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Abstract

:

Background/Objectives: Injection of lipopolysaccharides (LPS) in experimental models induces a systemic inflammatory response that is associated with deleterious effects on intestinal morphology and physiology. In this study, we have studied in female mice the effects of dietary supplementation with bovine lactoferrin (bLF) given before intraperitoneal injection of LPS on jejunum and colon. Methods: The first study evaluated the efficiency of different bLF and LPS concentrations to determine the optimal experimental conditions. For the second study mice were fed with 1% bLF before the LPS challenge (3 mg/kg body weight). Plasmatic markers of inflammation, intestinal morphology, permeability, and expression of genes related to epithelial differentiation, epithelial barrier function and intestinal inflammation in both small intestine and colon were evaluated. Results: bLF ingestion before the LPS challenge reduced the TNF-α circulating concentration, compared to control animals. This decrease in plasma TNF-α was correlated with improved intestinal permeability. The morphology of jejunal epithelium, which was affected by LPS challenge, was partly maintained by bLF. Measurement of the expression of genes encoding proteins involved in epithelial differentiation, intestinal inflammation, and epithelial barrier function suggests an overall protective effect of bLF against the adverse effects of LPS in the jejunum. In the colon, the effects of bLF ingestion on the subsequent LPS challenge, although protective, remain different when compared with those observed on jejunum. Conclusions: Taken together, our data indicate that bLF dietary supplementation does have a protective effect on the deleterious intestinal alterations induced by LPS systemic inflammation.
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1. Introduction


Lactoferrin (LF) is an 80 kD sialylated iron-binding glycoprotein of the transferrin family which is found at high concentrations in human breast milk [1]. LF is also present in various mucosal secretions and, to a lesser extent, in blood, originating from secretion by neutrophils. LF is acting in the host non-specific defense against invading pathogens [2]. As reviewed by multiple groups, LF has numerous biological functions, including antimicrobial, anti-inflammatory, immunomodulatory and anti-oxidative activities [3,4]. When orally administered, LF has been also shown to have several protective activities in animals and humans [5,6]. In the gastrointestinal tract, orally administered LF exerts a stimulating effect on the growth and differentiation of intestinal epithelial cells in vivo [7,8,9,10]. LF also modifies cytokine and antibody productions by intestinal immune cells in healthy mice [11,12]. In addition, several studies have shown that LF administration can reduce the severity of intestinal inflammation. Indeed, in animal colitis models, LF oral administration alleviated symptoms of inflammatory bowel disease by reducing pro-inflammatory cytokines in the colonic tissue [13,14]. Recently, Hu et al. reported that oral LF administration attenuates intestinal barrier dysfunction and inflammation induced by ingestion of a mycotoxin [15].



Furthermore, the effectiveness of LF to alleviate lipopolysaccharides (LPS) induced inflammation has been reported in different in vivo conditions [16,17,18,19]. This anti-inflammatory effect appears mediated by the ability of LF to bind and sequester LPS [20]. LPS is a component of the wall of Gram-negative bacteria that initiates an acute systemic inflammatory response including hypotension found in early stages of septic shock [21].



The in vivo administration of LPS is a well-established model of endotoxemia, because its injection induces a systemic inflammatory response including finally widespread organ dysfunctions [22]. At the intestinal level, LPS systemic administration increases intestinal permeability, epithelial cell apoptosis and shedding, intestinal villus shortening and diarrhea [23,24,25,26] and decreases intestinal mucosa oxygen consumption [27] as well as intestinal amino acid absorption [28].



In this context, the aim of the present study was to determine whether LF intake has beneficial effects against systemic and local inflammation. To this end, we evaluated the efficiency of bovine LF (bLF) dietary supplementation given for 7 days before LPS challenge to alleviate systemic inflammation and to prevent the intestinal deleterious effects of inflammation in female Balb/c mice. Plasmatic markers of inflammation, intestinal morphology, permeability, and expression of genes related to epithelial differentiation, epithelial barrier function and intestinal inflammation in both small intestine and colon were evaluated 6 h and 24 h after the LPS challenge.




2. Materials and Methods


2.1. Experimental Design and Diets


Nine-week-old female Balb/c strain mice (Envigo, Gannat, France) were acclimated for 1 week with free access to a standard AIM-93 modified P14 casein diet (Table 1) and tap water. Each mouse was maintained in a cage under controlled conditions of temperature (23 °C), humidity (55 ± 10%), and light (12:12-h light-dark cycle). Animal experiments were conducted according to the European legislation on animal experimentation, validated and approved by the Ethics Committee in Animal Experiment INRAE Jouy-en-Josas and French Research Minister (APAFiS #10765-2017060217335487).



LPS from Escherichia coli O111:B4 purified by ion-exchange chromatography (Sigma-Aldrich, St-Quentin-Fallavier, France) was diluted in sterile saline. Bovine milk-derived LF (>95% protein purity, approximately 10% iron saturated; Armor Protéines, St-Brice en Coglès, France) and/or acid casein were incorporated to the above mentioned P14 diet to obtain 0, 2.5 and 10 g of bLF per kg of diet (CT, LF 0.25% and LF 1% respectively). The diet compositions are shown in Table 1. After LPS or saline injection, steel wire net floor was used to observe and collect the stool.



