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Abstract

Background and Objective: Supplementation studies of glutamine, arginine, and docosahexaenoic acid (DHA) have established the safety of each of these nutrients in neonates; however, the potential for a more stable and soluble dipeptide, arginyl-glutamine (Arg-Gln) or DHA with anti-inflammatory properties, to exert benefits on hyperoxia-induced intestinal injury has not been investigated. Arg-Gln dipeptide has been shown to prevent retinal damage in a rodent model of oxygen-induced injury. The objective of the present study was to investigate whether Arg-Gln dipeptide or DHA could also attenuate markers of injury and inflammation to the small intestine in this same model.

Methods: Seven-day-old mouse pups were placed with their dams in 75% oxygen for 5 days. After 5 days of hyperoxic exposure (P7–P12), pups were removed from hyperoxia and allowed to recover in atmospheric conditions for 5 days (P12–P17). Mouse pups received Arg-Gln (5 g · kg−1 · day−1) or DHA (5 g · kg−1 · day−1) or vehicle orally started on P12 through P17. Distal small intestine (DSI) histologic changes, myeloperoxidase (MPO), lactate dehydrogenase (LDH), inflammatory cytokines, and tissue apoptosis were evaluated.

Results: Hyperoxic mice showed a greater distortion of overall villus structure and with higher injury score (P < 0.05). Arg-Gln dipeptide and DHA supplementation groups were more similar to the room air control group. Supplementation of Arg-Gln or DHA reduced hyperoxia-induced MPO activity (P < 0.05). Supplementation of Arg-Gln or DHA returned LDH activity to the levels of control. Hyperoxia induced apoptotic cell death in DSIs, and both Arg-Gln and DHA reversed this effect (P < 0.05).

Conclusions: Supplementation with either Arg-Gln or DHA may limit some inflammatory and apoptotic processes involved in hyperoxic-induced intestinal injury in neonatal mice.

Necrotizing enterocolitis (NEC) is one of the most common and devastating diseases found in premature infants in neonatal intensive care units, with a 10% to 50% mortality rate (1). Previous studies have demonstrated that intestinal barrier malfunction plays an important role in the development of NEC (1,2). Only 1 layer of intestinal epithelial cells separates a vast array of microbes and antigens from a greatly immunoreactive subepithelium. Disruption of this barrier can lead to severe inflammatory conditions such as bacterial translocation, NEC, and sepsis (2–5). Oxidative stress is one of the risk factors implicated in the pathogenesis of NEC (6). Premature infants often need high concentrations of oxygen. Hyperoxia can be considered to be an oxidative stress condition that affects the development of the intestine (7). In addition, premature infants and critically ill neonates often do not obtain optimal nutrients via the intestinal tract, which predisposes them to mucosal breakdown and inflammation.

Glutamine (Gln), the most abundant amino acid in the human body, contributes to the maintenance of the intestinal barrier functions and intercellular junctions (8–11). Gln supplementation in humans and animals has been demonstrated to decrease the proinflammatory response (12–14) and prevents cytokine-induced apoptosis in intestinal epithelial cells (15,16). Low plasma concentrations of Gln have been associated with a higher incidence of NEC (17); however, Gln undergoes hydrolysis in aqueous solution, and therefore, free Gln is not a component of parenteral amino acid solutions (18).

Arginine (Arg) is the substrate for nitric oxide synthesis, a potent vasodilator and anti-inflammatory mediator known to influence mucosal integrity, gut healing, and blood pressure regulation (19). Arg also serves as a precursor for the synthesis of other amino acids, including glutamine (20). The hospitalized premature infant experiences numerous stresses that increase the use of critical amino acids while simultaneously exceeding endogenous biosynthetic pathways (20). Although free Arg is provided in parenteral amino acid solutions, the concentration administered may be insufficient to meet the needs of critically ill premature or very-low-birth-weight infants. Low plasma Arg concentrations are associated with NEC (17,21). Arg supplementation reduced the incidence of NEC in premature infants (22) and attenuated NEC-induced intestinal tissue damage in mice (23).

