 683 

and ZO-1 in a Caco-2 cell model increasing the paracellular permeability. Such 684 

observations were associated with the incorporation of CLA isomers in the cellular 685 

membrane (Jewell et al., 2005; Roche et al., 2001). Thus, these results may explain the 686 

low permeability that was observed in our study since a considerable amount of CLA 687 

isomers were retained on the apical side. 688 

Regarding Fish oil, 11% of EPA was detected in cells and 13% in the sample collected 689 

from the apical side after the experimental time. In addition, 8% of DHA was detected 690 

in the cells and 9% on the apical side. Indeed, one mechanism that is linked to the 691 

several regulatory properties attributed to omega 3 PUFAs is precisely the alteration and 692 

modulation of membrane FAs composition and this has been demonstrated in several 693 

cell types including intestinal cells. As reviewed by Durkin et al., 2021 (Durkin et al., 694 

2021) it has been demonstrated that EPA supplementation of Caco-2 cells increased 695 

their membrane content of EPA and long incubations (96 h) with EPA and DHA 696 

increased their respective amounts in these cells. Interestingly, it has been reported that 697 

EPA accumulates mostly in the phospholipid fraction and DHA and ALA in the neutral 698 
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lipid pool. Moreover, bioconversion of exogenous omega 3PUFAs can also occur in 699 

epithelial cells. One explanation for the decreased permeability observed here and the 700 

considerable content of such FAs still found in the apical side, besides FAs 701 

incorporation in cells, may be related to the fact that EPA and DHA can improve barrier 702 

integrity in in vitro studies in caco-2 cells. In those studies, 24 h EPA supplementation 703 

reduced the permeability of horseradish peroxidase (Rosella et al., 2000) and incubation 704 

with EPA for 96 h was able to attenuate increased permeability in heat stress-impaired 705 

caco-2 monolayers (Xiao et al., 2013).  706 

The incorporation of omega 3 FAs and CFAs in intestinal cells presents great interest 707 

since these FAs may develop important functions in gut health. A recent study reviewed 708 

the positive effects of omega 3 FAs, specifically EPA, DHA and ALA. Omega 3 is 709 

known to influence the gut microbiota community, since these FAs showed to exert 710 

beneficial effects by decreasing the growth of Enterobacteria and increasing the growth 711 

of Bifidobacteria, inhibiting the inflammatory response associated with endotoxemia. 712 

Moreover, omega 3 may also reduce gut inflammation by increasing Treg 713 

differentiation and decreasing IL-17 production. Interestingly, these FAs can also 714 

reduce intestinal epithelial cell damage caused by inflammatory factors, which may be 715 

highly relevant in some intestinal inflammatory diseases (Fu et al., 2021). Moreover, as 716 

discussed CLNA isomers, PUA and eleostearic acid are known to activate PPARγ to 717 

suppress inflammatory responses. In fact, PUA and eleostearic acid have been 718 

demonstrated to modulate mucosal immune responses by a PPARγ-dependent 719 

mechanism, ameliorating colitis (Viladomiu et al., 2013). Considering the ability of 720 

CLA isomers to activate PPARs, it is not surprising that they have been described for 721 

their anti-inflammatory potential, as well. Indeed, in mouse models of inflammatory 722 

bowel disease, CLA isomers are shown to have anti-inflammatory properties and other 723 

studies showed that CLA possesses anti-carcinogenic activity in the rat colon (McIntosh 724 

et al., 2009).  725 

It was also possible to observe that there is high incorporation and possible synthesis 726 

(RI>100%) of palmitic acid (C16), stearic acid (C18) and oleic acid (C18:1 c9) in the 727 

cells after 6 h. Palmitic acid was found to be incorporated in cellular phospholipids in a 728 

great proportion that oleic acid (van Greevenbroek et al., 1995). The same results were 729 

observed here for all the samples studied, palmitic acid presented higher RI values than 730 

oleic acid (figure 4). Another study has reported that only 7% of palmitic acid was able 731 

to cross the Caco-2 cells monolayer, and 90% of it was incorporated into the cells 732 

(Puyol et al., 1995). Importantly, once again some FAs appear to alter intestinal 733 

permeability: palmitic acid was demonstrated to affect the intestinal permeability 734 

without inducing cytotoxicity or oxidative stress; it seems to cause a functional change 735 

in tight junctions and adherens junction barrier (Gori et al., 2020). 736 

The same experience was not possible to be performed for Omega 3 capsules, since the 737 

TEER values obtained after 6h of incubation indicated that the membrane integrity and 738 

cell viability were compromised.  739 
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4. Conclusion 741 

This work assesses the bioaccessibility of bioactive PUFAs, mostly PUA, present in 742 

Pomegranate oil and CLNA capsules (Xanthigen), EPA, DHA and DPA from Fish oil 743 

and omega 3 capsules and RA and C18:2 t10c12 CLA isomer from CLA capsules. By 744 

using an in vitro static protocol the effect of the GIT digestion was assessed and it was 745 

demonstrated that significant variations in FAs profile occur in the different GIT 746 

phases: for the Pomegranate and Fish oil and CLNA capsules a major variation is 747 

observed in the intestine since lower RI (%) values were obtained here. In CLA and 748 

omega 3 capsules it was observed a high degradation of general FA content right after 749 

the oral phase. Indeed, this observation may be explained by the oxidative process of 750 

PUFAs after digestion, which are demonstrated not to be protected by the presence of 751 

both natural and added antioxidants. After the instestinal digestion process the RI value 752 

for PUA in Pomegranate oil is 2% and 17% for CLNA capsules. In Fish oil the RI 753 

values for EPA, DPA and DHA are between 11-13% and in omega 3 around 3%. In 754 

CLA capsules the RI for RA and C18:2 t10c12 CLA isomer is 6%. In addition to the 755 

low RI obtained in our study, higher initial concentration seem to be correlated with 756 

higher oxidation rates of PUFAs. All these observations – composition of matrixes, 757 

