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Abstract

:

The present study analyzed the transepithelial transport of the dietary anti-inflammatory peptide, γ-glutamyl valine (γ-EV). γ-EV is naturally found in dry edible beans. Our previous study demonstrated the anti-inflammatory potency of γ-EV against vascular inflammation at a concentration of 1mM, and that it can transport with the apparent permeability coefficient (Papp) of 1.56 × 10−6 ± 0.7 × 10−6 cm/s across the intestinal Caco-2 cells. The purpose of the current study was to explore whether the permeability of the peptide could be enhanced and to elucidate the mechanism of transport of γ-EV across Caco-2 cells. The initial results indicated that γ-EV was nontoxic to the Caco-2 cells up to 5 mM concentration and could be transported across the intestinal cells intact. During apical-to-basolateral transport, a higher peptide dose (5 mM) significantly (p < 0.01) enhanced the transport rate to 2.5 × 10−6 ± 0.6 × 10−6 cm/s. Cytochalasin-D disintegrated the tight-junction proteins of the Caco-2 monolayer and increased the Papp of γ-EV to 4.36 × 10−6 ± 0.16 × 10−6 cm/s (p < 0.001), while theaflavin 3′-gallate and Gly-Sar significantly decreased the Papp (p < 0.05), with wortmannin having no effects on the peptide transport, indicating that the transport route of γ-EV could be via both PepT1-mediated and paracellular.
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1. Introduction


Dietary bioactive peptides have been shown to exhibit numerous health-modulating, beneficial biological activities, such as anti-inflammatory, antioxidant, antihypertensive, immunomodulatory, anticancer, and antithrombotic activities [1]. However, to exert such health-beneficial activities, these food-derived bioactive peptides must overcome two critical physiological barriers in order to be absorbed in the blood circulation intact. The first barrier is to survive the extensive hydrolysis in the gastrointestinal tract (GIT), and the second is to overcome the permeability across the intestinal epithelium [2]. A monolayer of human intestinal carcinoma-derived cell line, Caco-2, is generally used for transport and permeability studies of various drugs and peptides across the intestinal epithelium, as it mimics the human GIT in terms of the microvilli structure, tight junctions, and overall biological functions [3,4].



Bioactive peptides may range from 2 to 20 amino acid residues, and their transepithelial transport route depends upon their overall charge, molecular mass, hydrophobicity, and tendency to aggregate [5]. Numerous studies on the transport of food-derived bioactive peptides have been reported, and they may all have different transport mechanisms. The three main routes of peptide transport across the intestinal cells include: (i) the passive paracellular transport (via the tight junctions of the intestinal cells); (ii) transporter-mediated active transport, via the PepT1 transporter, particularly for di- and tripeptides; and (iii) transcytosis, which involves the endocytotic uptake of the peptide, vesicular transport within the cell, and basolateral secretion [6]. These routes of transepithelial transport were investigated using selective inhibitors or modulators for each of these specific routes. For instance, for the investigation of the paracellular pathway, transport was carried out in the presence of compounds such as cytochalasin D, which disrupted the tight junctions by modifying the cytoskeletal structure [7]. On the other hand, theaflavins enhanced the intestinal barrier by expressing more tight-junction proteins. Similarly, the compound glycyl-sarcosine (Gly-Sar) is a competitive inhibitor of the PepT1 transporter due to its higher affinity (lower Km or Michaelis constant) for the transporter [8]. Finally, wortmannin is a specific noncompetitive and irreversible inhibitor of the phosphatidylinositol-3-kinase, and thus an inhibitor of transcytosis [9].



γ-glutamyl valine (γ-EV) is a naturally occurring bioactive dipeptide that is primarily found in foods such as legumes (i.e., common beans, soybeans, black gram), garlic, onions, cheese, and other fermented foods [10]. γ-EV has been characterized as an anti-inflammatory peptide, as it had previously been demonstrated to exhibit in vitro anti-inflammatory activities against vascular [11], gastrointestinal [12], and adipocyte [13] inflammation. The peptide had also shown in vivo anti-inflammatory effects in dextran sodium sulfate-induced mouse [12] and porcine models of colitis [14] and in lipopolysaccharide-induced mouse model of sepsis [15]. Despite these in vivo anti-inflammatory studies being present, none of them clearly acknowledged the mechanism of absorption of γ-EV across the intestinal layer. Our previous study evaluated the in vitro transport efficiency of the γ-EV peptide across the intestinal Caco-2 monolayer, and reported the apparent permeability (Papp) of γ-EV to be 1.56 × 10−6 cm/s [11]. The Papp value of γ-EV was found comparable to other dietary bioactive peptides, which were evaluated in both in vitro and in vivo studies [5,16,17,18]. Thus, the present study investigates how the current Papp of γ-EV could be improved and elucidates the mechanisms of transport of γ-EV across the Caco-2 monolayer as a useful model to explore the peptide transport.




2. Materials and Methods


2.1. Chemicals


The γ-EV peptide was synthesized chemically (purity >98%) through GenScript Inc., Piscataway, NJ, USA. All the chemicals used for the transport mechanism study were obtained from Millipore Sigma, Burlington, MA, USA: theaflavin 3′-gallate (#PHL83343), wortmannin (#W1628), cytochalasin D (#C8273), Gly-Sar (#G3127), 4′,6-Diamidino-2-phenylindole (DAPI) (#D9542), paraformaldehyde (#158127), Triton X-100 (#T8787), bovine serum albumin (BSA) (A2153), 4-(2-Hydroxyethyl) piperazine-1-ethanesulfonic acid (HEPES) (H4034), and 4-Morpholineethanesulfonic acid (MES) (M3671). The primary antibodies used in immunofluorescence (IF) and Western immunoblotting (WB) were as follows: anti-zonula occludens-1 (ZO-1, 1:20 (IF) and 1:200 (WB) dilutions) (Invitrogen, #61-7300), anti-claudin-1 (Invitrogen, #37-4900, 1:50 (IF) and 1:100 (WB) dilutions), anti-occludin (Invitrogen, #33-1500, 1:50 (IF) and 1:200 (WB) dilutions), and anti-β-actin (Sigma, #A5316, 1:5000 dilution). The secondary antibodies used for the Western immunoblotting experiments were IRDye 800RD goat anti-rabbit antibody (Li-Cor, #926-32211, 1:10,000 dilution) and IRDye 680RD goat anti-mouse antibody (Li-Cor, #926-68070, 1:10,000 dilution). The secondary antibodies used for the immunofluorescence experiments were goat anti-rabbit (Alexa Fluor 488) (Abcam, #ab150077, 1:500 dilution) and goat anti-mouse (Alexa Fluor 594) (Abcam, #ab150116, 1:500 dilution).




