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Sialylated oligosaccharides, including 3ˊ-sialyllactose (3ˊ-SL) and 6ˊ-sialyllactose (6ˊ-SL), comprise a large portion of human milk and have been known to support development over the first year of life. While research has investigated the impact of early-life supplementation, longer-term supplementation remains relatively unexplored. Consequently, the following study assesses the impact of supplementation of either 3ˊ-SL or 6ˊ-SL on growth performance, tolerance, and brain sialic acid concentrations. Two-day-old piglets (n = 75) were randomly assigned to a commercial milk replacer ad libitum without or with 3ˊ-SL or 6ˊ-SL (added at 0.2673% on an as-is basis). Daily body weight and feed disappearance were recorded to assess growth performance and tolerance. Pigs were euthanized for sample collection on postnatal day 33 (n = 30) or 61 (n = 33), respectively. Across growth performance, clinical chemistry and hematology, histomorphology, and sialic acid quantification, dietary differences were largely unremarkable at either time-point. Overall, SA was well-tolerated both short-term and long-term.
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1. Introduction

Human milk is a complex combination of essential nutrients and bioactive components that are beneficial to the health and cognitive development of the infant. Human milk serves as a source of nutrition and immunologic protection for the first year of life (1, 2). Key components of human milk are human milk oligosaccharides (HMO), which are carbohydrates composed of five main monosaccharides: glucose, galactose, fucose, N-acetylglucosamine, and sialic acid (SA) (3). Functioning as prebiotics, antiadhesive antimicrobials, immune modulators, and nutrients for brain development, HMO provide a wide array of beneficial effects for the developing infant (4, 5). Bovine milk contains low concentrations of structurally similar, predominately sialylated oligosaccharides. Thus, infant formula made from bovine milk are typically devoid of oligosaccharides (6). Due to documented benefits of HMO, preclinical and clinical research have investigated supplementation of HMO to formula (7) in hopes of replicating the complex nature of human milk, although isolating the individual benefits of HMO has proven difficult.

Investigating SA-containing compounds has been of interest due to their presence across animal species as well as their prevalence throughout body tissues (8). Specifically, SA are naturally and most frequently found in the fundamental forms of N-acetylneuraminic (Neu5Ac) and N-glycolylneuraminic (Neu5Gc) acids throughout the body (9, 10). These natural forms of SA are synthesized in various tissues and organs, but it is believed that due to the immature development of the infant at birth, human milk is the primary source during infancy (11, 12). Human milk-derived SAs are found most commonly as components of oligosaccharide chains, with about 69%–76% as gangliosides and 21%–28% as glycoproteins, while only 3% are found in the free form (10). Despite this, infant formulas contain less than 25% of the SA concentration found in human milk, with infant formula compositions varying widely between commercial products (10). Therefore, it is of increasing importance to find suitable ways of supplementing SA into infant formula, whether it be through natural sources or by chemical synthesis (5).

Furthermore, multiple studies have indicated that the majority of ganglioside-bound sialic acids have been found in the brain, as opposed to organs such as the spleen, thyroid, liver, pancreas, heart, and small intestine (8, 13). Hence, much of the literature focuses on how bound SAs may impact brain development as well as overall development of the infant. Recent evidence suggests there are multiple benefits associated with consumption of sialyllactose, specifically in its predominant forms: 3ˊ-sialyllactose (3ˊ-SL) and 6ˊ-sialyllactose (6ˊ-SL) (14). The abundance of individual HMO fluctuates throughout lactation. Whereas 6ˊ-SL is more abundant during the first few months of lactation and decreases over time, the opposite is true for 3ˊ-SL, which increases across lactation (2). These sialylated oligosaccharides have been tested in a wide array of model species (15–20). Specifically, enzymatically synthesized 3ˊ-SL and 6ˊ-SL have been previously shown to be well-tolerated and safe for neonatal pigs in a study that established appropriate dosages for infant formula (16, 17). Tarr et al. (14) also observed that 3ˊ-SL and 6ˊ-SL supplementation in mice was associated with anxiolytic properties, maintenance of mucosa-associated microbiota communities, and prevention of stress-induced neuron reduction. In general, sialylated oligosaccharides are believed to function as “decoys’ to prevent the binding of pathogens, such as rotavirus (21) and cholera toxin, to host cells and hence function as a preventative mechanism against infection in the infant (8). This has been showcased across several studies, where sialyllactose supplementation was shown to decrease signaling and circulating levels of inflammatory cytokines in disease conditions (20, 22).