PUFAs concentration in the matrix, oxidation processes and the low RI -, supported 758 

from previous studies, are important considerations when aiming to design an oral route 759 

of administration of the bioactive PUFAs studied here.  760 

Moreover, using 3.5 kDa dialysis membranes it was detected that the BIs (%) were very 761 

low or null for most of the major bioactive FAs of all the samples. These results 762 

indicated that most FAs were retained in the non-bioaccessible fraction. In addition, 763 

intestinal permeability was assessed using a Caco-2/HT29-MTX co-culture. Reinforcing 764 

the results obtained with the dialysis membrane, it was observed a significative 765 

incorporation of the bioactive FAs into the intestinal cells. This membrane 766 

incorporation negatively affects intestinal cells permeability capacity. Indeed, one 767 

mechanism that is linked to the several regulatory properties attributed to omega 3 768 

PUFAs is precisely the alteration and modulation of membrane FAs composition and 769 

this has been demonstrated in several cell types including intestinal cells. Such evidence 770 

increases the importance of our study: first it is important to consider the low 771 

bioavailability potential of these PUFAs when aiming to understand their potential 772 

health benefits providing them as oral supplements. Thus, such results are relevant for 773 

future considerations of bioavailability studies of these FAs reinforcing the need to look 774 

for further mechanisms of target-delivering. Secondly, considering their low 775 

permeability it is highly relevant to study and understand their potential in microbiota 776 

modulation and their role in gut dysbiosis, specifically, considering their anti-777 

inflammatory potential, in inflammatory diseases such as Inflammatory bowel disease, 778 

for example.  779 

Concluding, this work provides a full bioaccessibility assessment of different bioactive 780 

FAs using distinct matrixes, with diverse formulations (commercial soft-gel capsules 781 

and enriched oils), compositions and bioactive PUFAs concentrations. The major 782 

strengths of this work rely on it being a complete study using a standardized in vitro 783 

static protocol (INFOGEST 2.0 protocol) and providing some insights on intestinal 784 

permeability and absorption. The use of a standardized protocol is an important point in 785 
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this study since it allows the accurate comparison of inter-laboratory results. 786 

Nevertheless, there are some limitations in this study that are important to identify. It is 787 

important to mention, that although in vitro protocols are a valuable and easily 788 

accessible tool, when considering the simulation of GIT, this type of protocols only 789 

provide a predictive potential. Indeed, static digestion models are described as 790 

simplifications of a dynamic physiological process (Baptista et al., 2020). Thus, further 791 

studies using semi-dynamic or dynamic models, which include the physicochemical and 792 

mechanical processes as well as the gradual changes that occur in the GIT digestion in 793 

vivo and ultimately in vivo studies, are required to fully characterize the bioaccessibility 794 

and bioavailability potential of these PUFAs. Other important aspect that needs to be 795 

considered regarding the bioavailability prediction made in this study is the lack of 796 

concordance with in vivo data. Several in vivo (human and animal studies) have reported 797 

higher bioavailability levels when considering, specifically, omega 3 FAs, EPA and 798 

DHA. Nevertheless, important considerations need to be made regarding this 799 

observation. First, as mention the reader must always consider that in vitro protocols 800 

present only a predictive potential and in this study as mention, the bioavailability is just 801 

a prediction from the determined BIs (%). Secondly, as reviewed in a study by 802 

Ghasemifard and collaborators (Ghasemifard et al., 2014) there are still several 803 

limitations presented in these in vivo studies which difficults the comparison between 804 

them and a correct prediction: the lack of definition and proper characterization of the 805 

“bioavailability” term, the lack of standardization of analytical methodology, 806 

differences in the methodology of bioavailability measure, failure to provide equal 807 

amounts of omega 3 FAs failure to measure fatty acid control and lack of control of fat 808 

intake. Indeed, it is important to point out that in this in vitro study the amount of 809 

bioactive FAs provided are equivalent to just one intake, with a single dose of 3g. This 810 

dose is lower than the ones used in most of the in vivo studies presented in the 811 

mentioned review article. It is also important to consider that in most in vivo studies the 812 

FAs intake was provided more than once during different studies duration. Additionally, 813 

the omega 3 FAs were incorporated with high fat meals, which will impact the 814 

bioavailability measured. Besides, in most studies there was no information or control 815 

of the dietary fat intake. In addition, it is relevant to mention that in in vivo studies these 816 

supplementations are part of a normal daily diet which will, as expected, have an impact 817 

on the bioavailability. These kind of methodology is not possible to be completely 818 

translated in a in vitro “isolated” study as the one presented here. Importantly, in one 819 

example of the importance of fat intake in bioavailability measures, the authors pointed 820 

out that high fat breakfast, for instance, containing omega 3 PUFAs, followed by a high 821 

fat lunch (devoided of omega 3 PUFAs) can lead to a second peak in the appearance of 822 

omega 3 PUFAs in plasma lipids. In fact, it was suggested that some of the PUFAs from 823 

the breakfast were stored in the enterocytes and released after the high fat lunch. All 824 

these aspects may explain the differences observed between this in vitro study and the 825 

in vivo reports regarding PUFAs bioavailability. 826 
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Table 1- Major FAs of samples submitted to the dialysis, with 3.5kDa membranes, process after in vitro INFOGEST GIT tract digestion. The IN corresponds to the retentate 

and the OUT samples to the permeate. The bioaccessibility index (BI%) was calculated for each sample. Values are expressed as mean±standard deviation of µg of FAs/ µL 

of sample.  

µg of FAs/ mg of sample 

CLA capsules CLNA capsules (Xanthigen) Omega 3 Pomegranate oil Fish oil 

Retentate 
(IN) 

Permeate 
(OUT) 

BI 
(%) 

Retentate 
(IN) 

Permeate 
(OUT) 

BI 
(%) 

Retentate 
(IN) 

Permeate 
(OUT) 

BI 
(%) 

Retentate 
(IN) 

Permeate 
(OUT) 

BI 
(%) 

Retentate (IN) 
Permeate 

(OUT) 
BI 
(%) 

C14 
Myristic 

acid 
0.17±0.01 0.17±0.00 49.78 0.24±0 0.21±0.00 47.42 0.29±0.01 0.31±0.00 51.94 n.d. n.d.  66.55±0.04 0.98±0 1.46 

C16 
Palmitic 

acid 
7.4±0.02 0.86±0.01 10.44 89.61±0.27 1.27±0.04 1.4 3.64±0.02 1.88±0.01 34.07 29.59±0.03 2.04±0.03 6.44 176.14±0.21 1.83±0 1.03 

C16:1c9 
Palmitoleic 

acid 
0.6±0.00 0.28±0.01 32.02 4.86±0.01 0.76±0.03 13.52 1.1±0.01 0.91±0.01 45.32 n.d. n.d.  86.76±0.19 n.d.  