2.2. Caco-2 Cell Culture


Caco-2 (ATCC® HTB-37™) cells, at a passage number between 24–26, were used for the experiments. Eagle’s Minimum Essential Medium (EMEM) (ATCC® 30-200) with 20% fetal bovine serum (FBS) (Gibco, #10-437-028) and 1% penicillin-streptomycin (Pen-Strep) (10,000 U/mL) (Gibco, #15140122) was used for the proliferation of Caco-2 cells. The cells were kept in a humidified environment at 37 °C and 5% CO2. Caco-2 cells were proliferated until they were 80% confluent, with media being replaced with fresh media every other day, followed by sub-culturing onto 12 mm Transwell inserts with 0.4 μm pore polyester membrane (Corning, #3460) (50,000 cells/insert) for the transport experiments.




2.3. Cell Viability Assay


A clear-bottom 96-well black plate (VWR, #29444-008) was seeded with Caco-2 cells (40,000 cells/well) and grown for 15 days in EMEM media (20% FBS and 1% Pen-Strep) to achieve differentiation of the cells. The MTT assay kit (Abcam, #ab211091) was used to test the cell-viability assay following the manufacturer’s guidelines, as described in the earlier study [11]. For the time-course study, a concentration of 1 mM γ-EV was used for determining the cell toxicity, by incubating it on the Caco-2 cells for 2, 4, and 6 h. For the dose study, the cell toxicity of γ-EV was tested for different doses, such as 2.5, 3, 4, 5, and 10 mM, after incubating the peptide on the cells for 2 h. After the treatment period, the cell media was discarded and replaced with a mixture of 50 μL of the MTT reagent and 50 μL of serum-free EMEM media. After the incubation period of 3 h at 37 °C, the MTT-supplemented media was replaced with 150 μL of MTT solvent. Following that, the plates were incubated on an orbital shaker (200 rpm, 37 °C) (MaxQ 4450, Thermo Fischer Scientific, Waltham, MA, USA) for 15 min, in dark, after which the absorbance of the plate was read at 590 nm (Synergy H1 microplate reader, BioTek, Winooski, VT, USA). The background control readings were subtracted from each of the wells and the cell-viability percentage (%) was calculated using the formula cell viability % = (sample/control) × 100, where the control was cells with no γ-EV treatment, and the sample was the γ-EV treated cells.




2.4. Transport Assay


In order to determine whether the current Papp of γ-EV could be improved, two sets of transport experiments were performed: first, with varying the time of γ-EV incubation; and second, with varying the dose of γ-EV. The transport studies were performed as described in an earlier study [11]. Briefly, for both experiments, Caco-2 cells were grown onto the 12-well Transwell inserts (50,000 cells/insert) for 21 days, and the media was changed every other day. The apical side contained 0.5 mL of media, while the basal side of the inserts contained 1.5 mL of media. The transepithelial electrical resistance (TEER) values of the inserts were measured on the alternate days continuously for 21 days using EVOM2 paired with STX2 chopstick electrodes (World Precision Instruments, Sarasota, FL, USA). Caco-2 cells containing wells with EMEM growth medium with a TEER value greater than or equal to 400 Ωcm2 were selected for the transport experiments. The TEER values greater than 260 ± 65 Ωcm2 are generally recommended for the transport study [4]. On the 21st day, the EMEM media was removed and the warm Hank’s Balanced Salt Solution (HBSS) (Gibco, #14025076) was used to wash the cells. The apical layer was then replaced with HBSS at a pH of 6.5 (pH adjusted with 10 mM MES), while the basal layer was replaced with HBSS at a pH of 7.4 (pH adjusted with 25 mM HEPES). The cells were kept for 15 min at 37 °C and 5% CO2, after which the TEER values were measured again before the start of the experiment.



For the time-course study, 1 mM γ-EV dissolved in 0.5 mL of HBSS (pH 6.5) was replaced in the apical layer of the inserts with the basolateral layer still containing 1.5 mL HBSS at pH 7.4. The plate was incubated at 37 °C (MaxQ 4450, Thermo Fischer Scientific, Bedford, MA, USA) on an orbital shaker (200 rpm) for 2, 4, and 6 h. At the end of each time point, the apical and basal layer solutions were collected, and the amount of γ-EV transported was analyzed via liquid chromatography coupled with tandem mass spectrometry (LC-MS/MS). A similar approach was used for the variable dose study, where instead of using 1 mM, two higher doses of γ-EV (2.5 mM and 5 mM) were dissolved in 0.5 mL HBSS (pH 6.5) and replaced in the apical layer of the inserts. In this case, the plate was incubated at 37 °C for 2 h on an orbital shaker, after which the apical and basal layer solutions were collected and analyzed by LC-MS/MS. The Papp of the peptide was calculated by the following formula: Papp = (dQ/dt) (1/AC0), where dQ/dt is the transport rate (μmol/Ls), A is the surface area of the inserts, and C0 is the initial concentration of the peptide concentration on the apical side (μmol/L).



In all the cases, after collecting the solutions, the Caco-2 cells were also harvested from the inserts using 80 μL of RIPA lysis and extraction buffer (Thermo Scientific, #89900) for the analysis of the tight-junction proteins through Western immunoblotting.