Though a multitude of studies have explored how supplementation of 3ˊ-SL and 6ˊ-SL affect development, there remains conflicting evidence regarding how SA concentrations in the brain are impacted. Several studies indicate changes of SA concentration in the corpus callosum, cerebellum, prefrontal cortex, and hippocampus associated with supplementation (23, 24). Conversely, other studies indicate that no differences in concentrations were observed in pigs supplemented with sialyllactose (25). Importantly, forms and dosages of sialyllactose supplementation are inconsistent, leading to poor correlation of results across studies. To our knowledge, only short-term supplementation of 3ˊ-SL and 6ˊ-SL has been assessed causing the effects of longer-term supplementation to be unknown.

Therefore, the objective of this study was to evaluate the effects of short-and long-term supplementation of enzymatically synthesized 3ˊ-SL and 6ˊ-SL on growth performance, health outcomes, organ weights, and blood and regional brain SA concentrations in the pig. We hypothesized that both 3ˊ-SL and 6ˊ-SL would be well-tolerated and support normal long-term growth and development in the pig. Based on previous studies, we also predicted that SA concentrations would be increased in sialyllactose supplemented groups at both 4-week and 8-week time-points (23, 24).



2. Materials and methods


2.1. Animal care and housing

All animal care and experimental procedures listed were approved by the University of Illinois Urbana-Champaign Institutional Animal Care and Use Committee and in accordance with the National Research Council Guide for the Care and Use of Laboratory Animals. A total of 75 intact, non-castrated male pigs were sourced from a commercial swine herd on postnatal day (PND) 2 after receiving colostrum from the sow. The number of pigs utilized in this study provided 80% power to detect 1.25 standard deviation units between treatment groups using a 5% level of significance (i.e., alpha = 0.05). Pig genetics included Pig Improvement Company (PIC; Hendersonville, TN) Line 3 sows that were artificially inseminated using a pooled semen source from 50–150 boars in order to minimize genetic variability. Upon arrival at the University of Illinois Piglet Nutrition and Cognition Laboratory (PNCL), pigs received a 5-mL subcutaneous and a 3-mL oral dose of Clostridium perfringens antitoxin C and D (Colorado Serum Company, Denver, CO). The pigs were artificially reared at PNCL until PND 33, at which time 6 pigs (2 per treatment, per cohort) were euthanized and used for baseline sample collection. Longitudinal pigs (3 per treatment, per cohort) were transferred to the Veterinary Medicine Research Farm (VMRF) on PND 33 and raised in group pens until PND 61 [postnatal week (PNW) 8], at which time all remaining pigs were euthanized for sample collection. The study consisted of 5 cohorts each with 15 pigs. Only pigs with a starting body weight of at least 1.4 kg were utilized for this study, as previous studies conducted in PNCL have shown that lower body weight upon arrival increases the probability of failure-to-thrive. Pigs were randomly assigned to one of three treatment conditions in a blinded fashion as described below (Section 2.2). Treatment assignment was randomized considering initial body weight and litter of origin (i.e., genetics) to eliminate bias as a result of these factors.