C18 Stearic acid 5.21±0.06 0.14±0.01 2.69 37.38±0.20   4.66±0.02 0.14±0 3.00 25.39±0.03 0.22±0.01 0.86 38.29±0.04 0.17±0.01 0.45 

C18:1 c9 Oleic acid 42.06±0.06 0.42±0.03 0.99 460.79±1.6 0.36±0.02 0.08 7.88±0.03 0.04±0 0.5 56.57±0.17 1.23±0.03 2.13 70.21±0.08 0.03±0 0.05 

C18:1 
c11 

cis-
vaccenic 

acid 

3.93±0.07 n.d.  16.34±0.11 n.d.  2.59±0.01 1.19±0.03 31.49 4.49±0.04 n.d.  30.98±0.05 1.32±0.00 4.09 

C18:2 
c9c12 

Linoleic 
acid 

7.52±0.01 n.d.  63.19±0.11 n.d.  1.8±0.01 0.05±0 2.86 51.13±0.04 0.1±0.01 0.2 11.0±0.02 n.d.  

C18:2 
c9t11 

Rumenic 
acid 

186.27±1.56 n.d.  1.1±0.10 n.d.  0.2±0.01 n.d.  0.92±0.11 n.d.  0.36±0.00 n.d.  

C18:2 
t10c12 

CLA isomer 
185.05±0.42 0.08±0.00 0.04 1.67±0.15 n.d.  10.25±0.05 n.d.  1.28±0.08 n.d.  13.12±0.07 n.d.  

C18:3 
c9c12c15 

α-linolenic 
acid 

21.87±0.21 n.d.  6.19±0.07 n.d.  2.45±0.01 n.d.  7.92±0.06 n.d.  11.7±0.03 0.11±0.01 0.91 

C18:2 
t9t11 

 
22.01±0.08 n.d.  5.94±0.04 n.d.  ± n.d.  7.84±1.39 n.d.  1.66±0.03 n.d.  

C20:3 
c8c11c14 

Dihomo-γ-
linolenic 

acid 

n.d. n.d.   n.d.  7.72±0.03 n.d.  n.d. n.d.  6.26±0.02 n.d.  

C20:4 n-
6 

Arachidonic 
acid 

n.d. n.d.   n.d.  10.83±0.13 n.d.  n.d. n.d.  8.93±0.08 n.d.  

C20:5 n-
3 

EPA 
n.d. n.d.   n.d.  214.34±0.56 0.05±0.00 0.02 n.d. n.d.  80.68±0.29 0.1±0.00 0.12 

C18:3 
c9t11c13 

Punicic 
acid 

n.d. n.d.  109.09±0.83 n.d.  n.d. n.d.  180.58±1.37 0.04±0.00 0.02 n.d. n.d.  

C18:3 
c9t11t13 

α-
eleostearic 

acid 

n.d. n.d.  5.58±0 n.d.  n.d. n.d.  14.4±0.06 0.07±0.00 0.47 n.d. n.d.  

C18:3 
t9t11c13 

catalpic 
acid 

n.d. n.d.  59.22±0.38 n.d.  0.3±0.02 n.d.  115.82±1.03 n.d.  n.d. n.d.  
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C18:3 
t9t11t13 

β-
eleostearic 

acid 

0.36±0.01 n.d.  70.32±0.13 n.d.  n.d. n.d.  222.57±1.78 0.12±0.00 0.05 n.d. n.d.  

C22:5n-3 DPA n.d. n.d.  n.d. n.d.  32.21±0.03 n.d.  n.d. n.d.  18.94±0.06 n.d.  

C22:6 n-
3 

DHA 
n.d. n.d.  n.d. n.d.  118.29±0.31 n.d.  0.35±0.01 n.d.  47.32±0.25 n.d.  
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Figure 1- Major FAs content of each sample in the different steps (oral, gastric and intestinal phases) of GIT tract digestion. The 

recovery index (RI%) was calculated for each phase using the equation presented in the figure. Values are expressed as 

mean±standard deviation of µg of FAs/ µL of sample (n=2). a,b,c,dDifferent superscript letters for significant differences 

(p < 0.05) between the same FAs. 
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Figure 2 - Correlation between the number of carbons (chain length) and recovery index 

(RI%) for pomegranate and Fish oil. The p value concerns the slope parameter. 
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Figure 3 - Antioxidant potential assessment through DPPH and ABTS methods before and after GIT tract digestion of CLA, CLNA 

and Omega 3 capsules and Fish and Pomegranate oil. Values are expressed as mean±standard deviation of µmol of Trolox Equivalents/ 

g of sample (n=3). a,b Different superscript letters for significant differences (p < 0.05) between original and digested samples. 
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Figure 4 - Major FAs in the digested samples and their quantification in apical side and cells content after permeability assays using a Caco-

2/HT29-MTX cell lines co-culture. The recovery index (RI %) was calculated using the equation presented in the image. Values are expressed 

as mean±standard deviation of µg of FAs/ µL of sample (n=4). 



38 

 

10. Supplementary material 

Table 2 - FAs profile of original tested samples (Pomegranate and Fish oil) and samples after in vitro INFOGEST GIT tract digestion in the different phases of the process 

(oral, gastric and intestinal). The recovery index (RI%) was calculated for each phase. Values are expressed as mean±standard deviation of µg of FAs/ µL of sample. 
a,b,c,dDifferent superscript letters within a row for significant differences (p < 0.05) between the same sample (Pomegranate oil or Fish oil). 