Docosahexaenoic acid (DHA), a long-chain fatty acid, is most abundant in the brain and retina. Although there is considerable evidence suggesting that extremely premature and very-low-birth-weight infants have increased DHA requirements in the immediate postnatal period, the provision of adequate DHA remains a critical gap for this population (24). Moreover, parenteral lipid emulsions contain high concentrations of proinflammatory omega-6 fatty acids and negligible concentrations of preformed DHA (25). The lack of anti-inflammatory omega-3 long-chain fatty acids, such as preformed DHA, may predispose the neonate to acute inflammatory conditions (24). Previous investigations suggest that omega-3 fatty acids may ameliorate inflammation via their action on transcription factors such as nuclear factor-kappa B (NF-κB) and peroxisome proliferator–activated receptor-γ (26). Lu et al (27) found that DHA supplementation blocked platelet-activating-factor-induced apoptosis in intestinal epithelial cells and reduced the incidence of NEC in neonatal rats (28).

Arginyl-glutamine (Arg-Gln) dipeptide is an aqueous stable source of glutamine with greater solubility compared with each individual amino acid (29). There is a theoretical benefit of enhanced absorption of the dipeptide compared with single amino acids by virtue of oligopeptide transporters found in both small and large intestines (30).

We have shown that intraperitoneal administration of Arg-Gln dipeptide reduced abnormal retinal neovascularization and vascular leakage in a mouse model of oxygen-induced retinopathy (31); however, the effects of enteral supplementation of the dipeptide Arg-Gln on the small intestine are unknown. We hypothesized, therefore, that Arg-Gln dipeptide or DHA would protect the neonatal intestine from oxygen-induced injury by reducing inflammation and apoptosis.
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METHODS

Animals and Procedures

All of the procedures were approved by the institutional animal care and use committee of the University of Florida. C57BL6/J timed-pregnant mice were obtained from Jackson Laboratories (Bar Harbor, ME).
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Hyperoxic Exposure and Recovery

We conducted 2 separate but related studies (see the online-only figure, which shows the time course of hyperoxic-exposure/recover study, at http://links.lww.com/MPG/A74). To directly compare the effects of hyperoxic exposure on tissue injury with the room air condition, 1 group of 7-day-old mouse pups (n = 8) were placed with their nursing dams in a 75% oxygen atmosphere for 5 days, whereas a separate group of age-matched pups (n = 10) were maintained in room air for 5 days to serve as normoxic controls. On postnatal day 12 (P12), pups were removed from oxygen and both groups were immediately euthanized.

We next investigated the potential for enteral nutrition support, as Arg-Gln or DHA, to attenuate hyperoxic-induced tissue injury. Seven-day-old mice (n = 31) were placed in a 75% oxygen atmosphere for 5 days. The pups were then removed from oxygen and allowed to recover in room air for 5 days (P12–P17). From P12 to P17, animals were assigned to receive daily supplementation of either Arg-Gln (5 g · kg−1 · day−1; n = 12) or DHA (5 g · kg−1 · day−1; n = 12) by oral gavage twice per day. Water with 5% dextrose served as a vehicle. A third group of animals (n = 7), designated as hyperoxia, received the vehicle orally twice per day. The physiologic dose of Arg-Gln and the high dose of DHA were chosen based on the previous studies (32–34). A group of age-matched animals maintained in room air served as controls (n = 6). On postnatal day 17 (P17), all of the pups were euthanized by injection of a lethal dose of a combination of ketamine (70 mg/kg body weight) and xylazine (15 mg/kg body weight).
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Tissue Preparation

At sacrifice, blood was collected from the retro-orbital sinus using a microtube. The distal small intestines (DSIs) were removed, and a 1-cm DSI section next to cecum was fixed in 10% neutral-buffered formaldehyde for histologic analysis. The plasma and the rest of the DSIs were snap frozen in liquid nitrogen immediately upon removal and stored at −80° for later analysis.
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Intestinal Morphology

The intestinal injury was evaluated using a semiquantitative scoring system ranging from 0 to 4 modified by Arumugam et al (35).
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Myeloperoxidase Activity

Myeloperoxidase (MPO) activity, an indicator of neutrophil accumulation and a marker of tissue injury, was determined by a standard enzymatic procedure, as previously described (36).
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Lactate Dehydrogenase Activity