Figure 1 shows the experimental protocol used in this study. The first study evaluated the efficiency of different bLF and LPS concentrations to determine the optimal experimental conditions. Mice were randomly divided into three groups of 24 individuals and fed without LF (LF 0), or with LF 0.25% or LF 1% diet for 7 days. On day 8, 8 mice of each group were intraperitoneally (i.p.) injected with sterile phosphate buffered saline (PBS) or LPS diluted in PBS at a dose of 3 or 10 mg/kg body weight (bw). One hour later, each mouse received Fluorescein-isothiocyanate-conjugated dextran 4000 (FD4, Sigma-Adrich, St. Louis, MO, USA) at 500 mg/kg bw by oral gavage. Two hours after the LPS or saline injection, blood samples were obtained by retro-orbital bleeding. Six hours after LPS or saline injection, blood was withdrawn by intracardiac puncture under anesthesia by inhalation of isoflurane and tissues were collected. Blood was collected in EDTA tubes, and plasma was frozen and stored at −80 °C.



The second experiment included 60 mice randomly divided into two groups of 30 individuals fed with the diet including or not 10 g/kg of bLF for 7 days, respectively. On day 8, 10 mice of each group were i.p. injected with PBS and the other 20 mice of each group were i.p. injected with a LPS solution at a dose of 3 mg/kg bw. LPS-treated mice were euthanized either 6 h or 24 h after LPS injection. The untreated mice receiving saline injection were euthanized after 24 h. Five h before euthanasia, each mouse received FD4. Blood was withdrawn by intracardiac puncture under anesthesia by inhalation of isoflurane and intestinal tissues (jejunum and colon) were collected. Blood was collected in EDTA tubes, and plasma was frozen and stored at −80 °C.




2.2. Stool Water Content


To evaluate the severity of diarrhea, the feces water content was measured according to the following procedure. Two h after LPS or saline injection, the feces were collected in the 2.0 mL microtube directly, weighed and stored at −80 °C with a sealing film. Feces were dried using a vacuum dryer and weighed again after total drying, to calculate the water content.




2.3. In Vivo and Ex Vivo Gut Permeability Assessment


Fluorescein-isothiocyanate (FITC)-conjugated dextran 4000 (FD4) was diluted to 50 mg/mL in saline and was administered at 10 mL/kg bw (500 mg/kg bw) by gavage 5 h before blood collection to evaluate in vivo permeability. Plasma fluorescence (FITC) was measured from blood collected at 6 h or 24 h after LPS/saline injection.



To assess potential changes in the intestinal barrier function, ex vivo electrophysiological and epithelial permeability measurements were performed in Ussing chambers (EasyMount, Physiologic Instrument Inc., San Diego, CA, USA) as previously described [29] with the following modifications. Mice proximal colon and jejunum samples were opened along the mesenteric line and mounted on an insert with an exposed area of 0.1 cm2. Mounted tissues were clamped at 0-mV to record the short-circuit current (Isc, uA/cm2) and left to equilibrate 30 min before trans-epithelial electrical resistance (Rt, ohm*cm2) measurement. To evaluate paracellular permeability, FD4 (Sigma-Aldrich) was added to the mucosal side at the final concentration of 0.25 mg/mL. After 90 min, FITC fluorescence flowed in the serosal side chamber was measured with a spectrophotometer. Tissue viability at the end of each experiment was verified with carbachol (CCh, 10−4 M), applied at the serosal side of the tissue, looking for the activation of the calcium-dependent chloride secretion by the Isc increase.




2.4. Quantification of Gene Expression via Real-Time Polymerase Chain Reaction (qRT-PCR)


The samples were kept at −80 °C, until total RNA extraction using TRIzol reagent, after homogenization with a Tissue lyser (Qiagen SAS, Courtaboeuf, France). RNA concentrations in samples were measured with a NanoDrop ND-1000 UV-Vis spectrophotometer. RNA was purified using an RNeasy Minikit (Qiagen) and DNase I treatment. Total RNA was reverse transcribed using a high-capacity cDNA kit protocol (Life Technologies, Courtaboeuf, France). qRT-PCR was performed with Fast SYBR Green MasterMix (Thermo Fischer Scientific, Courtaboeuf, France), using gene specific primers (sequences available on demand) and the StepOne Real-Time PCR system (Applied Biosystems, Life Technologies, Villebon-sur-Yvette, France) as previously described [30]. Gene expression was determined using the 2−∆∆Ct formula, where ∆∆Ct = (Ct target gene—Ct reference gene) using Hprt as the house-keeping gene.




2.5. Histological Analysis


Segments of the jejunum were fixed in 4% buffered formaldehyde for histological analysis. Jejunum sections stained with hematoxylin, eosin and safran were coded for blind microscopic assessment. Length of well-oriented villus was determined by image analysis using NDP.view2Plus software (U12388) (Hamamatsu Photonics Ltd., Iwata City, Japan).