µg of FAs/ µL of sample 

Pomegranate oil Fish oil 

Original Oral phase RI (%) 
Gastric 
phase 

RI (%) Intestinal 
RI 
(%) 

Original Oral phase 
RI 

(%) 
Gastric 
phase 

RI 
(%) 

Intestinal 
RI 

(%) 

 Saturated FAs (SFAs) 

C14 Myristic acid n.d. n.d.  n.d.  n.d.  53.19±0.39a 21±0.02b 39.47 15.36±0.18c 28.88 9.41±0.03d 17.69 

C15  n.d. n.d.  n.d.  n.d.  3.35±0.03a 1.29±0.01b 38.56 0.94±0.00c 28.13 0.57±0.01d 17.13 

C16 Palmitic acid 24.29±0.05a 12.94±0.03b 53.28 7.85±0.02c 32.32 1.1±0.11d 4.51 115.93±0.8a 44.48±0.13b 38.37 32.57±0.45c 28.09 19.01±0.03d 16.40 

C18 Stearic acid 19.61±0.08a 10.82±0.12b 55.21 6.6±0.00c 33.67 1.3±0.05d 6.62 21.76±0.17a 8.17±0.05b 37.56 6.01±0.09c 27.64 3.67±0.01d 16.85 

C22 Behenic acid n.d. n.d.  n.d.  n.d.  1.63±0.01a 0.61±0b 37.21 0.46±0.01c 28.11 0.22±0.00d 13.42 

C23  1.80±0.03a 1.27±0.08a,b 70.55 1.23±0.00a,b 67.58 0.99±0.11b 55.00 n.d. n.d.  n.d.  n.d.  

C24 Lignoceric acid 1.32±0.00a 1.11±0.07a 84.70 1.01±0.02a 77.07 0.86±0.07a 65.06 n.d. n.d.  n.d.  n.d.  

TOTAL (SFAs) 45.22 24.87 55 15.46 34.2 3.26 7.21 357.23 75.55 21.15 55.34 15.49 32.88 9.20 

 Monounsaturated FAs (MUFAs) 

C16:1c9 Palmitoleic acid n.d. n.d.  n.d.  n.d.  69.82±0.41a 27.43±0.09b 39.28 20.29±0.27c 29.06 10.96±0.04d 15.7 

C18:1 t9 Elaidic acid n.d. n.d.  n.d.  n.d.  0.84±0.00a 0.31±0.01b 36.88 0.22±0.02c 26.29 0.12±0.01d 14.48 

C18:1 t11 Vaccenic acid 1.26±0.11a 1.31±0.14a 103.54 1.03±0.04a 82.04 0.33±0.02b 26.46 0.84±0.01a 0.35±0.01b 41.59 0.25±0.01c 30.23 0.20±0.01d 23.76 

C18:1 t12  1.15±0.08a 1.45±0.12a 126.29 1.23±0.00a 107.08 0.43±0.02b 37.68        

C18:1 c9 Oleic acid 48.8±0.14a 26.28±0.14b 53.85 15.98±0.05c 32.75 2.18±0.08d 4.47 51.25±0.28a 19.66±0.13b 38.36 14.49±0.21c 28.27 7.24±0.05d 14.13 

C18:1 c11 
cis-vaccenic 

acid 
3.79±0.01a 2.19±0.04b 57.84 1.43±0.02c 37.83 0.43±0.00d 11.23 22.18±0.15a 8.51±0.07b 38.35 6.29±0.11c 28.37 3.38±0.04d 15.23 

C18:1 c4/ t6  2.76±0.09a 1.9±0.1b 68.76 1.3±0.00c 47.31 0.26±0.01d 9.57 0.76±0.01a 0.28±0.00b 37.70 0.21±0.01c 28.17 0.12±0.01d 15.89 

C20:1 c11 Gondoic acid n.d. n.d.  n.d.  n.d.  4.17±0.01a 1.67±0.02b 39.97 1.23±0.02c 29.49 0.61±0.01d 14.68 

C24:1 c15 Nervonic acid 0.6±0.01a 0.33±0.01b 55.26 0.19±0.00c 31.19 n.d.  n.d. n.d.  n.d.  n.d.  

TOTAL (MUFAs) 58.36 33.46 57.33 21.16 36.26 3.63 6.22 146.1 58.21 39.84 42.98 29.42 22.63 15.49 

[MUFA/SFA] 0.77 1.34  1.37  1.11  0.41 0.77  0.78  0.69  

 Polyunsaturated FAs (PUFAs) 

C18:2 c9c12 Linoleic acid 49.34±0.12a 26.48±0.12b 53.67 16.49±0.03c 33.41 2.07±0.08d 4.19 7.94±0.05a 3.1±0.03b 39.01 2.3±0.04c 28.91 0.9±0.02d 11.39 

C18:3 
c6c9c13 

γ-linolenic acid 
0.4±0.00a 0.21±0.00b 53.87 0.15±0.00c 38.71 n.d.  4.92±0.02a 1.97±0.01b 39.97 1.45±0.01c 29.47 0.73±0.00d 14.88 

C18:2 c9t11 Rumenic acid 1.51±0.13a 1.57±0.12a 104.53 1.27±0.00a 84.1 0.35±0.01a 23.21 0.36±0.01a 0.14±0.00b 37.82 0.11±0.01c 30.35 n.d. n.d. 

C18:2 
t10c12 

CLA isomer 
1.65±0.07a 1.77±0.02a 107.39 1.32±0.00a 79.83 0.27±0.02a 16.12 13.36±0.01a 5.41±0.05b 40.45 3.94±0.06c 29.47 1.78±0d 13.31 

C18:3 
c9c12c15 

α-linolenic acid 
6.59±0.05a 0.23±0.02b 3.55 0.22±0.00b 3.35 n.d.  7.76±0.01a 2.88±0.04b 37.16 2.14±0.03c 27.54 1.08±0.01d 13.92 
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11.  