2.5. Transport-Mechanism Assay


The route of transport of γ-EV across Caco-2 monolayer cells was determined using 1 mM γ-EV transported for 2 h, following the same protocol as mentioned in Section 2.4. However, in this case, four transport inhibitors were used prior to γ-EV addition in the apical layer, to elucidate the mechanism of transport. Theaflavin 3′-gallate (TF3′G) (20 μM), a cell tight-junction enhancer, was added to the EMEM growth medium 24 h before the experiment. Wortmannin (a transcytosis inhibitor, 1 μM), cytochalasin D (a cell tight-junction disruptor, 0.5 μg/mL), and Gly-Sar (PepT1 transporter inhibitor, 25 mM) were added 30 min before γ-EV addition in the HBSS buffer (pH 6.5). After the treatment was over, the apical and basal layers were collected, and the concentration of γ-EV was analyzed and represented via Papp. For this study, some of the replicate inserts were used for harvesting the Caco-2 cells for analyzing the tight-junction proteins via Western immunoblotting, while some of the inserts were used for visualizing the tight-junction proteins through immunofluorescence.




2.6. Western Immunoblotting


The Caco-2 cell lysates were mixed with 2×Laemmli buffer to load 30 μg protein into each well of a 4−20% gradient gel (Biorad, #4561096), and Western immunoblotting was performed as described earlier [11]. The proteins were separated by sodium dodecyl sulfate−polyacrylamide gel electrophoresis (SDS-PAGE), after which they were transferred onto a nitrocellulose membrane (Bio-Rad, Hercules, CA, USA). After the transfer, the membranes were blocked for 1.5 h using the Odyssey blocking buffer in TBS (Li-Cor, #927-50000), after which they were incubated overnight at 4 °C with the desired antibodies and diluted in Odyssey blocking buffer at their recommended dilutions (as mentioned in Section 2.1). The next day, the membranes were washed (x3) with Tris-Buffered Saline, 0.1% Tween 20 (TBST) and incubated with the secondary antibodies (IRDye 680RD goat anti-mouse IgG and/or IRDye 800CW goat antirabbit IgG) at room temperature for 1 h in dark. The membranes were again washed (x2) with TBTS, and the proteins bands were detected via red and green fluorescent channels through the Odyssey CLx imaging system (Li-Cor Biosciences). Densitometrical quantification was done for the protein expression using the Image Studio software from Li-Cor, and β-actin expression was used as a loading control to normalize each blot.




2.7. Immunofluorescence


Once apical layer solutions were collected, the Caco-2 monolayer cells on the inserts were washed immediately with warm phosphate buffered saline (PBS), and cells were not allowed to dry from this point on. For fixation, 250 μL of 4% paraformaldehyde (PFA) (dissolved in warm PBS) was added onto the cells for 20 min at room temperature. The PFA was then discarded, and the cells were washed gently with PBS, 3 times for 5 min each, on a rocker. Following that, 250 μL of permeabilizing buffer (0.1% Triton X-100 in PBS) was added to each insert for 5 min at room temperature. After incubation, the buffer was removed and the cells were again washed with PBS, 3 times for 5 min each. Next, 250 μL of blocking buffer (1% BSA in PBS) was added to each well and kept for 60 min at room temperature on a rocker. After blocking, the buffer was removed and washed 3 times with PBS, and then 250 μL of the desired primary antibody solution (in 0.1% BSA in PBS) was added to each well. The plate was sealed and stored at 4 °C overnight. The next day, the primary antibody solution was removed, and the cells were washed 3 times with PBS, after which 250 μL of the respective secondary antibody solution (1:500 dissolved in 1% BSA in PBS) was added to the inserts for 60 min at room temperature and in dark conditions. After 60 min, the secondary antibody was removed and the cells were washed with PBS 3 times, and then 250 μL of the nuclear stain DAPI (1:10,000 in 0.1% BSA in PBS) was added to the inserts for exactly 10 min. After DAPI incubation was over, the cells were washed with PBS 3 times and the plate was covered to protect it from light, and the images were captured via EVOS Cell Imaging Systems (Thermo Fischer Scientific, Bedford, MA, USA).




2.8. Liquid Chromatography-Mass Spectrometry/Mass Spectrometry (LC-MS/MS)


LC-MS/MS was used to detect the γ-EV content after the transport study. The instrument used was the Shimadzu LC system (Nexera X2, Columbia, MD, USA), interfaced with a Sciex QTRAP 6500+ mass spectrometer (Redwood City, CA, USA), equipped with a TurboIonSpray (TIS) electrospray ion source (ESI). The LC separation was achieved with an Agilent Eclipse XDB-C18 (3.5 μm, 100 × 3.0 mm, Santa Clara, CA, USA) at a flow rate of 0.5 mL/min. The mobile phases and gradient used were as previously described [11]. Analyst software (version 1.6.3, Redwood City, CA, USA) was used for the sample acquisition control and data analysis. The manufacturer’s recommendations were used for tuning and calibration of the SCIEX QTRAP 6500+ mass spectrometer. The parameters for the ESI operation were as follows: 5500 V ion spray voltage; 500 °C source temperature; ion source gas 1, gas 2, and curtain gas, as 50, 50, and 25, respectively; and collision gas, high. The multiple reaction monitoring (MRM) transitions and the compound settings were previously optimized and described in [11]. An external standard curve, containing different concentrations of the peptide (γ-EV diluted in water), was prepared for the absolute quantification of the peptide. The standards were run alongside the samples (γ-EV in HBSS buffer) in triplicate. The linear range of the standard curve was from 0.016 to 10 μM, with a linear regression slope R2 of 1 with a CV of <8% for all the dilution points.




2.9. Statistical Analysis


Multiple groups were analyzed using Tukey’s multiple comparison test, following a one-way analysis of variance (ANOVA) using GraphPad Prism software (version 8.0.2, San Diego, CA, USA). Before the ANOVA analysis, each data set was analyzed via the D’Agostino–Pearson test to confirm the normal distribution. Data were presented as ± standard deviation (SD) of the mean, and differences were considered statistically significant with p < 0.05.