2.6. Protein Quantification by ELISA


Bovine lactoferrin concentration was measured in plasma using a Bovine Lactoferrin ELISA Kit (Bethyl Laboratories, Montgomery, TX, USA). Plasma TNF-α was determined using a sandwich ELISA kit (Thermo Fischer Scientific, Courtaboeuf, France) according to the manufacturer’s instructions. (U12388).




2.7. Statistical Analyses


All data are expressed as means ± SEM and compared using a two-way or a one-way analysis of variance (ANOVA) and a Tukey multiple comparison test. A t-test was also used to assess differences between two treatments at each time point. Significance was established at p < 0.05. Correlations were analyzed by Pearson’s correlation test. All statistical analyses were performed using Prism® Version 6.05 (GraphPad Software Inc., San Diego, CA, USA).





3. Results


3.1. Selection of bLF and LPS Doses Based on Plasmatic TNF-α Concentration, Intestinal Permeability and Diarrhea Severity


The first experiment evaluated the effects of bLF supplementation for 7 days at two different doses (LF 0.25% or LF 1% diet, respectively 2.5 and 10 g of bLF per kg of diet) when LPS was i.p. injected at 3 or 10 mg/kg bw. The day before the LPS injection, we evaluated the bLF plasma concentration 1 h after ingestion of a 1 g meal including bLF. Plasmatic bLF values of 109 ± 10 and 505 ± 51 ng/mL were obtained when mice ingested respectively a meal including 0.25% or 1% bLF indicating that the plasmatic concentration of bLF increased according to the amount ingested. To evaluate the protective effects of bLF on the acute inflammation induced by LPS, the plasmatic concentration of the pro-inflammatory cytokine TNF-α and the gut barrier function were assessed. All the mice receiving an LPS injection presented 2 h later diarrhea. The plasmatic TNF-α concentrations at 2 h and 6 h after injection of saline or LPS at both concentrations (3 or 10 mg/kg of bw) are shown in Table 2. As no difference was observed between the two saline injected control groups ingesting LF 0.25% or LF 1% diet, only the LF1% group is presented for the control group without LPS injection in this table. Two h after LPS injection, TNF-α plasma concentration was significantly increased, and this increase was similar for the two LPS doses. At this moment (2 h), bLF ingestion did not modulate the TNF-α plasma concentration. Six h after LPS injection, the TNF-α plasma concentrations were reduced by a 4-fold factor compared to the one measured after 2 h, however, the level was still much higher than the one measured before LPS injection. After 6 h, ingestion of the diet including bLF 1% significantly reduced TNF-α plasma concentration whatever the LPS dose ingested. For the lower bLF concentration (0.25%), an inhibitory effect was observed only for the lower LPS dose (3 mg/kg of bw).



The gut barrier function was evaluated by measurement of in vivo permeability using the FD4 gavage test. Six hours after LPS injection at both doses, the plasma FD4 concentration was higher than in saline group, indicating that LPS-induced, as expected, an increase of the intestinal paracellular permeability (Table 2). Interestingly, LF 1% ingestion significantly inhibited the increased permeability by LPS at both concentration 3 and 10 mg/kg. The feces water content was significantly increased regardless of the LPS dose 2 h after injection, indicative of severe diarrhea. Ingestion of the bLF 1% diet tended to reduce the feces water content, and a significant reduction of 15% (p < 0.038) was observed for the mice treated with 3 mg/kg bw LPS that ingested bLF1% compared to those that did not receive bLF.



This first study showed that LPS i.p. injection at both dose (3 and 10 mg/kg bw) increased similarly plasma TNF-α, intestinal permeability and diarrhea. However, in a preliminary test, some mice injected with the higher concentration of LPS (10 mg/kg bw) died 24 h after the injection. Therefore, for the second study, we did not use the highest LPS dose. Moreover, as the diet including the highest concentration of bLF (1%) was more effective than bLF 0.25% diet to reduce LPS-induced deleterious effects, such as TNF-α plasma concentration and intestinal permeability, only the diet including 1% of bLF was used for the second study. The aim of the second study was to evaluate the protective effects of the diet including bLF 1% on intestinal alterations, 6 h and 24 h after LPS injection.




3.2. Protective Effect of bLF on Plasmatic TNF-α and Intestinal Permeability 6 and 24 h After LPS Injection


In accordance with the first study (Table 2), Figure 2A reports that bLF ingestion reduced the marked increase in TNF-α plasma concentration 6 h after LPS injection. Twenty-four h after the LPS injection, the TNF-α plasma concentration returned to its basal level regardless of bLF ingestion. Evaluation of the in vivo intestinal permeability showed that bLF ingestion significantly inhibited the permeability increase induced by LPS, not only at 6 h after, but also at 24 h after LPS injection (Figure 2B). A correlation was observed between TNF-α plasmatic concentration and intestinal permeability (6 h: R = 0.60).