  

C18:2 t9t11  3.05±0.31a 3.39±0.25a 111.32 2.67±0.03a 87.47 0.65±0.03b 21.38 1.67±0.00a 0.69±0.02b 41.14 0.49±0.00c 29.41 0.23±0.00d 13.84 

C20:3 
c8c11c14 

Dihomo-γ-
linolenic acid 

n.d. n.d.  n.d.  n.d.  5.46±0.01a 2.13±0.03b 39.05 1.59±0.01c 29.03 0.95±0.04d 17.30 

C20:3 
c11c14c17 

 
0.96±0.01a 0.52±0.00a 54.69 0.32±0.01b 33.19 n.d.  1.5±0.03a 0.65±0.05b 43.68 0.58±0.04b 39.05 0.4±0.02d 26.90 

C20:4 n-6 
Arachidonic 

acid 
n.d. n.d.  n.d.  n.d.  8.05±0.01a 3.26±0.02b 40.51 2.39±0.04c 29.67 1.1±0.01d 13.65 

C20:5 n-3 EPA n.d. n.d.  n.d.  n.d.  84.07±0.11a 33.89±0.22b 40.31 24.58±0.48c 29.24 10.59±0.02d 12.59 

C18:3 
c9t11c13 

Punicic acid 
577.33±2.17a 290.12±2.73b 50.25 183.96±1.27c 31.86 10.97±0.13d 1.90 n.d. n.d.  n.d.  n.d.  

C18:3 
c9t11t13 

α-eleostearic 
acid 

8.62±0.43a 5.76±0.28b 66.91 4.41±0.21b 51.14 1.17±0.14c 13.57 n.d. n.d.  n.d.  n.d.  

C18:3 
t9t11c13 

catalpic acid 
24.99±0.64a 16.99±0.16b 67.96 11.83±0.11c 47.33 3.59±0.25d 14.35 n.d. n.d.  n.d.  n.d.  

C18:3 
t9t11t13 

β-eleostearic 
acid 

5.09±0.3a 4.76±0.09a 93.62 3.38±0.11b 66.42 2.34±0.08c 46.06 n.d. n.d.  n.d.  n.d.  

C22:5n-3 DPA n.d. n.d.  n.d.  n.d.  17.71±0.00a 6.91±0.03b 39.03 4.97±0.03c 28.07 1.97±0.02d 11.10 

C22:6n-3 DHA 0.29±0.00a 0.14±0.00b 49.01 0.08±0.00c 25.80   49.54±0.22a 19.44±0.01b 39.24 13.72±0.21c 27.69 5.68±0.05d 11.46 

TOTAL (PUFAs) 679.79 351.94 51.77 226.10 33.26 21.41 3.15 202.34 80.47 39.77 58.26 27.31 25.39 12.55 

[PUFA/SFA] 15.03 14.15  14.62  6.57  0.57 1.06  1.05  0.77  
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Table 3 - FAs profile of original tested samples (CLA capsules and CLNA capsules) and samples after in vitro INFOGEST GIT tract digestion in the different phases of the 

process (oral, gastric and intestinal). The recovery index (RI%) was calculated for each phase. Values are expressed as mean±standard deviation of µg of FAs/ µL of sample 

(n=2). a,b,c,dDifferent superscript letters within a row for significant differences (p < 0.05) between the same sample (CLA capsules or CLNA capsules). 

µg of FAs/ µL of sample 

CLA capsules CLNA capsules 

Original Oral phase 
RI 

(%) 
Gastric 
phase 

RI 
(%) 

Intestinal 
RI 

(%) 
Original Oral phase 

RI 
(%) 

Gastric 
phase 

RI (%) Intestinal RI (%) 

 Saturated FAs (SFAs) 

C14 Myristic acid 0.11±0.00 n.d.  n.d.  n.d.  0.10±0.002 n.d.  n.d.  n.d.  

C15  0.02±0.00 n.d.  n.d.  n.d.  0.09±0.003a 0.03±0.002b 38.69 n.d.  n.d.  

C16 Palmitic acid 4.8±0.00a 0.27±0.00b 5.59 0.27±0.00b 5.61 n.d.  65.92±0.14a 22.82±1.13b 34.61 18.81±0.07c 28.53 14.00±0.04d 21.24 

C18 Stearic acid 2.76±0.04a 0.34±0.00b 12.15 0.42±0.01b 15.39 n.d.  23.65±0.08a 8.02±0.37b 33.91 6.63±0.02c 28.04 4.81±0.02d 20.36 

C24 
Lignoceric 

acid 
0.56±0.00 n.d.  n.d.  n.d.  

0.66±1.5x10-

4 a 
0.21±0.005b 31.60 0.17±0.004c 26.45 n.d.  

TOTAL (SFAs) 8.77 0.64 7.30 0.69 7.86   90.42 31.08 34.37 25.61 28.32 18.81 20.80 

 Monounsaturated FAs (MUFAs) 

C16:1c9 
Palmitoleic 

acid 
0.52±0.00a 0.03±0.00b 5.60 n.d.  0.08±0.00c 15.87 0.04±0.00 n.d.  n.d.  n.d.  

C18:1 t9 Elaidic acid n.d. n.d.  n.d.  n.d.  n.d. n.d.  n.d.  n.d.  

C18:1 t11 Vaccenic acid 0.63±0.05a 0.22±0.01c 34.90 0.27±0.00c 43.33 0.35±0.22b 55.66 n.d. n.d.  n.d.  n.d.  

C18:1 t12  6.48±0.25a 0.77±0.04c 11.93 0.92±0.02c 14.22 1.9±0.74b 29.37 n.d. n.d.  n.d.  n.d.  

C18:1 c9 Oleic acid 35.94±0.04a 2.14±0.01c 5.96 2.12±0.01c 5.91 4.58±0.06b 12.76 357.69±1.14a 123.35±6.03b 34.49 100.97±0.02c 28.23 66.79±0.20d 18.68 

C18:1 c11 
cis-vaccenic 

acid 
2.7±0.02a 0.24±0.00b 9.02 0.28±0.01b 10.40 0.55±0.07b 20.26 9.21±0.01a 4.20±0.20b 45.65 3.48±0.04c 37.82 2.42±0.003d 26.27 

C18:1 c4/t6  2.45±0.01a 0.13±0.00c 5.25 0.13±0.00c 5.33 0.35±0.01b 14.37 1.03±0.01a 0.40±0.01b 38.67 0.37±0.00b 35.74 0.29±0.00c 28.62 

C24:1 c15 Nervonic acid n.d. n.d.  n.d.  n.d.  0.07±0.00 n.d.  n.d.  n.d.  