3. Results


3.1. Cytotoxicity in Caco-2 Cells


The MTT cell viability assay demonstrated that γ-EV at a concentration of 1 mM was not toxic to the Caco-2 cells, even after prolonged exposures of 4 and 6 h (Figure 1A). Similarly, it was found that γ-EV, at concentrations up to 5 mM, was not toxic to the Caco-2 cells when exposed for 2 h. However, at a 10 mM concentration, the survival rate dropped to 21% after 2 h (Figure 1B). Therefore, for the variable-dose study, the optimal concentrations of 2.5 and 5 mM were used.




3.2. Transepithelial Transport of γ-EV across Caco-2 Monolayer Cells


To determine whether the current Papp of 1 mM γ-EV, i.e., 1.56 × 10−6 ± 0.7 × 10−6 cm/s (reported in our previous study [11]), could be improved or not, a prolonged exposure of 1 mM γ-EV was used for the transepithelial transport across Caco-2 monolayer cells. As depicted in Figure 2A, the peptide remained stable and intact in the apical layer for up to 6 h (Figure S1A,B). It was found that the total concentration of the γ-EV peptide significantly increased in the basolateral region over periods of 4 (p < 0.01) and 6 h (p < 0.001) as compared to 2 h (Figure 2B); however, the calculated Papp values for each of the time points showed that 2 h (1.56 × 10−6 ± 0.7 × 10−6 cm/s) had a significantly higher Papp value (p < 0.01) as compared to 4 h (6.78 × 10−7 ± 0.56 × 10−7 cm/s) and 6 h (7.46 × 10−7 ± 0.8 × 10−7 cm/s) (Figure 2C). This was probably due to the fact that although the peptide concentration was increasing over time and 6 h had the highest concentration of γ-EV, the rate of transport was the highest until 2 h, after which the rate began decreasing as the time progressed. Furthermore, the expression levels of the tight-junction proteins ZO-1, occludin, and claudin-1 were analyzed after the prolonged transport, and no significant differences were found among the expression levels of these proteins across the different time points, suggesting that the tight-junction barrier and stability were not altered due to the transport (Figure S2).



Similarly, the effect of higher doses, i.e., 2.5 and 5 mM, on the Papp of γ-EV was analyzed over a period of 2 h. For 2.5 and 5 mM doses, the concentration of the peptide was significantly higher than for the 1 mM dose in both apical and basal layers after 2 h (Figure 3A,B). Furthermore, it was also found that the Papp value of 5 mM (2.49 × 10−6 ± 0.6 × 10−6 cm/s) was significantly increased (p < 0.01) as compared to the 1 mM dose, while 2.5 mM did not have a significant change in the rate of transport (Figure 3C). This suggested that the flux rate was concentration dependent. Furthermore, analysis of the tight-junction proteins revealed that ZO-1 and claudin expressions were not affected by the increase in dosage; however, in case of occludin, there was a significant decrease (p < 0.05) in expression for the 5 mM dosage as compared to 1 mM, suggesting that the higher peptide dose might modulate the tight-junction proteins (Figure S3).




3.3. Mechanism of γ-EV Transport across the Caco-2 Monolayer


To investigate the route of transepithelial transport of γ-EV across Caco-2 cells, several inhibitors were used, such as wortmannin, TF3′G, cytochalasin D, and Gly-Sar. As seen in Figure 4A, the addition of 1 μM wortmannin had no significant difference in the Papp of γ-EV as compared to the control (without any inhibitor), suggesting that the transport was not through the transcytosis pathway.



Pretreatment of the Caco-2 cells with TF3′G (20 μM), a tight-junction enhancer, significantly decreased (p < 0.05) the Papp of γ-EV, to 8.75 × 10−7 ± 1.15 × 10−7 cm/s, when compared to the control (Figure 5A), suggesting that a passive paracellular route via tight junctions might be involved (Figure 5B). With the pretreatment of 20 μM TF3′G for 24 h, we observed a 44% reduction in γ-EV transport, which was in accordance with other studies reported in the literature using the same dose, such as the peptides LKP (reduced by 44%) and IQW (reduced by 45%) [19]. Furthermore, use of cytochalasin D (0.5 μg/mL), a tight-junction disrupter, significantly increased (p < 0.001) the transport of γ-EV by 64% (Figure 5C), which reinstated the role of tight junctions in the mechanism of transport (Figure 5D). The dose used was again in accordance with the literature; for instance, in the cases of the peptides HLPLP [20], VGPV [21], and GPRGF [21], pretreatment of 0.5 μg/mL cytochalasin D also increased the peptide transport by 65% across Caco-2 cells.



In addition, it was also found that pretreatment with Gly-Sar (25 mM), which is a specific PepT1 inhibitor, also significantly decreased the Papp of γ-EV to 7.98 × 10−7 ± 0.93 × 10−7 cm/s (p < 0.05), or by 48% as compared to the control, suggesting that the transport was also PepT1-mediated (Figure 6A). Similar results were also found in the literature for other bioactive peptides, such as the egg-derived antihypertensive peptide IRW, for which pretreatment of 25 mM of Gly-Sar reduced the transport by 44% [22]. Additionally, to confirm the two routes of transport, i.e., paracellular and PepT1, pretreatment of Caco-2 cells with both TF3′G and Gly-Sar together, at their respective concentrations, showed that the transport was further reduced by 56.41% (Figure 6C). However, the γ-EV transport was not completely abolished, suggesting that the PepT1 inhibitor was probably not 100% effective, and that using a PepT1 knock-out cell model could be more effective. Additionally, the tight-junction enhancer also had its own limitations, and thus the peptide transport was not completely attenuated. Furthermore, no significant differences were found in the tight-junction proteins among different treatment groups, suggesting that the use of chemical inhibitors did not interfere with the tight-junction barrier or stability (Figure S4). In sum, it was found that γ-EV was able to transport across the Caco-2 monolayer via two pathways, i.e., via the paracellular pathway, as well as through the PepT1 transporter.