3.3. Preventive Effect of bLF on Ex Vivo Mucosal Permeability in Both Jejunum and Colon After LPS Injection


To assess the potential effect of bLF supplementation on intestinal barrier function, electrophysiological and epithelial permeability measurements were performed in Ussing chambers. As we never observed any significant difference between the CT diet and the diet including LF1% for the different parameters without LPS, only the CT group is used as control before LPS injection. Evaluation of the short-circuit current (Isc) (Figure 3A,B) showed that LPS injection did not have any significant effect on the Isc in jejunum or colon, nor bLF ingestion modified the Isc. The trans-epithelial resistance (Rt, ohm*cm2) was reduced by LPS in the jejunum (Figure 3C) but not in the colon (Figure 3D). bLF ingestion did not have any significant effect on the trans-epithelial resistance neither in the jejunum nor in the colon. However, like what is observed in the in vivo oral test, the permeability measurement using FD4 in Ussing chambers was significantly increased in both segments when mice received LPS, although no difference was observed between 6 h and 24 h after LPS injection. These increases in permeability were significantly reduced in both intestinal segments by bLF ingestion (Figure 3E,F).




3.4. bLF Effects on Expression of Genes Related to Intestinal Barrier Function and Gut Homeostasis, After LPS Challenge


The effects of bLF ingestion on the gene expression related to the intestinal barrier function were studied in the jejunum and the colon. In control condition, thus in the absence of LPS injection, bLF ingestion for 7 days significantly increased only Cldn1 expression in the jejunum, values of 1.04 ± 0.13 and of 2.35 ± 0.35 (p = 0.0057) being reported for respectively CT and CT + LF1%. As bLF ingestion did not have any impact on all the other gene expressions studied in both segments before LPS injection, only values for the control CT group were presented in Figure 4. In the jejunum, LPS reduced Cldn1 and Ocln gene expression after 6 h and 24 h, but increased expression of Cldn2, Cldn7 and Tjp1 after 6 h. However, in the colon, LPS reduced expression of Cldn1, Cldn2 and Ocln gene after 6 h and 24 h, and increased expression of Tjp1 and Cldn7 after 6h. In the bLF supplemented group, 24 h after the LPS challenge, the expression of all genes returns to the control level in the colon. In the jejunum, the expression of Cldn7 and Tjp1 were similar to the control level, but no effect was reported for Cldn1 and Cldn2, and a small increase was observed for Ocln 24 h after the LPS challenge in LF ingested mice. Our data indicate that LPS-induced gene expressions of tight junction protein are differently modulated by bLF ingestion in the jejunum and the colon.



Evaluation of genes implicated in gut homeostasis is presented in Figure 5. LPS did not have the same impact on the jejunum (Figure 5A,C,E) and the colon (Figure 5B,D,F). In jejunum, LPS reduced the gene expression of Klf4 (a marker of the goblet cells) and Muc2 (the major intestinal mucin) 6 h after injection, as well as Cdx2 (a gene implicated in cell differentiation) 6 h and 24 h after injection. bLF ingestion maintained these gene expressions at initial levels before LPS injection (Figure 5A,C,E). Unlike in the jejunum, in the colon, LPS increased Klf4 expression 6 h and 24 h after LPS injection. Ingestion of bLF prevented this gene expression increase (Figure 5B). While LPS injection nor LF ingestion significantly changed Cdx2 gene expression (Figure 5F), LPS decreased Muc2 expression but bLF ingestion did not markedly alleviate this gene expression reduction in the colon (Figure 5D).




3.5. Protective Impact of bLF on Jejunal Epithelium Integrity After LPS Injection


As villus shortening is a parameter usually used to evaluate intestinal damages, histological examination of jejunum longitudinal sections stained with hematoxylin and eosin was performed. Figure 6 shows that bLF ingestion significantly increased villus height before LPS injection. Indeed, villus height averaged 408 ± 9 µm and 546 ± 8 µm for control and bLF groups respectively (p < 0.05, Figure 6A,B). Six and 24 h after LPS injection, villus shortening, clubbing and blunting were observed in the jejunum, and jejunum villus height was reduced significantly (6 h: 263 ± 7 µm, 24 h: 215± 6 µm, p < 0.05 (Figure 6C,E)) compared with control (408 ± 9 µm, Figure 6A). In contrast, in mice receiving bLF enriched diet, more intact villi were observed when compared with images obtained from animals not receiving bLF, and villus shortening was significantly prevented (6 h: 370 ± 7 µm, p < 0.05; 24 h: 334 ± 6 µm, p < 0.05 (Figure 6D,F)). The villus shortening was correlated strongly with the in vivo permeability (FD4) (6 h: R = 0.78, 24 h: R = 0.91), however, only a moderate correlation was reported between the villus shortening and the plasmatic TNF-α level (6 h: R = 0.48).