Lactate dehydrogenase (LDH) activities in plasma and tissue cytoplasmic fractions were determined spectrophotometrically using a commercially available assay (Sigma-Aldrich, St Louis, MO) according to the manufacturer's instructions. The concentration of LDH was expressed as optical density per milligram (OD/mg) of protein.
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Enzyme-linked Immunosorbent Assays for Interleukin-6 and CXCL1/KC

To evaluate proinflammatory cytokines in the DSI, interleukin (IL)-6 levels were determined using the OptEIA mouse IL-6 enzyme-linked immunosorbent assay (ELISA) (BD Biosciences, San Diego, CA) whereas KC levels were quantified with the DuoSet mouse CXCL1/KC ELISA (R&D Systems; Minneapolis, MN). In both assays, absorbance was determined at 450 nm and concentrations were calculated from a linear standard curve. Cytokine concentrations were expressed as picograms per milligram of protein.
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Cell Death Detection ELISA

DNA fragmentation in DSI homogenized supernatant was detected by an ELISA that is specific for histone-associated cytosolic DNA. The apoptosis ELISA was performed by using a cell death detection ELISA kit (Roche Diagnostics, Mannheim, Germany) according to the manufacturer's instructions.
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Statistical Analysis

GraphPad Prism (GraphPad Software Inc, La Jolla, CA) was used to analyze the results. When the data passed the normality test, they were represented as mean ± SEM. One-way analysis of variance was used to evaluate differences among groups on P17 data, and followed by a post-hoc Tukey test. An unpaired Student t test was used on the P12 data comparisons. If the data failed the normality test, then they were evaluated and represented as median and interquartile ranges and a nonparametric test was used: a Kruskal-Wallis test for P17 data with the Dunn test for individual contrasts and a Mann-Whitney test for P12 data, respectively. A value of P < 0.05 was considered significant.
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RESULTS

Effects of Hyperoxia and Nutritional Intervention on DSI Structure and Development

To compare intestinal morphology among the dietary groups, DSI villus morphology was evaluated using light microscopy on hematoxylin and eosin (H&E) stained slides (Fig. 1A). Five days of oxygen exposure did not result in a significant morphology change on P12 (data not shown); however, with a 5-day exposure to hyperoxic conditions followed by a 5-day recovery period in room air on P17, DSIs from the hyperoxia group showed a greater distortion of overall villus structure (Fig. 1A) and higher injury score (Fig. 1B, P < 0.05) than the other groups. Animals with either Arg-Gln dipeptide or DNA supplementation were more similar to the room air control group (Fig. 1).

[image: Figure 1]FIGURE 1. Effects of hyperoxia and nutritional intervention on distal small intestine (DSI) structure and development. A, Hematoxylin and eosin staining slides of DSI villi (scale bar = 40 μm, original magnification ×250) on P17. B, Scatterplot shows DSI injury score on P17 (*P < 0.05 vs air, n = 6, 7, 12, and 5, respectively). The data are represented as mean ± SEM. DHA = docosahexaenoic acid.
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Effects of Hyperoxia and Nutritional Intervention on Biochemical Markers of Inflammation and Tissue Injury

Hyperoxia-induced inflammation and neutrophil activation, as indicated by MPO activity, was also moderated by Arg-Gln dipeptide and DHA. To determine whether the DSI injury in response to hyperoxic exposure was associated with neutrophil activation, DSI MPO activity was measured (Fig. 2). On P17, hyperoxia led to an induction of MPO activity (0.015 U/mg protein; interquartile range 0.0023–0.040 U/mg) compared with room air controls (0.0019 U/mg protein; range 0.0014–0.0024 U/mg). Arg-Gln or DHA supplementation brought MPO back close to control levels, with DHA being more effective (P < 0.05) than Arg-Gln. MPO activities did not differ in DSI on P12 (data not shown).

[image: Figure 2]FIGURE 2. Effects of hyperoxia and nutritional intervention on myeloperoxidase (MPO) activities. On P17, Arg-Gln or docosahexaenoic acid (DHA) supplementation reduced distal small intestine MPO close to control level (*P < 0.05, vs hyperoxia, n = 6, 7, 12, and 12, respectively). The data are represented as median and interquartile ranges.