4. Discussion


The current study is a follow-up study of our previous work, which established the efficacy of γ-EV for its anti-inflammatory activity against vascular inflammation at 1 mM dosage, and also investigated the Papp of the peptide for the same dose [11]. The present study, however, aimed to analyze methods to increase the Papp of the peptide, as well as to elucidate the mechanism of transport of the peptide across the intestinal cells. Our study showed that 1 mM γ-EV can transport across the Caco-2 cells over a prolonged period of time, i.e., up to 6 h, without becoming degraded. After 4 and 6 h of transport, the basolateral layers had intact γ-EV, without any fragmentation (Figure S5A,B), which is in accordance with the fact that γ-glutamyl peptides are generally resistant to degradation, for instance by the brush border peptidases, due to the presence of the unusual γ-bond. This is an important factor to consider, as γ-EV must cross the intestinal epithelium intact to exert its anti-inflammatory bioactivity on various cells. Additionally, it was also observed that despite a continuous transport of the peptide across the monolayer cells for 6 h, the rate of transport was the maximum in the initial 2 h, after which the transport slowed down, probably because of saturation of the transporter protein [5]. Furthermore, the peptide transport was found to be concentration-dependent because a higher γ-EV dose of 5 mM significantly increased the rate of transport. This phenomenon, along with a slight decrease in the occludin tight-junction protein (p < 0.05) for the 5 mM dose (Figure S3B), suggested the fact that the transport also was possibly paracellular as well, as it involved the tight-junction proteins.



In general, there are three main transport routes across Caco-2 cells: transcytosis, paracellular, and transporter-mediated. Wortmannin, an inhibitor of phosphoinositide 3-kinase, inhibits the endocytosis pathway. Since use of wortmannin did not alter the transport of γ-EV (Figure 4), this suggested it was not the route of transport. Studies have reported that transcytosis is actually tended by larger peptides, such as bradykinin [17], cationic peptide [23], β-casein [17], and YPFPG [6]. While transcytosis pathway is mainly used by hydrophobic peptides, low-molecular weight and water-soluble substances generally cross the intestinal membrane via the paracellular pathway [24]. This is because the transport is mediated mainly by the tight-junction proteins, which form a pore with a diameter of 0.4–0.9 nm in the villi and 5–6 nm in the crypts of the intestinal membrane [25]. In our study, the role of paracellular transport was confirmed with the use of TF3′G, an epithelial barrier enhancer that enhances the expression of adenosine monophosphate (AMP)-activated protein kinase mediated ZO-1, claudin-1, and occludin [26]. The transport of γ-EV was significantly decreased in the presence of TF3′G, which described the route to be paracellular (Figure 5). It has been demonstrated that the paracellular pathway is the most common route of transport for many bioactive peptides, such as VPP [27], VLPVP [28], RVPSL [18], HLPLP [20], and GPRGF [21]. In our study, γ-EV also was shown to be transported through the PepT1 transporter (Figure 6), which is consistent with previous reports suggesting that most di- and tripeptides are transported through PepT1. Many bioactive peptides, such as YPI [18], IPP [29], IQW [19], LSW [16], and IRW [22], have been reported to be transported via both the paracellular and PepT1 routes, while some peptides are transported via both the paracellular and transcytosis routes. However, so far the existing literature evidence does not support the transport of a dietary bioactive peptide via both transcytosis and PepT1, nor any peptide that transports via all three pathways. This is probably related to the lipid membrane or energy dependence, and further research is required to clarify the understanding [5].



Earlier studies have shown that at lower peptide concentrations (≤Km), the transporter PepT1 is the primary contributor to the total transport rate for the peptides; however, paracellular transport is mostly concentration-dependent. As the concentration increases, the role of paracellular transport becomes more evident. This is because the PepT1 transporter becomes saturated at Vmax, and any further increases in the total peptide transport correspond to the passive transport [5]. This could potentially be the reason for the enhanced rate of transport of γ-EV in the initial 2 h. Furthermore, our study also suggested that the expression of tight-junction proteins was not altered at concentrations of 1 and 2.5 mM, but a decrease in occludin expression was observed in the case of 5 mM (Figure S3). The transport of γ-EV had a Papp in the range of 1.5–2.5 × 10−6 cm/s, depending on the concentration, which was comparable to other bioactive peptides reported in the literature [30]. As previously reported, bioactive peptide transport across the Caco-2 monolayer usually is in the range of 1.0 × 10−7 to 10 × 10−7 cm/s [5,16,19,24,31,32], and this is similar to any other bioactive food components, such as flavonoids, catechins, and anthocyanins [33,34]. In addition to Caco-2 being a good experimental model in terms of simulating the human intestinal membrane, it has its disadvantages as well. One such disadvantage is the lower expression of uptake transporters as compared to the human intestine, and thus the peptide permeability through Caco-2 may not be an accurate representation of the actual transport through the human intestinal membrane [21,24]. Although the permeabilities of bioactive peptides are generally low (mainly less than 1%) [35], many peptides have still exerted their bioactivities in vivo, after being absorbed in the bloodstream [36,37,38].




5. Conclusions


The anti-inflammatory γ-glutamyl dipeptide, γ-EV, was not toxic to the intestinal epithelial Caco-2 cells up to a concentration of 5 mM, and the peptide could be transported intact across the epithelial monolayer without becoming degraded by peptidases present on the apical surface of the intestinal cells. A higher peptide dose of up to 5 mM was found to be safe and enhanced the permeability of the peptide across the intestinal membrane; however, it was shown to modulate the structural tight-junction protein, so future investigation is required to decipher the long-term effect of γ-EV on intestinal tight-junction proteins. Furthermore, the route of transport of γ-EV across the intestinal monolayer was found to be via the PepT1 and paracellular pathways. Future studies are required to explore the in vivo bioavailability of γ-EV; however, the current findings highlight the potential of the application of γ-EV in the formulation of nutraceuticals or functional foods.








Supplementary Materials


The following are available online at https://www.mdpi.com/article/10.3390/nu13051448/s1, Figure S1: Stability of γ-EV during transport through the Caco-2 monolayer cells, Figure S2: Western immunoblotting of the tight junction proteins for the time-dependent transport study of γ-EV, Figure S3: Western immunoblotting of the tight junction proteins for the dose-dependent transport study of γ-EV, Figure S4: Western immunoblotting of the tight junction proteins for the mechanism of transport study of γ-EV.