To better characterize the impact of bLF on jejunal epithelium, we evaluated the expression of genes related to intestinal cell growth (Lgr5, Ephb2, Ki67) and differentiation (Lys5, Chga, Anpep, Krt20, SI and DPPIV). bLF ingestion by the control mice did not show any significant effect on the genes selected. Lgr5 gene expression was not modulated by LPS injection (Table 3). Ephb2, Ki67, Lys5, and Krt20 gene expression were increased 6 h and 24 h after LPS injection, while Chga and Anpep gene expression were only increased 24 h after LPS injection. In addition, LPS injection decreased expression of SI but did not significantly modified DPPIV expression. In the bLF supplemented group, Ephb2, Ki67, Lys5, and Krt20 gene expression were kept at the level measured before LPS administration. However, the increase in Chga and Anpep gene expression by LPS injection was not significantly modified by bLF ingestion, while SI expression was significantly increased by bLF ingestion after 24 h.




3.6. Preventive Effect of bLF on Inflammatory Gene Expression Induced by LPS in Jejunum


bLF ingestion alone did not induce any significant effect on gene expression related to inflammation. LPS injection increased gene expression of TNFα, IL-1β, IL-6 and IL-10 in the jejunum 6 h after LPS challenge (Table 4). Twenty-four h after LPS injection, TNFα, IL-1β and IL-6 gene expression were still at the same level as the one reported at 6 h, and IL-10 was reduced compared to 6 h, but remain at a higher level than the level reported before LPS Injection. bLF ingestion prevented the increase induced by LPS for TNFα and IL-1β expression 6 h after LPS injection. However, after 24 h, bLF decreased all gene expression to the control level (Table 4).





4. Discussion


Our data show that bLF ingestion can alleviate the systemic inflammation induced by LPS challenge and can reduce the associated intestinal damages. However, the response to LPS and the efficiency of bLF to protect the jejunum and the colon were not similar.



In accordance with previous works showing an anti-inflammatory effect of LF in endotoxemia models using LPS [17,18,19,31], our data showed that bLF ingestion decreased systemic inflammation. However, bLF ingestion was efficient for decreasing the TNF-α plasma level 6 h after LPS injection, but did not show any effect on high TNF-α plasma level observed earlier, thus 2 h after LPS injection. LF is a molecule with external surface strongly cationic which binds specifically and with high affinity to the negatively charged lipid A moiety of LPS. LF-derived cationic peptides including lactoferricins (digested product) have been shown the ability to bind LPS and a LPS neutralize activity [20]. It has been previously shown that LF and its derived peptides are able to inhibit pro-inflammatory cytokine secretion from monocytes and macrophages through different mechanisms involving sequestration of free LPS, competition with other LPS binding molecules, or inhibition of nuclear transcription factor kappa B (NF-κB) binding to TNF-α promoter, after uptake into the cells [20,32]. Moreover, a recent study showed that LF deficiency aggravates LPS-induced inflammation [33]. This suggests that endogenous LF exerts anti-inflammatory activity through modulation of chemokines and macrophage chemotaxis. Although it is unclear which mechanisms most contribute to this effect, it is possible that bLF blood concentration resulting from absorption of dietary bLF was not sufficient to suppress the large production of TNF-α induced by LPS within 2 h. Further consideration of the route, dosage, formulation and timing of LF administration is important to be considered in order to obtain a more rapid inhibitory effect than the one observed in the present study.



Modulation of intestinal permeability is a recognized marker of intestinal damage, whether the inflammation is acute or chronic. It is an important target for disease prevention and therapy, not only for intestinal diseases but also systemic diseases like infection or metabolic disorders. Indeed, self-regulating capacity of the intestinal barrier function becomes impaired in sepsis [22,23]. In the present study, dietary bLF prevented the increased intestinal permeability induced by LPS challenge, and this was correlated with a decrease in plasma TNF-α 6 h after LPS injection. Furthermore, this protective effect of LF was still observed 24 h after LPS injection. These results suggest that the increase in intestinal permeability would be partly avoided through the inhibitory effect of bLF on systemic inflammation in this model. The mucosal inflammation also compromised the epithelial barrier function. Modulation of intestinal permeability in inflammatory disease results from structural changes in tight junction proteins, which are localized on apical side of polarized epithelial cells, and which participate to the regulation of intestinal barrier function. [34,35]. The ability of bLF ingestion to preserve intestinal permeability after LPS injection can be related to Cldn1 increased expression before LPS injection. Other markers of gut homeostasis (Klf4, Muc2 and Cdx2) were also evaluated. The efficacy of bLF ingestion to regulate those gene expression from the LPS challenge is not only dependent on the gene considered, but our study reveals that the sensitivity of the jejunum and the colon to bLF is also different. Our data showed that the epithelial barrier characteristics and the expression of gene related to barrier function and gut homeostasis are not similarly modulated by LPS in the ileum and colon. Moreover, the response to bLF is also different which may indicate that the epithelium regeneration will not be similar in the different segment. These data are in agreement with our previous study showing that the sensitivity to bLF of the colon and ileum is not similar. In accordance with these results, our previous study showed that the responses of intestine and colon to bLF supplementation are not similar [8].