Extracellular appearance of LDH or LDH release is used to detect cell damage. On P17, LDH activity in plasma was elevated significantly in the hyperoxia group. These changes were reversed by either Arg-Gln or DHA supplementation (Fig. 3A, all P < 0.05). LDH tissue activity relates to glycolysis (37). Tissue LDH activities were reduced in the hyperoxia group compared with air control mice in DSI (Fig. 3B, P < 0.05), suggesting that LDH was inactivated by hyperoxic exposure. Supplementation of Arg-Gln or DHA reversed this effect with an increase in LDH activity in DSIs by 39.3% and 55.8%, respectively (Fig. 3B, P < 0.05). Differences were not found in proinflammatory cytokines, IL-6, and cytokine-induced neutrophil chemoattractant-1 among the groups (data not shown).

[image: Figure 3]FIGURE 3. Effects of hyperoxia and nutritional intervention on lactate dehydrogenase (LDH) activities on P17. A, Plasma LDH activity was elevated in the hyperoxia group. These changes were reversed by either Arg-Gln or docosahexaenoic acid (DHA) supplementation (*P < 0.05 vs air, ‡P < 0.05 vs hyperoxia; n = 6, 6, 12, and 10, respectively). B, Distal small intestine LDH activity was decreased with hyperoxia and reversed by supplementation of Arg-Gln or DHA (*P < 0.05 vs air, ‡P < 0.05 vs hyperoxia; n = 6, 7, 12, and 12, respectively). The data are represented as mean ± SEM.
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Effects of Hyperoxic Exposure and Nutritional Intervention on DSI Apoptosis

To determine whether hyperoxia-induced DSI injury is associated with apoptosis, histone-associated DNA fragmentation, a marker of apoptosis, was evaluated in the cytoplasm using a quantitative cell death ELISA (Fig. 4). There was an increase in cell death on P12 (Fig. 4A, 0.918 OD/mg protein, range 0.72–2.28 OD/mg protein, P < 0.05) compared with room air controls (4.79 OD/mg, range 2.89–6.68 OD/mg protein). On day 17, apoptotic cell death was also higher in hyperoxia group (Fig. 4B, 10.84 OD/mg, range 7.90–14.03 OD/mg) than in normoxia animals (3.50 OD/mg, range 1.30–7.90 OD/mg, P < 0.05), whereas Agr-Gln or DHA-supplemented animals had a level of DNA fragmentation similar to air controls. Our data also suggested a developmental effect on DSI apoptosis when comparing cell death of day 12 to day 17.

[image: Figure 4]FIGURE 4. Effects of hyperoxic exposure and nutritional intervention on distal small intestine (DSI) apoptosis. A, Cell death enzyme-linked immunosorbent assay in DSI on P12 (*P < 0.05 vs air; n = 9 and 6, respectively). B, Cell death enzyme-linked immunosorbent assay in DSIs on P17 (*P < 0.05 vs air; n = 5, 6, 10, and 11, respectively). The data are represented as median and interquartile ranges.
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DISCUSSION

The model, although not an established model for NEC, was chosen based on our previous work (31) showing the benefits of Arg-Gln dipeptide on oxygen-induced retinopathy in this mouse model. In this study, we wanted to determine whether other organs could be affected and whether the injury to intestine could be ameliorated as well. The tissue injury occurs secondary to the hyperoxia and then relative hypoxia. It has been reported that hyperoxia altered villus structure and decreased nitric oxide synthase II protein concentration in rat pups (7), which may lead to the disruption of the intestinal barrier function and make the infant intestine more susceptible to bacterial insult. Therefore, the pathogenesis of our study model could be the response to the oxidative stress and then relative hypoxia, with damage of barrier function followed by inflammation.

Our study demonstrates that 5 days of hyperoxic oxygen exposure followed by 5 days of recovery in atmospheric conditions result in a villus injury in the DSI. Supplementation of Arg-Gln or DHA on P17 prevented morphologic evidence of villus injury. Arg-Gln dipeptide or DHA also prevented leukocyte infiltration and enzymatic tissue destruction, determined by myeloperoxidase levels. Although extracellular appearance of LDH or LDH release is used to detect cell damage, LDH tissue activity relates to glycolysis (37). LDH activity was increased in plasma in the hyperroxia group, suggesting cell damage caused by hyperoxia; however, LDH activity was reduced in DSI in hyperoxia, suggesting that LDH is inactivated by hyperoxic exposure and the slowing down of glycolysis. Animals supplemented with Agr-Gln or DHA had normal LDH activity levels. Evaluation of apoptotic markers showed that histone-associated DNA fragmentation was higher in the hyperoxia group than in normoxic animals, whereas dipeptide Agr-Gln or DHA supplementation reduced hyperoxia-induced cell death.