TOTAL (MUFAs) 48.2 3.50 7.26 3.72 7.72 7.73 16.04 368.04 127.95 34.76 104.82 28.71 69.50 18.88 

[MUFA/SFA] 5.50 5.47  5.39    4.07 4.11  3.70  3.69  

 Polyunsaturated FAs (PUFAs) 

C18:2 
c9c12 

Linoleic acid 6.31±0.01a 0.35±0.00b 5.59 0.34±0.00b 5.42 n.d.  51.71±0.16a 18.63±0.97b 36.03 15.39±0.01c 29.76 11.00±0.02d 21.27 

C18:3 
c6c9c13 

γ-linolenic 
acid 

n.d. n.d.  n.d.  n.d.  4.28±0.03a 1.40±0.06b 32.78 1.17±0.00c 27.24 0.68±0.03d 15.85 

C18:2 c9t11 Rumenic acid 407.99±0.12a 21.97±0.17c 5.39 20.49±0.11d 5.02 25.85±1.56b 6.34 0.12±0.02bc 0.10±0.003c 80.92 0.13±0.00bc 107.56 0.18±0.00ab 141.54 

C18:2 
t10c12 

CLA isomer 403.54±0.39a 21.88±0.18c 5.42 20.43±0.11d 5.06 25.68±0.42b 6.36 0.26±0.00a 0.11±0.00d 44.05 0.12±0.00 c 48.18 0.13±0.002b 51.28 

C18:3 
c9c12c15 

α-linolenic 
acid 

10.78±0.25a 0.71±0.00c 6.55 0.75±0.02c 6.91 3.04±0.21b 28.17 4.15±0.001a 1.38±0.06b 33.26 
1.14±3.2x10-

4 c 
27.43 0.72±0.01d 17.30 

C18:2 t9t11  10.8±0.00a 0.72±0.05c 6.65 0.83±0.01c 7.71 3.06±0.08b 28.3 0.07±0.00a 0.03±0.003b 50.93 n.d.  n.d.  

C18:3 
c9t11c13 

Punicic acid 0.46±0.01 n.d.  n.d.  n.d.  205.84±0.38a 74.24±4.33b 36.07 60.48±0.02c 29.38 35.05±0.07d 17.03 
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13.  

  

C18:3 
c9t11t13 

α-eleostearic 
acid 

0.17±0.01 n.d.  n.d.  n.d.  16.33±0.001a 9.15±0.40b 56.01 7.72±0.008c 47.28 5.99±0.03d 36.68 

C18:3 
t9t11c13 

catalpic acid 0.44±0.00 n.d.  n.d.  n.d.  
23.80±0.06a 

9.00±0.46b 37.82 7.39±0.04c 31.08 5.82±0.12d 24.45 

C18:3 
t9t11t13 

β-eleostearic 
acid 

0.51±0.00 n.d.  n.d.  n.d.  5.04±0.00a 2.04±0.09b 40.53 1.82±0.003b 36.23 2.48±0.05c 49.21 

C22:5n-3 DPA n.d. n.d.  n.d.  n.d.  0.22±0.00a 0.08±0.00c 36.11 0.09±0.00b 39.91 n.d.  

C22:6n-3 DHA n.d. n.d.  n.d.  n.d.  0.17±0.02 n.d.  n.d.  n.d.  

TOTAL (PUFAs) 841.00 45.63 5.42 42.84 5.09 57.63 6.85 311.19 116.16 37.32 95.62 30.72 50.19 16.13 

[PUFA/SFA] 95.90 71.29  62.09    3.44 3.74  3.73  2.67  
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Table 4 - FAs profile of original tested samples (Omega 3capsules) and samples after in vitro INFOGEST GIT tract digestion in the different phases of the process (oral. 

gastric and intestinal). The recovery index (RI%) was calculated for each phase. Values are expressed as mean±standard deviation of µg of FAs/ µL of sample. a,b,c,dDifferent 

superscript letters within a row for significant differences (p < 0.05). 

15.  

  µg of FAs/ µL of sample 
Omega 3capsules 

Original Oral phase RI (%) Gastric phase RI (%) Intestinal RI (%) 

 Saturated FAs (SFAs) 

C14 Myristic acid 0.73±0.01a 0.07±0.02b 9.58 0.1±0.01b 13.69 0.11±0.02b 15.06 

C16 Palmitic acid 3.86±0.01a 0.31±0.07b 8.03 0.45±0.01b 11.65 2.61±0.34a 67.62 

C18 Stearic acid 5.26±0.01a 0.39±0.04b 7.41 0.55±0.01b 10.45 2.20±0.35 b 41.82 

C22 Behenic acid 1.02±0.02a 0.14±0.01b 13.72 0.14±0.00b 13.72 n.d.  

TOTAL (SFAs) 10.87 0.91 8.37 1.24 11.41 4.92 45.26 

 Monounsaturated FAs (MUFAs) 

C16:1c9 Palmitoleic acid 1.96±0.01a 0.17±0.06b 8.80 0.24±0.00b 12.24 0.23±0.05b 11.73 

C18:1 c9 Oleic acid 10.75±0.00a 0.58±0.10c 5.39 1.22±0.01b 11.35 1.71±0.26b 15.90 

C18:1 c11 cis-vaccenic acid 3.76±0.01a 0.29±0.08b 7.71 0.41±0.01b 10.90 0.33±0.06b  10.67 

TOTAL (MUFAs) 16.47 1.04 6.33 1.87 11.35 2.27 13.78 

[MUFA/SFA] 1.51 1.14  1.51  0.46  

 Polyunsaturated FAs (PUFAs) 

C18:2 c9c12 Linoleic acid 1.50±0.00a 0.12±0.04c 8.00 0.19±0.00c 12.70 0.91±0.13b 40.67 

C18:3 c6c9c13 γ-linolenic acid 1.89±0.00a 0.16±0.07b 8.47 0.24±0.00b 12.70 n.d.  