Custom pig rearing units (individual cage dimensions: 87.6 cm × 88.9 cm × 50.8 cm; L × W × H), described previously in Fil et al. (26), were used to house pigs individually while at PNCL. Cages consisted of vinyl-coated metal flooring, one stainless-steel wall, and three acrylic walls, which allowed pigs to see, hear, and smell each other without directly touching. Environmental conditions at PNCL included a 12 h light/dark lighting schedule, with the ambient, micro-environmental temperature maintained between 26.6–29.0°C throughout the study. Twice-daily health checks were performed to monitor pigs for diarrhea, lethargy, body composition, and any other clinical indicators of failure to thrive. For the first week at PNCL, all pigs, regardless of treatment group, were provided access to electrolytes (Swine BlueLite; TechMix, Stewart, MN or Bounce Back, MannaPro®, LLC, St. Louis, MO) due to incidence of loose stool.

At PND 33, pigs continuing to the final study time-point were transferred to VMRF where they were group-housed by treatment in nursery pens (1.219 m × 1.219 m; vinyl-coated, expanded metal flooring; 1 nipple drinker; ad libitum access to feed via trough feeder) until PND 61 when they were humanely euthanized for tissue collection. Once-daily health checks were performed by trained VMRF staff to monitor for signs of injury or failure to grow. All study personnel in direct contact with animals were blinded to treatment groups for the duration of the study and data analyses.



2.2. Experimental treatments and feeding paradigm

Pigs were randomly assigned to one of three treatment groups: control (CON), control +3ˊ-sialyllactose (3ˊ-SL), or control +6ˊ-sialyllactose (6ˊ-SL). All supplementation was included at a rate of 0.2673% of the diet on an as-is basis (PND 2–33: 500 mg/L; PND 33–61: 2.673 g/kg). Diets for PND 2–33 were manufactured in powder form by TestDiet (Purina Mills, St. Louis, MO). All diets were based on a commercial milk replacer product (ProNurse® Specialty Milk Replacer, Land O’Lakes, North Arden Hills, MN, United States), and supplemented with either lactose (CON) or the respective sialyllactose test article (3ˊ-SL or 6ˊ-SL) (Table 1). Diets for PND 33–61 were manufactured as practical, nutritionally-adequate, and age-appropriate mash diets, and pigs were maintained within the same experimental dietary group (i.e., CON, 3ˊ-SL, or 6ˊ-SL) (Table 2). Test articles were added to a basal mash formula (corn-soybean meal-based) by a single, unblinded researcher who was not involved in daily handling of pigs. All daily feedings at PNCL and trough fillings at VMRF were done by blinded study personnel.



TABLE 1 Analyzed composition of experimental milk replacer treatments fed through 4 week of age (dry matter and liquid bases)a.
[image: Table1]



TABLE 2 Analyzed composition of phased dietary treatments fed from 4-to-8-week of age (dry matter basis)a.
[image: Table2]

For PND 2–33, liquid milk replacer was reconstituted fresh daily at 200 g of dry powder per 800 mL of tap water. Pigs were on an ad libitum, 20-h feeding schedule from 1,000 h to 0600 h the following day. Milk reservoirs were cleaned daily before refilling with freshly reconstituted milk replacer. Milk disappearance was calculated per individual pig based on the initial and final reservoir weights. Milk replacer allotments per pig were based on milk disappearance from the preceding day, ensuring a sufficient amount to allow for ad libitum feeding with minimal wastage. More milk was added during the second daily health check, if necessary, with the initial weight (i.e., before adding more milk) and added weight being recorded and considered as part of the daily milk disappearance calculation.

For PND 33–61, pigs received age-appropriate, practical mash diets that were fed for 7, 7, and 14 d for phases 1, 2, and 3, respectively; these represented the standard 3-phase series of dietary formulations used by the University of Illinois Swine Research Center. These diets were composed (inclusion range denoted per successive phase) predominantly of corn (42%, 42%, and 59%), soybean meal (22%, 32%, and 30%), and whey (25%, 20%, and 5%) and were designed to transition pigs from liquid to mash feed. Mash feed was distributed via troughs that allowed multiple pigs to eat at the same time and feed intake was calculated on a pen basis during the PND 33–61 study phase.