Author Contributions


Visualization, methodology, investigation, formal analysis, data curation, validation, writing—original draft, S.G.; methodology, investigation, validation, S.A.; conceptualization, resources, visualization, supervision, project administration, manuscript editing, funding acquisition, K.M. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the University of Nebraska Collaboration Initiative, System Science Seed Grant; support from a pilot grant from the Nebraska Center for the Prevention of Obesity Diseases through Dietary Molecules (NPOD) funded by the National Institutes of Health (NIH) P20GM104320; and the Layman Seed award from the University of Nebraska Office of Research and Economic Development to KM. The 6500+ QTRAP LC-MS/MS platform was funded by the Nebraska Research Initiative.




Data Availability Statement


The data presented in this study are openly available in FigShare at https://doi.org/10.6084/m9.figshare.14466414.v1 (accessed on 23 April 2021), https://doi.org/10.6084/m9.figshare.14471238.v1 (accessed on 23 April 2021), and https://doi.org/10.6084/m9.figshare.14466417.v1 (accessed on 23 April 2021).




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Hartmann, R.; Meisel, H. Food-derived peptides with biological activity: From research to food applications. Curr. Opin. Biotechnol. 2007, 18, 163–169. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, H.; Duan, Y.; Feng, Y.; Wang, J. Transepithelial transport characteristics of the cholesterol- Lowing soybean peptide, WGAPSL, in Caco-2 cell monolayers. Molecules 2019, 24, 2843. [Google Scholar] [CrossRef] [PubMed]

	



Hilgers, A.R.; Conradi, R.A.; Burton, P.S. Caco-2 Cell Monolayers as a Model for Drug Transport Across the Intestinal Mucosa. Pharm. Res. 1990, 7, 902–910. [Google Scholar] [CrossRef] [PubMed]

	



Hubatsch, I.; E Ragnarsson, E.G.; Artursson, P. Determination of drug permeability and prediction of drug absorption in Caco-2 monolayers. Nat. Protoc. 2007, 2, 2111–2119. [Google Scholar] [CrossRef] [PubMed]

	



Xu, Q.; Hong, H.; Wu, J.; Yan, X. Bioavailability of bioactive peptides derived from food proteins across the intestinal epithelial membrane: A review. Trends Food Sci. Technol. 2019, 86, 399–411. [Google Scholar] [CrossRef]

	



Vij, R.; Reddi, S.; Kapila, S.; Kapila, R. Transepithelial transport of milk derived bioactive peptide VLPVPQK. Food Chem. 2016, 190, 681–688. [Google Scholar] [CrossRef]

	



Madara, J.L.; Barenberg, D.; Carlson, S. Effects of cytochalasin D on occluding junctions of intestinal absorptive cells: Further evidence that the cytoskeleton may influence paracellular permeability and junctional charge selectivity. J. Cell Biol. 1986, 102, 2125–2136. [Google Scholar] [CrossRef] [PubMed]

	



Fei, Y.; Kanai, Y.; Nussberger, S.; Ganapathyt, V.; Leibacht, F.H.; Romero, M.F.; Singh, S.K.; Boron, W.F. Expression cloning of a mammalian proton-coupled oligopeptide transporter. Nature 1994, 1500, 1497–1500. [Google Scholar] [CrossRef]

	



Hansen, S.H.; Olsson, A.; Casanova, J.E. Wortmannin, an inhibitor of phosphoinositide 3-kinase, inhibits transcytosis in polarized epithelial cells. J. Biol. Chem. 1995, 270, 28425–28432. [Google Scholar] [CrossRef] [PubMed]

	



Yang, J.; Bai, W.; Zeng, X.; Cui, C. Gamma glutamyl peptides: The food source, enzymatic synthesis, kokumi-active and the potential functional properties – A review. Trends Food Sci. Technol. 2019, 91, 339–346. [Google Scholar] [CrossRef]

	



Guha, S.; Paul, C.; Alvarez, S.; Mine, Y.; Majumder, K. Dietary γ-glutamyl valine (γ-EV) ameliorates TNF-α induced vascular inflammation via endothelial calcium-sensing receptor (CaSR). J. Agric. Food Chem. 2020, 68, 9139–9149. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, H.; Kovacs-Nolan, J.; Kodera, T.; Eto, Y.; Mine, Y. γ-Glutamyl cysteine and γ-glutamyl valine inhibit TNF-α signaling in intestinal epithelial cells and reduce inflammation in a mouse model of colitis via allosteric activation of the calcium-sensing receptor. Biochim. Biophys. Acta - Mol. Basis Dis. 2015, 1852, 792–804. [Google Scholar] [CrossRef] [PubMed]

	



Xing, L.; Zhang, H.; Majumder, K.; Zhang, W.; Mine, Y. γ-Glutamylvaline prevents low-grade chronic inflammation via activation of a calcium-sensing receptor pathway in 3T3-L1Mouse adipocytes. J. Agric. Food Chem. 2019, 67, 8361–8369. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, H.; Kodera, T.; Eto, Y.; Mine, Y. γ-Glutamyl valine supplementation-induced mitigation of gut inflammation in a porcine model of colitis. J. Funct. Foods 2016, 24, 558–567. [Google Scholar] [CrossRef]

	



Chee, M.E.; Majumder, K.; Mine, Y. Intervention of Dietary Dipeptide Gamma-l-Glutamyl-l-Valine (γ-EV) Ameliorates Inflammatory Response in a Mouse Model of LPS-Induced Sepsis. J. Agric. Food Chem. 2017, 65, 5953–5960. [Google Scholar] [CrossRef] [PubMed]

	



Lin, Q.; Xu, Q.; Bai, J.; Wu, W.; Hong, H.; Wu, J. Transport of soybean protein-derived antihypertensive peptide LSW across Caco-2 monolayers. J. Funct. Foods 2017, 39, 96–102. [Google Scholar] [CrossRef]

	