C18:2 c9t11 Rumenic acid 0.40±0.004a 0.07±0.01b 17.5 0.07±0.01b 17.50 n.d.  

C18:2 t10c12 CLA isomer 20.66±0.03a 2.72±0.02 b 13.36 2.92±0.02 b 14.13 1.15±0.52 b 5.57 

C18:3 c9c12c15 α-linolenic acid 3.5±0.00a 0.23±0.03b 6.57 0.34±0.00b 9.71 0.21±0.06b 6.00 

C18:2 t9t11  1.94±0.00a 0.18±0.07b 9.27 0.25±0.00b 12.88 n.d.  

C20:3 c8c11c14 Dihomo-γ-linolenic acid 12.87±0.00a 1.13±0.56b 8.78 1.73±0.02b 13.44 0.74±0.35b 5.75 

C20:3 c11c14c17  0.83±0.02a 0.96±0.08b 115.67 0.85±0.01b 102.81 0.18±0.06b 21.69 

C20:4 n-6 Arachidonic acid 18.17±0.01a 2.01±0.11b 11.08 2.34±0.08b 12.88 0.90±0.4c 4.95 

C20:5 n-3 EPA 411.95±0.03a 50.64±0.47a 12.29 55.05±0.51a 13.36 12.53±1.43b 3.04 

C22:5n-3 DPA 55.03±0.06a 4.29±1.93a 7.79 6.42±0.06a 11.66 1.71±0.14b 3.11 

C22:6n-3 DHA 220.13±0.38a 31.06±0.39 a 14.11 32.84±0.19 a 14.92 6.48±1.08b 2.94 

TOTAL (PUFAs) 748.87 93.54 12.49 103.24 13.79 24.81 3.31 

[PUFA/SFA] 68.89 102.79  83.26  5.04  
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Table 5- FAs composition of the original digested sample (Fish oil and Pomegranate oil) before the Caco-2/HT29-MTX permeability assays and of cells. apical side and 

basoletaral side collected after the end of permeability assays (6h) for each of the tested samples. Values are expressed as mean±standard deviation of µg of FAs/ µL of 

sample. The positive and negative control were used to normalize the values. The recovery index (RI%) was calculated for each phase. Values are expressed as 

mean±standard deviation of µg of FAs/ µL of sample. a.b.c.dDifferent superscript letters within a row for significant differences (p < 0.05). 

µg of fatty acid/ µL of 
sample 

CLA capsules CLNA capsules (Xanthigen) Fish oil Pomegranate oil 

Digested 
sample 

Cells 
RI 

(%) 
Apical 
side 

RI 
(%) 

Digested 
sample 

Cells 
RI 

(%) 
Apical 
side 

RI 
(%) 

Digested 
sample 

Cells 
RI 

(%) 
Apical 
side 

RI 
(%
) 

Digested 
sample 

Cells 
RI 
(%) 

Apical 
side 

RI 
(%) 

C14 
Myristic 

acid 
n.d. n.d.  n.d.  n.d. n.d.  n.d.  8.81±0.02 

2.41±
0.22 

27.
41 

4.02±
0.05 

45.
61 

n.d. n.d.  n.d.  

C15 
Pentadec
ylic acid 

n.d. n.d.  n.d.  n.d. n.d.  n.d.  0.54±0.01 
0.40±
0.05 

73.
69 

0.34±
0.00 

62.
71 

n.d. n.d.  n.d.  

C16 
Palmitic 

acid 
0.42±0.01 

4.80±
0.23 

113
4.51 

0.20±
0.01 

47.
39 

3.71±0.00 
1.79±
0.01 

48.2
1 

1.83±
0.23 

49.
29 

17.49±0.0
7 

4.16±
0.59 

23.
76 

8.95±
0.07 

51.
19 

2.28±0.01 
5.41±
0.41 

237
.40 

0.60±
0.07 

26.
40 

C16:1 c9 
Palmitolei

c acid 
n.d. n.d.  n.d.  n.d. n.d.  n.d.  

10.78±0.0
2 

3.53±
0.32 

32.
76 

4.07±
0.19 

37.
76 

n.d. n.d.  n.d.  

C18 
Stearic 

acid 
0.41±0.05 

0.79±
0.26 

191.
10 

1.40±
0.10 

338
.75 

1.36±0.03 
0.91±
0.01 

67.0
5 

1.62±
0.27 

119
.86 

2.82±0.01 
0.37±
0.17 

13.
21 

1.83±
0.12 

64.
84 

1.68±0.05 
0.74±
0.02 

44.
16 

0.85±
0.07 

50.
75 

C18:1 t9 
Elaidic 

acid 
n.d. n.d.  n.d.  n.d. n.d.  n.d.  n.d. n.d.  n.d.  0.22±0.08 

0.05±
0.05 

22.
48 

0.31±
0.02 

143
.02 

C18:1 
t11 

Vaccenic 
acid 

n.d. n.d.  n.d.  n.d. n.d.  n.d.  n.d. n.d.  n.d.  0.27±0.09 
0.43±
0.06 

155
.93 

n.d. 0 

C18:1 
t12 

 0.83±0.26 
1.14±
0.16 

136.
95 

1.00±
0.05 

120
.64 

n.d. n.d.  n.d.  n.d. n.d.  n.d.  0.32±0.11 
0.70±
0.09 

221
.12 

0.62±
0.01 

195
.42 

C18:1 c9 Oleic acid 1.81±0.03 
1.02±
0.26 

56.5
4 

0.75±
0.05 

41.
48 

17.54±0.0
9 

8.15±
0.13 

46.4
3 

4.83±
0.82 

27.
53 

7.29±0.06 
1.76±
0.39 

24.
12 

3.03±
0.11 

41.
54 

4.22±0.09 
5.82±
0.34 

137
.87 

0.86±
0.09 

20.
49 

C18:1 
c11 

cis-
vaccenic 

acid 
0.23±0.03 

0.26±
0.08 

111.
50 

0.33±
0.01 

141
.97 

0.60±0.00 
12.10
±0.13 

200
7.09 

n.d. 
0.0
0 

3.01±0.03 
0.55±
0.05 

18.
29 

1.38±
0.06 

45.
73 

0.35±0.02 
0.27±
0.07 

78.
68 

n.d.  