2.3. Growth measures and health checks

A total of 30 pigs (9 CON; 11 3ˊ-SL; 10 6ˊ-SL) completed the study at the 4-week time-point and 33 pigs (11 CON; 12 3ˊ-SL; 10 6ˊ-SL) continued to the 8-week time-point (i.e., study conclusion). Pigs were excluded in cases of failure to thrive. As part of daily health checks at PNCL, body weights (BW) were recorded once-daily from PND 2–33. Trained study personnel also observed and recorded fecal consistency per pig twice-daily while pigs were at PNCL. Fecal consistency was graded on a scale of 1 (solid, pellet-like) to 4 (liquid diarrhea). Once transferred to VMRF, BW was captured once weekly for the remainder of the study (PNW 4–8). Fecal scoring was not recorded at VMRF as the pigs were group-housed.

Average daily gain (ADG), average daily feed intake (ADFI), and average gain-to-feed ratio (G:F; measure of feed efficiency) were all calculated using the milk disappearance records described in section 2.2 and BW recorded as described above. All measures were calculated on a weekly basis, as well as overall basis, starting on PND 5 at PNCL. Measures were also calculated on weekly and overall bases at VMRF. Overall measures were calculated per housing location (i.e., PNCL and VMRF separately) as separated by the early (PNW 4) and final (PNW 8) study time-points.



2.4. Tissue and blood collection

Tissue collection days (PND 33 and PND 61) began at 0900 h. Pigs were anesthetized through an intramuscular injection of a telazol:ketamine:xylazine solution [50.0 mg tiletamine plus 50.0 mg of zolazepam reconstituted with 2.50 mL ketamine (100 g/L) and 2.50 mL xylazine (100 g/L); Fort Dodge Animal Health, Overland Park, KS], with the compounded solution administered at 0.06 mL/kg of BW. To ensure moderate levels of anesthesia, eye and hind hoof reflexes were checked. Once properly sedated, intracardiac blood draws were performed. Blood for plasma extraction was collected into 2 mL evacuated tubes (K2 EDTA, Becton, Dickinson and Company, Franklin Lakes, NJ) and immediately placed on ice. Blood for serum extraction was collected into a 2 mL evacuated tube (Becton, Dickinson and Company, Franklin Lakes, NJ) and left at room temperature for 30 min before being placed on ice. The serum tube and one plasma tube were submitted to the Veterinary Diagnostic Laboratory (College of Veterinary Medicine, University of Illinois at Urbana-Champaign, Urbana, IL) for clinical chemistry and hematology analyses, respectively. Additional blood tubes for plasma extraction were centrifuged at 4°C and 2,250–2,300 × g for 15 min (Allegra 6R centrifuge, Beckman Coulter Life Sciences, Indianapolis, IN), with the resulting plasma aliquoted into cryovials and frozen at −80°C; these plasma samples were designated for SA quantification. After blood collection, pigs were euthanized through an intracardiac injection of sodium pentobarbital (Euthasol, Virbac, Westlake, TX) at 0.22 mL/kg of BW. Immediately following euthanasia, the brain and liver were extracted and weighed before dissection. Additionally, the intestinal tract was removed and segments were dissected to permit samplings from the ileum and ascending colon.

After weighing, a small piece of the right lobe of the liver was minced and flash-frozen in liquid nitrogen. Four regions of interest (ROI) were bilaterally dissected from the brain (cerebellum, hippocampus, prefrontal cortex, and striatum) following a validated procedure (27). Both halves of the ROI were minced together to homogenize the sample. The tissue was then distributed equally among multiple cryovials and flash-frozen in liquid nitrogen. Brain tissue, liver tissue, and plasma samples were stored at −80°C pending further processing. One 5–10 cm tissue section of both the ileum and ascending colon were collected, placed in 10% neutral buffered formalin (NBF), and left at room temperature for less than 24 h before being stored at 4°C until histomorphological analysis. Histomorphological tissue processing and staining was performed by a board-certified veterinary pathologist (Veterinary Diagnostic Pathology, LLC., Fort Valley, VA) who remained blinded to treatment identity at all times.