A limitation of our study is that we did not investigate the serum Arg or Gln levels before or after administration of dipeptide and do not have direct evidence that dipeptide was hydrolyzed. Studies from other researchers demonstrate that the serum Gln level was higher in alanyl-glutamine dipeptide–supplemented rats, suggesting that oral administration of Gln in dipeptide form is an efficient way to provide Gln (38). This effect may attributed to the mechanism that enterocytes have a more efficient transport system for the absorption of dipeptides than free amino acids (39,40). In our study, we assumed that Arg-Gln was absorbed by the intestinal epithelial cells and used by the small intestine as a donor for amide nitrogen in nucleotide synthesis, thus playing an important role in preventing intestinal tissue injury from hyperoxia.

Our results provide insight into the mechanisms by which Arg-Gln dipeptide and DHA may support normal intestinal development in infants exposed to hyperoxic conditions. Gln has been shown to attenuate sepsis-induced lung injury by suppressing NF-κB activation and reducing the production of proinflammatory cytokines (41–43). Gln may also preserve metabolic function by suppressing cellular apoptosis and protecting against oxidant-induced damage by preserving cellular glutathione stores (42). Gln is necessary to maintain intestinal tight junction stabilization and barrier function and is a signal to intestinal cells to enhance cell survival via mitogen-activated protein kinases (44). Rodent models of ischemia-reperfusion–mediated gut injury also demonstrated that Gln minimized mucosal injury by preserved the actin cytoskeleton (45). Arg is a potent vasodilator and anti-inflammatory mediator known to influence mucosal integrity, gut healing, and blood pressure regulation (19). Decreased concentration of nitric oxide is proposed as one of the possible cellular mechanisms for NEC. Arg can act as a substrate for the production of nitric oxide in the tissues, and Arg supplementation may help in preventing NEC (22,23).

Previous studies suggest that extremely premature, very-low-birth-weight infants and individuals under stress conditions have increased DHA requirements (24). DHA may ameliorate inflammation via their action on transcription factors such as NF-κB and peroxisome proliferator–activated receptor-γ (26). DHA supplementation blocked platelet-activating factor–induced apoptosis in intestinal epithelial cells (27) and also blocked platelet-activating factor–induced TLR4 and platelet-activating factor receptor mRNA expression. These effects may, in part, explain the protective effect of polyunsaturated fatty acid on neonatal NEC in neonatal rats (28).

Several studies in premature infants have established the safety and efficacy of Arg and Gln when administered as individual nutrients. For example, in various studies in premature or very-low-birth-weight infants, Gln supplementation, either parenterally or enterally administered, has been reported to reduce hospital costs (46), decrease morbidity (47), and reduce time on mechanical ventilation (48). Moreover, plasma Gln levels may be lower in premature infants who develop NEC (17). Other studies have suggested long-term benefits of enteral glutamine supplementation (49). Similarly, plasma Arg levels are reduced or low in infants with NEC (17,48). Arg supplementation has been reported to decrease the incidence of all stages of NEC (22). The common suggestion in each of these reports is that premature infants are deficient in Gln, Arg, or both; however, high doses of Arg showed harmful effects in an intestinal cell culture model (50) and a rat intestinal ischemia/reperfusion injury model (45). Our study suggested a safe dose for Arg-Gln dipeptide supplementation in this mouse model.

To our knowledge, the effects of Arg-Gln dipeptide or DHA supplementation in a model of hyperoxia-induced intestinal injury have not been evaluated. Our data suggest that Arg-Gln and DHA may affect clinically relevant outcomes in extremely premature infants experiencing significant physiologic stress. In light of our findings, the lack of these nutrients in the diet of this population in the immediate postnatal period is particularly relevant.
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