C18:2 
c9c12 

Linoleic 
acid 

0.42±0.00 
0.28±
0.05 

66.7
7 

n.d. 
0.0
0 

2.93±0.03 
1.36±
0.04 

46.5
0 

0.59±
0.13 

19.
96 

n.d. n.d.  n.d.  4.67±0.04 
1.40±
0.12 

30.
05 

0.74±
0.09 

15.
80 

C18:2 
c9t11 

Rumenic 
acid 

18.47±0.5
8 

3.93±
.29 

21.2
9 

2.22±
0.23 

12.
01 

n.d. n.d.  n.d.  n.d. n.d.  n.d.  0.31±0.08 
0.41±
0.03 

133
.74 

n.d.  

C18:2 
t10c12 

CLA 
isomer 

18.22±0.6
1 

4.87±
0.44 

26.7
1 

1.56±
0.16 

8.5
8 

n.d. n.d.  n.d.  2.31±0.04 
0.55±
0.05 

23.
87 

0.49±
0.06 

21.
38 

n.d. n.d.  n.d.  

C18:3 
c9c12c1

5 

α-linolenic 
acid 

0.61±.000 
0.38±
0.02 

62.3
8 

n.d.  n.d. n.d.  n.d.  1.18±0.01 
0.41±
0.03 

34.
61 

0.42±
0.05 

35.
79 

0.52±0.02 
0.35±
0.04 

67.
69 

n.d.  

C18:2 
t9t11 

CLA 
isomer 

3.01±0.01 
1.56±
0.15 

51.9
9 

1.03±
0.05 

34.
23 

0.63±0.10 
0.51±
0.04 

81.7
5 

n.d.  n.d. n.d.  n.d.  1.23±0.31 
1.24±
0.12 

100
.92 

n.d.  
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C20:5 n-
3 

EPA n.d. n.d.  n.d.  n.d. n.d.  n.d.  
13.01±0.4

3 
1.43±
0.20 

11.
03 

1.64±
0.43 

12.
59 

n.d. n.d.  n.d.  

C18:3 
c9t11c13 

Punicic 
acid 

n.d. n.d.  n.d.  6.03±0.37 
0.74±
0.02 

12.2
3 

n.d.  n.d. n.d.  n.d.  
31.88±0.7

2 
3.27±
0.09 

10.
25 

n.d.  

c18:3 
c9t11t13 

α-
eleosteari

c acid 
n.d. n.d.  n.d.  1.50±0.05 

0.36±
0.02 

23.6
5 

n.d.  n.d. n.d.  n.d.  5.32±0.06 
1.13±
0.20 

21.
24 

  

C18:3 
t9t11c13 

Catalpic 
acid 

n.d. n.d.  n.d.  1.61±0.09 n.d.  n.d.  n.d. n.d.  n.d.  5.19±0.12 
1.08±
0.04 

20.
72 

  

C18:3 
t9t11t13 

β-
eleosteari

c acid 
n.d. n.d.  n.d.  n.d. n.d.  n.d.  n.d. n.d.  n.d.  7.62±0.16 

1.26±
0.05 

16.
53 

0.39±
0.03 

5.1
6 

C22:6 n-
3 

DHA n.d. n.d.  n.d.  n.d. n.d.  n.d.  6.44±0.50 
0.54±
0.08 

8.4
4 

0.55±
0.17 

8.5
2 

n.d. n.d.  n.d.  
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Table 6 - Transepithelial electrical resistance (TEER) measures (Ω·cm2) used to assess the cell layer integrity of the Caco-2/HT29 co-culture.  

Sample 0H 1H 3H 6H 

Positive control 1110 1030 954 881 

Negative control 370 169 180 184 

CLA capsules 
1 1012 890 830 774 

2 1090 950 877 864 

CLNA capsules 
(Xanthigen) 

1 884 789 671 700 

2 859 700 660 710 

Omega 3capsules 
1 1030 930 680 190 

2 1025 953 740 164 

Fish oil 
1 1142 1047 980 990 

2 1159 1070 1056 1055 

Pomegranate oil 
1 1035 745 570 555 

2 1061 630 515 555 
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Table 7 – Antioxidant acitivity of Pomegranate oil. Fish oil. CLA capsules. CLNA capsules (Xanthigen). Omega 3capsules using DPPH and ABTS radicals methods. The 

antioxidant activity is presented in mg of Trolox equivalente (TE)/ g of sample and µmol TE/g of sample. a.b Different superscript letters within a row for significant 

differences (p < 0.05). 

Samples 
DPPH ABTS 

mg TE/g of sample µmol TE/g of sample mg TE/g of sample µmol TE/g of sample 

Pomegranate oil 
Original 1.48±0.12 5.93±0.47a 0.74±0.08 4.60±0.40a 

Digested 1.02±0.16 4.09±0.66b 2.89±0.20 2.21±0.19b 

Fish oil 
Original 1.03±0.14 4.11±0.55a 1.15±0.10 2.97±0.31b 

Digested 1.20±0.08 4.79±0.33a 0.55±0.05 11.55±0.79a 

CLA capsules 
Original 0.16±0.03 0.42±0.02b 0.23±0.02 0.94±0.09b 

Digested 0.14±0.03 0.57±0.14a 0.97±0.14 4.13±0.29a 

CLNA capsules 
Original 0.07±0.001 1.15±0.015a 1.83±0.09 7.30±0.38a 

Digested 0.05±0.004 0.83±0.06b 1.31±0.08 5.24±0.10b 

Omega 3capsules 
Original 1.23±0.04 4.93±0.17a 1.19±0.04 4.74±0.14a 

Digested 0.66±0.03 2.65±0.10b 0.90±0.10 3.60±0.39b 
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