2.5. Sialic acid quantification

Free, total, and bound SA concentrations were quantified in all dietary treatments (both milk replacer and mash feeds per feeding phase), four brain regions (cerebellum, hippocampus, prefrontal cortex, and striatum), and plasma. Standards for Neu5Ac and Neu5Gc were run prior to the study samples. Blinded study personnel analyzed all samples in duplicate.

For diet and brain samples, approximately 0.3 g of each sample was placed into 2 mL locking cap microcentrifuge tubes along with 0.9 mL of phosphate buffered saline (PBS; 1:3 ratio of tissue to PBS) and a stainless steel bead. Samples were homogenized utilizing a bead homogenization system (TissueLyser, Qiagen, Hilgden, Germany) for a total of 1 min before the bead was removed and homogenized samples were stored at −20°C until further analysis.


2.5.1. Free sialic acid preparation

Excluding plasma samples, all free SA samples were prepared by aliquoting 0.2 mL of the homogenized sample and diluting with 0.8 mL of double-distilled water before being vortexed. After vortexing, 0.5 mL of the homogenate or plasma was aliquoted into a 2 mL microfuge tube with 0.5 mL acetonitrile before being vortexed again. After freezing overnight, the samples were then centrifuged for 15 min at 16,500 × g to deproteinize the extracts. From there, aliquots of the liquid phase were transferred to centrifugal filter units (10 kDA molecular weight cut-off) and centrifuged in a swinging bucket rotor for approximately 30 min at 4,000 × g to generate purified extracts.



2.5.2. Total sialic acid preparation

Total SA samples were prepared by aliquoting 0.1 mL (diet and brain samples) or 0.25 mL (plasma samples) of the sample and diluting with 0.9 mL or 1 mL (diet/brain or plasma, respectively) of double-distilled water before being vortexed. Once vortexed, 0.2 mL of the homogenate was combined with 0.3 mL sodium acetate:enzyme solution 1 [1 U neuraminidase +20 mU/mL sodium acetate buffer (4.1 g sodium acetate anhydrous dissolved in water +0.5 mL glacial acetic acid + distilled water, balanced to a pH of 5.0 with glacial acetic acid)] for diet and plasma samples or 0.3 mL sodium acetate:enzyme solution 2 (1 U neuraminidase +40 mU/mL sodium acetate buffer) for brain tissue samples. Samples were then incubated at 37°C for 18 h in a water bath, and then combined with 0.5 mL of acetonitrile, vortexed, and frozen overnight. Once thawed, samples were transferred to centrifugal filter units (10 kDA molecular weight cut-off), and centrifuged in a swinging bucket rotor for approximately 30 min at 4,000 × g to generate purified extracts.



2.5.3. Free, Total, and bound sialic acid quantification

Following sample preparation, free and total concentrations of Neu5Ac and Neu5Gc acids were obtained by ion chromatography with pulsed amperometric detection (ICS-5000, Dionex, Sunnyvale, CA) with a gold cell electrochemical detector and a multi-step gradient of 7–300 mM sodium acetate in 100 mM sodium hydroxide at 30°C. Separation was conducted utilizing a CarboPac PA20 Column, 3 × 150 mm (Dionex, Sunnyvale, CA) with a flow rate of 0.5 mL/min and a 10 μL injection volume (28, 29). Free and total sialic acid for both diet and tissue samples were determined by multiplying the sample hydrolyzed value by the appropriate dilution factor and as-is sample weight and dividing this value by the sample weight (as-is for tissue samples, dry matter-basis for diet samples). For plasma samples, the sample hydrolyzed value was multiplied by the appropriate dilution factor and divided by the sample volume. Concentrations of bound SA were determined by subtracting free SA from the total SA concentrations for each subject.