bLF ingestion was able to inhibit the intestinal inflammation induced by LPS injection, which was characterized by increased expression of genes coding for pro-inflammatory cytokines (TNF- α, IL-1β and IL-6) and for the anti-inflammatory cytokine IL-10. This latter cytokine inhibits pro-inflammatory cytokines such as TNF-α [36]. IL-10 blood levels have been shown to be correlated with inflammation severity and the development of organ failure in septic shock [37]. Twenty-four hours after LPS injection, reduced IL-10 gene expression was observed in bLF group, indicating less severe inflammation in the jejunum. The correlation between blood TNF level and intestinal permeability suggests that bLF attenuated the inflammation in the jejunum and in the colon by preventing systemic excessive LPS signaling. However, attenuation of the local inflammation by LF was indeed shown in the jejunum and in the colon in different models [15,38]. Therefore, direct anti-inflammatory action in the intestinal tract due to LF intake may contribute to the alleviation of inflammation as observed in the present study.



Histological examinations confirmed that LPS i.p. injection provoked villus shortening, clubbing and blunting, as shown in a previous study [23]. However, LF consumption prevented the villus from these damages in the jejunum. Only a moderate correlation was reported between plasmatic TNF- α level and villus shortening, supporting that bLF may have a local protective effect. Furthermore, considering that feeding for seven days with bLF increased villus height before LPS challenge, the reduction of intestinal damages by LF ingestion may involve not only the systemic inflammation alleviation but also its protective effect on intestinal tract prior to LPS injection. Indeed, our previous study showed that bLF supplementation increased jejunal villus height and reduced apoptosis, these data suggesting that bLF increases the longevity of intestinal cells [8]. Williams et al. showed that TNF- α released in the systemic circulation binds to TNF receptor-1 (TNFR1) on basolateral membrane of intestinal epithelial cells, and triggers apoptosis and shedding [23]. These results could explain the excessive cell extrusion, the villus shortening, the fluid exudation into the lumen, and may be diarrhea. Our data support the involvement of bLF against this TNF- α induced apoptosis of enterocytes to protect intestinal barrier function [28,39,40].



We previously reported that bLF supplementation stimulated growth and differentiation of mouse intestinal cells in vivo and in vitro. Moreover, in a previuos study we showed using metabolomic approaches that bLF ingestion induced higher concentrations of essential amino acids in the plasma, that allows a higher bioavailability of amino acids, in particular essential ones, to protein synthesis for epithelial regeneration. This study suggests that bLF ingestion can increase protein synthesis and play a role in the regulation of small intestine epithelial renewal. Moreover, metabolomic approaches showed that bLF ingestion induced higher concentrations of amino acids in the plasma, which could favor protein synthesis, suggesting that bLF could play, through this presumed increase in protein synthesis, a role in the regulation of small intestine epithelial renewal [7,8]. In the present study, although LPS injection induced an increased expression of genes related to intestinal cell growth (Ephb2) and differentiation (Lys5 and Krt20) in the jejunum, these changes were not observed in mice ingesting bLF. However, SI expression was decreased by LPS and a small but significant increase was observed 24 h after LPS injection when mice ingested bLF. These effects of bLF on epithelial renewal represent another argument for the ability of bLF to alleviate the intestinal damage.