Regazzo, D.; Mollé, D.; Gabai, G.; Tomé, D.; Dupont, D.; Leonil, J.; Boutrou, R. The (193–209) 17-residues peptide of bovine β-casein is transported through caco-2 monolayer. Mol. Nutr. Food Res. 2010, 54, 1428–1435. [Google Scholar] [CrossRef]

	



Ding, L.; Wang, L.; Zhang, Y.; Liu, J. Transport of Antihypertensive Peptide RVPSL, Ovotransferrin 328-332, in Human Intestinal Caco-2 Cell Monolayers. J. Agric. Food Chem. 2015, 63, 8143–8150. [Google Scholar] [CrossRef] [PubMed]

	



Xu, Q.; Fan, H.; Yu, W.; Hong, H.; Wu, J. Transport Study of Egg-Derived Antihypertensive Peptides (LKP and IQW) Using Caco-2 and HT29 Coculture Monolayers. J. Agric. Food Chem. 2017, 65, 7406–7414. [Google Scholar] [CrossRef] [PubMed]

	



Quirós, A.; Dávalos, A.; Lasunción, M.A.; Ramos, M.; Recio, I. Bioavailability of the antihypertensive peptide LHLPLP: Transepithelial flux of HLPLP. Int. Dairy J. 2008, 18, 279–286. [Google Scholar] [CrossRef]

	



Fu, Y.; Young, J.F.; Rasmussen, M.K.; Dalsgaard, T.K.; Lametsch, R.; Aluko, R.E.; Therkildsen, M. Angiotensin I–converting enzyme–inhibitory peptides from bovine collagen: Insights into inhibitory mechanism and transepithelial transport. Food Res. Int. 2016, 89, 373–381. [Google Scholar] [CrossRef]

	



Bejjani, S.; Wu, J. Transport of IRW, an ovotransferrin-derived antihypertensive peptide, in human intestinal epithelial caco-2 cells. J. Agric. Food Chem. 2013, 61, 1487–1492. [Google Scholar] [CrossRef] [PubMed]

	



Sai, Y.; Kajita, M.; Tamai, I.; Kamata, M.; Wakama, J.; Tsuji, A. Intestinal Absorption of Fluorescence-derivatized Cationic Peptide 001-C8-NBD via Adsorptive-mediated Transcytosis. Bioorganic Med. Chem. 1998, 6, 841–848. [Google Scholar] [CrossRef]

	



Ding, L.; Zhang, Y.; Jiang, Y.; Wang, L.; Liu, B.; Liu, J. Transport of egg white ACE-inhibitory peptide, Gln-Ile-Gly-Leu-Phe, in human intestinal Caco-2 cell monolayers with cytoprotective effect. J. Agric. Food Chem. 2014, 62, 3177–3182. [Google Scholar] [CrossRef] [PubMed]

	



Miner-Williams, W.M.; Stevens, B.R.; Moughan, P.J. Are intact peptides absorbed from the healthy gut in the adult human? Nutr. Res. Rev. 2014, 27, 308–329. [Google Scholar] [CrossRef] [PubMed]

	



Park, H.-Y.; Kunitake, Y.; Hirasaki, N.; Tanaka, M.; Matsui, T. Theaflavins enhance intestinal barrier of Caco-2 Cell monolayers through the expression of AMP-actived protein kinase-mediated Occludin, Claudin-1, and ZO-1. Biosci. Biotechnol. Biochem. 2015, 79, 130–137. [Google Scholar] [CrossRef]

	



Satake, M.; Enjoh, M.; Nakamura, Y.; Takano, T.; Kawamura, Y.; Arai, S.; Shimizu, M. Transepithelial transport of the bioactive tripeptide, Val-Pro-Pro, in human intestinal Caco-2 cell monolayers. Biosci. Biotechnol. Biochem. 2002, 66, 378–384. [Google Scholar] [CrossRef]

	



Lei, L.; Sun, H.; Liu, D.; Liu, L.; Li, S. Transport of Val-Leu-Pro-Val-Pro in human intestinal epithelial (Caco-2) cell monolayers. J. Agric. Food Chem. 2008, 56, 3582–3586. [Google Scholar] [CrossRef]

	



Gleeson, J.P.; Brayden, D.J.; Ryan, S.M. Evaluation of PepT1 transport of food-derived antihypertensive peptides, Ile-Pro-Pro and Leu-Lys-Pro using in vitro, ex vivo and in vivo transport models. Eur. J. Pharm. Biopharm. 2017, 115, 276–284. [Google Scholar] [CrossRef] [PubMed]

	



Shen, W.; Matsui, T. Current knowledge of intestinal absorption of bioactive peptides. Food Funct. 2017, 8, 4306–4314. [Google Scholar] [CrossRef] [PubMed]

	



Fernández-Tomé, S.; Sanchón, J.; Recio, I.; Hernández-Ledesma, B. Transepithelial transport of lunasin and derived peptides: Inhibitory effects on the gastrointestinal cancer cells viability. J. Food Compos. Anal. 2018, 68, 101–110. [Google Scholar] [CrossRef]

	



Xu, F.; Zhang, J.; Wang, Z.; Yao, Y.; Atungulu, G.G.; Ju, X.; Wang, L. Absorption and Metabolism of Peptide WDHHAPQLR Derived from Rapeseed Protein and Inhibition of HUVEC Apoptosis under Oxidative Stress. J. Agric. Food Chem. 2018, 66, 5178–5189. [Google Scholar] [CrossRef]

	



Barrington, R.; Williamson, G.; Bennett, R.N.; Davis, B.D.; Brodbelt, J.S.; Kroon, P.A. Absorption, conjugation and efflux of the flavonoids, kaempferol and galangin, using the intestinal CaCo-2/TC7 cell model. J. Funct. Foods 2009, 1, 74–87. [Google Scholar] [CrossRef]

	



Manach, C.; Williamson, G.; Morand, C.; Scalbert, A.; Rémésy, C. Bioavailability and bioefficacy of polyphenols in humans. I. Review of 97 bioavailability studies. Am. J. Clin. Nutr. 2005, 81, 230–242. [Google Scholar] [CrossRef] [PubMed]

	