2.6. Statistical analysis

All outcomes were analyzed in SAS 9.3 (RRID:SCR_008567; SAS Inst. Inc., Cary, NC) using a one-way analysis of variance (ANOVA). Depending on the outcome, one of two statistical models was used: (1) any data collected at a single time-point was analyzed with a simple ANOVA using the MIXED procedure to assess the main effect of dietary treatment, or (2) any within-subject data collected at multiple time-points (e.g., daily and weekly BW) was analyzed with a repeated-measures ANOVA using the MIXED procedure. The individual pig served as the experimental unit for all outcomes other than growth performance from week 4–8, where pen served as the experimental unit. Outliers were determined via Studentized residuals, with any data point generating a Studentized residual with an absolute value of 3 or greater being removed. For all statistical methods, main effects were assessed between the three dietary treatments and cohort was included as a blocking factor with litter nested within cohort. The level of significance was set at p < 0.05 for all statistical comparisons.




3. Results


3.1. Health outcomes


3.1.1. Pig body weight

A main effect for postnatal week (PNW) on body weight was observed (p < 0.001) for the entirety of the study duration (Figure 1), confirming that pigs were in an active phase of growth. Body weights from 64 pigs were included in the daily BW analysis from PND 2–33. A main effect of PND was observed for daily body weights (p < 0.001) (Supplemental Figure S1), but there was no main effect of diet for daily BW (p = 0.311) and no interaction (p = 0.975) between diet and PND in the first half of the study. Body weights from 26 pigs were included in the weekly BW analysis for PND 34–61 (PNW 4–8). A main effect for PNW was observed for weekly body weights (p < 0.001) (Supplemental Figure S2), but there was no main effect of diet on weekly body weights (p = 0.444) and no interaction (p = 0.642) between diet and PNW in the second half of the study.

[image: Figure 1]

FIGURE 1
 Longitudinal Body Weights. Weekly body weights of pigs on the control (CON), 3ˊ-sialyllactose (3ˊ-SL), and 6ˊ-sialyllactose (6ˊ-SL) diets for the entire 8-week study (weeks 1–8) Data are expressed as least square means with standard error of mean. PNW, postnatal week.




3.1.2. Growth performance

Effects of diet on average daily gain (ADG), average daily feed intake (ADFI) on liquid, powder, and mash bases, and gain-to-feed ratio (G:F) are shown in Table 3. No main effect of diet was observed for any growth outcome, where individual body weights were averaged per pen starting at PND 34. No main effect of diet was observed for any growth performance outcomes.



TABLE 3 Growth performance of pigsa.
[image: Table3]



3.1.3. Fecal scores

Fecal consistency data were collected on individual pigs from PND 2–33 as shown in Figure 2. A main effect of PND was observed for daily fecal scores (p < 0.001), signifying that fecal consistency became more solid over the first phase of the study where dietary treatments were provided as liquid milk replacer. There was also a main effect of diet for daily fecal scores (p = 0.045), with pigs receiving 3ˊ-SL having more solid feces than those assigned to CON and 6ˊ-SL treatments, with no difference between CON and 6ˊ-SL groups. No interaction effect (p = 0.915) was observed between diet and PND for daily fecal scores. As stated, starting on PND 34, quantifying fecal scores from individual pigs was no longer possible as pigs were group-housed based on their assigned dietary treatment.

[image: Figure 2]

FIGURE 2
 Longitudinal Fecal Scores. Daily fecal scores of pigs on the control (CON), 3ˊ-sialyllactose (3ˊ-SL), and 6ˊ-sialyllactose (6ˊ-SL) diets for the first 4 week. of the study. Fecal scores are expressed as the mean score across time for each treatment. Standard error is not expressed as these were subjective ratings reported on a scale from 1–4. PND, postnatal day.




3.1.4. Organ weights

The effects of dietary treatment on whole brain and liver weights at PND 33 and 61 are displayed in Table 4. No main effect of diet was observed on PND 33, but the main effect of diet was observed on PND 61 for absolute brain weight (p = 0.035), where 6ˊ-SL pigs had lower (p < 0.05) brain weights compared with CON pigs, and 3ˊ-SL pigs were intermediary. However, when expressed relative to body weight, no dietary treatment differences were observed.