5. Conclusions


Altogether, our results show that the dietary supplementation with bLF before LPS challenge alleviates LPS-induced systemic inflammation, thereby improving the deterioration of intestinal permeability provoked by this compound. Figure 7 presents the presumed pathways involved in bLF anti-inflammatory effects, with a description of a potential mechanism by which injected LPS induces shedding in intestinal epithelial cells [23,40]. This beneficial effect of bLF on the intestinal tract may involve not only alleviation of systemic inflammation but also direct anti-inflammatory and protective effects on epithelial intestinal morphology through the modulation of the expression of genes involved in epithelial cell growth and differentiation, as well as in tight junction formation. Moreover, we also showed that the sensitivity of the jejunum and the colon to the beneficial effects of bLF against an LPS challenge was not similar.
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Figure 1. Schematic representation of the experimental design. The first study included 3 groups of 24 mice fed with LF 0, LF 0.25% or LF 1% diet for 7 days. At t0, 8 mice of each group were intraperitoneally (i.p.) injected with sterile phosphate buffered saline (PBS) or lipopolysaccharide (LPS) solution at a dose of 3 or 10 mg/kg of bw. The second study included 2 groups of 30 mice fed with LF 0 or LF 1% diet for 7 days. At t0, 10 mice of each group were i.p. injected with PBS and 20 mice with a LPS solution at 3 mg/kg of bw. LPS-treated mice were euthanized either 6 h or 24 h after LPS injection. The untreated mice receiving saline injection were euthanized after 24 h. 
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Figure 2. TNF-α plasmatic concentration (A) and in vivo intestinal permeability (B) in mice receiving the control diet (CT) or the bLF-supplemented diet (LF1%), 6 h or 24 h after lipopolysaccharides (LPS) injection. Data are means ± SEM (n = 10). Each group was compared with the others. Means that are significantly different (p < 0.05) according to the Tukey multiple comparison test have different letters. 
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Figure 3. Epithelial barrier characteristics in the jejunum (A,C,E) and in the colon (B,D,F) of mice receiving the control diet (CT) or the bLF-supplemented diet (LF1%) 6 h or 24 h after lipopolysaccharides (LPS) injections. Data are means ± SEM (n = 10). Each group was compared with the others. Means that are significantly different (p < 0.05) according to the Tukey multiple comparison test have different letters. 
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Figure 4. Gene expression related to intestinal barrier function in the jejunum (A,C,E,G,I) and in the colon (B,D,F,H,J) of mice receiving the control diet (CT) or the bLF-supplemented diet (LF1%) 6 h or 24 h after lipopolysaccharide (LPS) injection. Data are means ± SEM (n = 10). Means that are significantly different (p < 0.05) according to the Tukey multiple comparison test have different letters. A t-test was also used to assess the differences between two treatments at the same time point (*** p < 0.01). 
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Figure 5. Gene expression related to gut homeostasis in the jejunum (A,C,E) and in the colon (B,D,F) of mice receiving the control diet (CT) or the bLF1%-supplemented diet (LF1%) 6 or 24 h after lipopolysaccharide (LPS) injection. Data presented are means ± SEM (n = 10). Each group was compared with the others. Means that are significantly different (p < 0.05) according to the Tukey multiple comparison test have different letters. 
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Figure 6. Histological examination of jejunum of control mice (A), of control mice receiving bLF 1% (B), of control mice 6 h (C) and 24 h (E) after lipopolysaccharide (LPS) injection, and of mice receiving bLF 1% 6 h (D) and 24 h (F) h after LPS injection. 
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Figure 7. Diagram presenting the presumed pathways (dotted line) involved in the anti-inflammatory effects of bLF allowing the maintenance of the intestinal permeability. Absorbed bLF or bLF peptides can bind to LPS preventing systemic excessive LPS signaling and can inhibit the nuclear transcription factor kappa B (NF-κB). Such inhibition reduces TNF-α secretion by TLR4 (monocytes/macrophages/dendritic cells) and then consequently the interaction of TNF-α with the TNRF1 (tumor necrosis factor receptor 1). Such interaction would reduce enterocyte apoptosis and shedding, as well as tight junction (TJ) damages. Ingested bLF or bLF peptides could exert protective effects on epithelial intestinal morphology through the modulation of the expression of genes involved in epithelial cell growth and differentiation, as well as in TJ formation in the intestinal tract. 
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Table 1. Composition of the diets given to the mice: a control diet without LF (CT), a diet including 2.5 g/kg of bLF (LF 0.25%) and a diet including 10 g/kg of bLF (LF1%).
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	Ingredient (g/kg Diet)
	CT
	LF 0.25%
	LF 1%





	Bovine lactoferrin a
	0
	2.5
	10



	Casein b
	130
	127.5
	120



	Corn starch c
	630
	630
	630



	Sucrose d
	103
	103
	103



	Soybean oil e
	40
	40
	40



	AIN 93M Mineral mix f
	35
	35
	35



	AIN 93M Vitamins f
	10
	10
	10



	Cellulose g
	50
	50
	50



	Choline h
	2.3
	2.3
	2.3







a Armor Protéines, Saint-Brice-en-Coglès, France. b Ingredia, Arras, France. c Cargill, Minneapolis MN, USA. d CristalCo Pro., Paris, France. e Lesieur, Asnières-sur-Seine, France. f ICN Pharmaceuticals, Orsay, France. g Prat Dumas, Couze Saint Font, France. h Jefo Nutrition, Saint-Hyacinthe, QC, Canada.













 





Table 2. Effect of different concentration of bLF and LPS on TNF-α plasma level, in vivo intestinal permeability and diarrhea.
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	LPS (mg/kg Bw)
	LF (% of Diet)
	TNF-α 2 h (pg/mL)
	TNF-α 6 h (pg/mL)
	Permeability 6 h FD4 (µg/mL)
	Feces Water Content 2 h (%)