Renukuntla, J.; Vadlapudi, A.D.; Patel, A.; Boddu, S.H.S.; Mitra, A.K. Approaches for enhancing oral bioavailability of peptides and proteins. Int. J. Pharm. 2013, 447, 75–93. [Google Scholar] [CrossRef]

	



Majumder, K.; Chakrabarti, S.; Morton, J.S.; Panahi, S.; Kaufman, S.; Davidge, S.T.; Wu, J. Egg-Derived Tri-Peptide IRW Exerts Antihypertensive Effects in Spontaneously Hypertensive Rats. PLoS ONE 2013, 8, e82829. [Google Scholar] [CrossRef]

	



Sawada, Y.; Sakamoto, Y.; Toh, M.; Ohara, N.; Hatanaka, Y.; Naka, A.; Kishimoto, Y.; Kondo, K.; Iida, K. Milk-derived peptide Val-Pro-Pro (VPP) inhibits obesity-induced adipose inflammation via an angiotensin-converting enzyme (ACE) dependent cascade. Mol. Nutr. Food Res. 2015, 59, 2502–2510. [Google Scholar] [CrossRef] [PubMed]

	



Nonaka, A.; Nakamura, T.; Hirota, T.; Matsushita, A.; Asakura, M.; Ohki, K.; Kitakaze, M. The milk-derived peptides Val-Pro-Pro and Ile-Pro-Pro attenuate arterial dysfunction in L-NAME-treated rats. Hypertens. Res. 2014, 37, 703–707. [Google Scholar] [CrossRef] [PubMed]








[image: Nutrients 13 01448 g001 550] 





Figure 1. The cytotoxicity of γ-EV on Caco-2 cells. (A) No cytotoxicity was observed for 1 mM γ-EV when incubated on Caco-2 cells for elongated times of 4 and 6 h. NC: Negative control, did not receive γ-EV. (B) γ-EV was not cytotoxic to Caco-2 cells up to 5 mM concentration, while a 10 mM concentration was cytotoxic to the cells. Data are presented as the mean ± SD from n = 3 independent experiments. 
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Figure 2. Time-dependent transport of 1 mM γ-EV across Caco-2 cells. (A) Concentration of γ-EV at different time points (2, 4, and 6 h) in the apical compartment. (B) Time-dependent increase in the concentration of γ-EV in the basolateral compartment after 4 and 6 h. (C) The rate of transport (Papp) was found to be the highest up to 2 h, after which it significantly reduced at 4 and 6 h. Data are presented as the mean ± SD from n = 4 independent experiments; *, **, and *** indicate p < 0.05, p < 0.01, and p < 0.001, respectively. 
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Figure 3. Dose-dependent transport of γ-EV across Caco-2 cells for 2 h. (A) Concentration of different doses of γ-EV (1, 2.5, and 5 mM) in the apical compartment after 2 h. (B) Dose-dependent increase in the concentration of γ-EV in the basolateral compartment after 2 h. (C) Dose-dependent increase in the rate of transport (Papp) of 5 mM γ-EV as compared to 1 and 2.5 mM. Data are presented as the mean ± SD from n=4 independent experiments; *, **, and *** indicate p < 0.05, p < 0.01, and p < 0.001, respectively. 
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Figure 4. Effect of wortmannin on the transport of γ-EV across Caco-2 monolayer cells. (A) The transport of 1 mM γ-EV assessed over a period of 2 h, after the pretreatment of wortmannin (1 μM, 30 min). (B) Immunofluorescence staining of the tight-junction proteins zona occludin-1 (ZO-1) and claudin-1 of the wortmannin-treated Caco-2 monolayer cells on the membrane, to ensure the maintenance of cell integrity after 2 h of transport. 4′,6-Diamidino-2-phenylindole (DAPI) was used to stain the nucleus of the cells. (C) Immunofluorescence staining of the tight-junction proteins ZO-1 and claudin-1 on the Caco-2 monolayer cells on the membrane, without any treatment (control), to ensure the maintenance of cell integrity after 2 h of transport. Data presented as the mean ± SD from n = 3 (wortmannin) and n = 4 (control) independent experiments. 
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Figure 5. Effect of TF3′G and cytochalasin D on the transport of γ-EV across Caco-2 monolayer cells. (A) The transport of 1 mM γ-EV, assessed over a period of 2 h, after the pretreatment of TF3′G (20 μM, 24 h). (B) Immunofluorescence staining of the tight-junction proteins ZO-1 and claudin-1 of the TF3′G-treated Caco-2 monolayer cells on the membrane, to ensure the maintenance of cell integrity after 2 h of transport. (C) The transport of 1 mM γ-EV, assessed over a period of 2 h, after the pretreatment of cytochalasin D (0.5 μg/mL, 30 min). (D) Immunofluorescence staining of the tight-junction proteins ZO-1 and claudin-1 of the cytochalasin-treated Caco-2 monolayer cells on the membrane, to ensure the maintenance of cell integrity after 2 h of transport. Control immunofluorescence images are same as those mentioned in Figure 4. Data are presented as the mean ± SD from at least n = 3 (TF3′G and cytochalasin D) and n = 4 (control) independent experiments; *, and *** indicate p < 0.05 and p < 0.001, respectively. 
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Figure 6. Effect of Gly-Sar on the transport of γ-EV across Caco-2 monolayer cells. (A) The transport of 1 mM γ-EV, assessed over a period of 2 h, after the pretreatment of Gly-Sar (25 mM, 30 min). (B) Immunofluorescence staining of the tight-junction proteins ZO-1 and claudin-1 of the Gly-Sar-treated Caco-2 monolayer cells on the membrane, to ensure the maintenance of cell integrity after 2 h of transport. (C) The transport of 1 mM γ-EV, assessed over a period of 2 h, after the pre-treatment of both TF3’G and Gly-Sar simultaneously. Control immunofluorescence images are same as those mentioned in Figure 4. Data presented as the mean ± SD from at least n = 3 (Gly-Sar) and n = 4 (control and TF3′G/Gly-Sar) independent experiments; * and ** indicate p < 0.05 and p < 0.01, respectively. 
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