TABLE 4 Organ weights at PND 33 and 611.
[image: Table4]




3.2. Blood and tissue outcomes


3.2.1. Blood chemistry and hematology

The effects of dietary treatment on clinical chemistry and hematology at PND 33 are displayed in Supplemental Table S1. A main effect of dietary treatment (p < 0.05) was only observed for total alkaline phosphatase, γ-glutamyl transferase (GGT), and lymphocyte percentage. Known reference intervals for pigs are included, when available, and outcomes where dietary effects were noted remained within expected limits.

The effects of dietary treatment on clinical chemistry and hematology at PND 61 are displayed in Supplemental Table S2. A main effect of dietary treatment was observed for creatine, creatine phosphokinase (CPK), monocyte percentage, and eosinophil percentage. Known reference intervals for pigs are included, where available, for comparison. All outcomes of notable dietary differences remained within the expected limits.



3.2.2. Intestinal histomorphology

The effects of dietary treatment on intestinal structure at PND 33 and PND 61 are displayed in Table 5. No main effects of dietary treatment were observed for any outcomes.



TABLE 5 Intestinal histomorphology at PND 33 and 611.
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3.3. Sialic acid concentrations

Free, bound, and total Neu5Ac concentrations in plasma and selected brain regions are displayed separately for PND 33 and PND 61 in Figure 3. Furthermore, the full breakdown of free, bound, and total Neu5Ac and Neu5Gc across plasma and selected brain regions can be found in Supplemental Tables S3, S4. No differences due to dietary treatment were observed for any outcome at the 4-week time-point. A treatment effect was observed for bound and total Neu5Ac acid in plasma (p = 0.022) for 8-week-old pigs, where CON pigs had higher (p < 0.05) concentrations than either the 3ˊ-SL or 6ˊ-SL groups. No other differences were observed across Neu5Ac and Neu5Gc at the 8-week time-point.

[image: Figure 3]

FIGURE 3
 Longitudinal Plasma and Tissue Sialic Acid Concentrations. Total, free, and bound N-acetylneuraminic acid (Neu5Ac) concentrations in plasma and brain tissue are displayed for PND 33 (A,C,E). Dietary SL does not influence (p > 0.05) total, free, or bound sialic acid concentrations at PND 33. Total, free, and bound Neu5Ac concentrations in plasma and brain tissue are displayed for PND 61 (B,D,F). Dietary SL does influence (p < 0.05) total and bound, but not free, sialic acid in plasma, with CON pigs having higher concentrations. Sialic acid supplementation does not influence concentrations in any brain regions at PND 61. Data are expressed as least square means with standard error of mean. PND, postnatal day, SL, sialyllactose.





4. Discussion

Human milk contains a variety of oligosaccharides, including those containing SA, as fermentable substrates. Human milk contains SA in the form of sialyllactose at an average concentration of 500 mg/L (30), which, along with previous SA supplementation studies (16, 17), was the informing factor for the level used in the current study. However, unlike human milk, typical infant formulas contain between 65–290 mg of sialyllactose/L (31). Testing supplementation at a concentration more similar to that of human milk is imperative to continued efforts of closing the developmental gap between breastfed and formula-fed infants. That said, previous research on SA supplementation has caused contradicting views on the impact that SA-containing sources may have on development. Additionally, the literature is missing direct evidence using biomedical models that replicate the duration of HMO prevalence that occurs across the lactation period. To our knowledge, this is the first study to assess long-term supplementation of 3ˊ-SL or 6ˊ-SL in a translational animal model.