	0
	0
	12.1 ± 1.4 a
	11.1 ± 1.5 a
	1.03 ± 0.09 a
	19.7 ± 1.4 a



	0
	1
	10.0 ± 1.0 a
	9.9 ± 1.1 a
	1.12 ± 0.12 a
	18.9 ± 1.4 a



	3
	0
	1361 ± 68 b
	363 ± 22 c
	8.08 ± 0.81 b
	72.6 ± 3.4 b,



	3
	0.25
	1281 ± 99 b
	235 ± 22 d
	9.25 ± 1.2 b
	72.1 ± 3.9 b



	3
	1
	1146 ± 106 b
	177± 12 e
	5.25 ± 0.41 c
	61.4 ± 4.1 b,*



	10
	0
	1308 ± 103 b
	428 ± 15 c
	9.50 ± 0.96 b
	72.2 ± 2.6 b



	10
	0.25
	1229 ± 92 b
	373 ± 25 c
	8.65 ± 1.7 b
	71.1 ± 3.9 b



	10
	1
	1227 ± 76 b
	262 ± 24 d
	5.62 ± 0.76 c
	67.2 ± 4.9 b







Data are means ± SEM (n = 8). Means that are significantly different (p < 0.05) according to 2-way ANOVA repeated measures and the Tukey multiple comparison test have different letters. A one way ANOVA was also used to assess difference between: LPS3 LF0, LPS3 LF0.25 and LPS3 LF1% for the water content, * p < 0.05). bLF: bovine lactoferrin; LPS: lipopolysaccharides; TNF-α: tumor necrosis factor alpha; FD4: Fluorescein-isothiocyanate (FITC)-conjugated dextran 4000.













 





Table 3. Expression in the jejunum of genes related to the maintenance of the crypt-villous axis.
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	Genes
	CT
	LPS 6 h CT
	LPS 6 h LF1%
	LPS 24 h CT
	LPS 24 h LF1%





	Lgr5
	1.08 ± 0.10
	0.74 ± 0.10
	0.83 ± 0.19
	0.67 ± 0.16
	0.90 ± 0.13



	Ephb2
	1.02 ± 0.07 a
	2.33 ± 0.30 b
	1.35 ± 0.09 a
	2.59 ± 0.25 b
	1.37 ± 0.11 a



	Ki67
	1.02 ± 0.10 a
	1.86 ± 0.14 b
	1.09 ± 0.10 a
	1.74 ± 0.21 b,c
	1.21 ± 0.16 a,c



	Lys5
	1.04 ± 0.21 a
	4.04 ± 0.79 b
	1.13 ± 0.14 a
	3.44 ± 0.21 b
	0.79 ± 0.10 a



	Chga
	0.98 ± 0.07 a
	1.15 ± 0.08 a
	0.97 ± 0.09 a
	1.91 ± 0.24 b
	1.65 ± 0.10 b



	Anpep
	1.00 ± 0.10 a
	0.98 ± 0.17 a
	0.82 ± 0.13 a
	3.34 ± 0.70 b
	2.44 ± 0.10 b



	Krt20
	0.98 ± 0.04 a
	1.45 ± 0.11 b
	0.80 ± 0.05 a
	1.73 ± 0.15 b
	0.81 ± 0.06 a



	SI
	1.00 ± 0.04 a
	0.28 ± 0.03 b
	0.37 ± 0.05 b,c
	0.25 ± 0.02 b
	0.44 ± 0.03 c



	DPPIV
	1.04 ± 0.04 a,b
	0.79 ± 0.11 a
	0.88 ± 0.11 a,b
	1.08 ± 0.14 a,b
	1.34 ± 0.06 b







Data are means ± SEM (n = 10). Each group was compared with the others. Means that are significantly different (p < 0.05) according to the Tukey multiple comparison test have different letters. CT: control diet; Lgr5: Leucine repeat-containing G-protein coupled receptor 5; Ephb2: erythropoietin-producing hepatocellular carcinoma receptor 2; Ki67: cellular marker of proliferation; Lys5: Lysine requiring; Chga: Chromogranin A; Anpep: Alanyl aminopeptidase membrane; Krt20: Keratin 20; SI: sucrase isomaltase; DPPIV: dipeptidyl peptidase-4; bLF: bovine lactoferrin; LPS: lipopolysaccharides; TNF-α: tumor necrosis factor alpha; FD4: Fluorescein-isothiocyanate (FITC)-conjugated dextran 4000.













 





Table 4. Expression in the jejunum of TNFα, IL-1β, IL-6 and IL-10 genes related to inflammation.
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	Genes
	CT
	LPS 6 h CT
	LPS 6 h bLF1%
	LPS 24 h CT
	LPS 24 h bLF1%





	TNFα
	1.08 ± 0.16 a
	3.61 ± 0.31 b
	1.91 ± 0.20 a
	4.24 ± 0.41 b
	2.01 ± 0.15 a



	IL-1β
	1.03 ± 0.10 a
	5.26 ± 0.73 b
	1.70 ± 0.24 a
	4.13 ± 0.76 b
	1.10 ± 0.16 a



	IL-6
	0.99 ± 0.16 a
	7.00 ± 0.81 b
	6.03 ± 0.66 b
	7.00 ± 0.80 b
	2.62 ± 0.29 a



	IL-10
	0.99 ± 0.13 a
	13.87 ± 2.65 b
	14.65 ± 2.57 b
	7.73 ± 1.00 c
	2.24 ± 0.51 a







Data are means ± SEM (n = 10). Each group was compared with the others. Means that are significantly different (p < 0.05) according to the Tukey multiple comparison test have different letters. TNF-α: tumor necrosis factor alpha; IL-1β: Interleukine 1 beta; IL-6: Interleukine-6; IL-10: Interleukine-10.
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