In the present study, diet progression mimicked translational feed stages of human infants. In the first 4 weeks of life, pigs were provided reconstituted (i.e., liquid) milk replacer supplemented with SL sources, similar to how human infants receive either infant formula or human milk from lactating mothers. The experimental milk replacer treatments provided more than twice the concentration of SL compared to the subsequent diet phase, thereby mimicking colostrum and mother’s first milk, which contains the highest concentration of sialylated milk oligosaccharides (4). This trend of higher levels of SL near the beginning of lactation is observed across a wide range of species, including pigs (32). Notably, it has been found that sialylated oligosaccharides dominate overall porcine milk oligosaccharides, whereas for humans, fucosylated structures are the predominant source (33). Despite this, porcine lactation follows a similar pattern to that of human lactation, where the concentration of overall milk oligosaccharides decreases by 36% across lactation (4, 33). In our supplementation study, the inclusion levels of 3ˊ-SL and 6ˊ-SL were kept constant over both feeding phases. As such, pigs were switched from liquid milk replacer beginning on PND 33, when they were started on plant-based (i.e., corn and soybean meal) diets with decreasing concentrations of whey across subsequent weeks. This phased/transitional approach loosely mimics an infant’s transition to solid foods between 6–12 months of age, where the degree of dietary lactose gradually decreases (34).

All pigs, regardless of assigned treatment, grew similarly across each feeding phase and the complete study duration. These results are congruent with previous studies, which also indicated a lack of difference in overall growth performance due to supplementation of 3ˊ-SL or 6ˊ-SL in pigs (16, 17, 23, 35). In terms of body tissues, brain and liver weights for all treatments at PND 33 were also similar to those from previous studies (16, 17, 36). Despite 6ˊ-SL pigs having heavier absolute brain weights at PND 61, brain and liver weights relative to body weight did not differ by dietary treatment, which indicates similarities in allometric organ growth. To our knowledge, there is no previous research suggesting that SL supplementation modifies body or organ growth patterns in pigs, and in fact, it has been found that 3ˊ-SL and 6ˊ-SL supplementation is well-tolerated in pigs (16, 17). Given that sialyllactose is a non-digestible dietary component and that the primary goal of SA is to act as neuronal or microbial support, it is not surprising that supplementation did not affect growth trajectories of young pigs.

Clinical chemistry and hematology results exhibited minor, inconsistent differences between treatment groups at both study time-points. Results were consistent with known reference intervals for specific markers (37). Given that the only difference in diet was the amount and type of SL supplemented, these results are expected as supplementation of SL has not been shown to alter levels of common blood biomarkers (16, 17). The lack of difference in blood chemistry profiles is supportive of SL being a safe supplemental option for infant formula.

Similarly, no differences were observed between treatments for intestinal histomorphological results. While previous literature investigating 3’SL and 6’SL focused on microscopic histological analyses (16, 17), the current study focused on intestinal structure and the capacity for nutrient absorption, as quantified through villus height and crypt depth measurements. The ileum compromises about 4%–5% of the small intestine in young pigs and is an essential site of digestion and absorption for vitamins, minerals, water, and bile acids (38, 39), due to being covered in villi-forming enterocytes, which synthesize enzymes critical for digestion of dietary components. Conversely, the ascending colon is part of the large intestine, which is devoid of digestive and absorptive capacities, but contains colonocytes that organize into crypts. The ascending colon is one of the primary locations of fermentation, where microbial byproducts, such as short-chain fatty acids, are produced through bacterial fermentation and impact epithelial cells (i.e., butyrate), or are subsequently absorbed (acetate, propionate) (38). Crypts vary in size and depth across both the small and large intestine and are said to contribute to maintaining the gastrointestinal barrier integrity (38). Findings reported in our study are congruent with those published by Monaco et al. (40) that assessed different sialyllactose supplementation levels in pigs up to 3 weeks of age. Additionally, previous research completed on 3-to 4-week-old pigs has indicated ileal villi length to average 430–600 μm, crypt depth between 140–270 μm, and villus:crypt ratio between 1.8–2.3 across various conditions, confirming that the values obtained in this study are within expected ranges (41, 42).

Since sialyllactose is a non-digestible component, it passes through the small intestine without being digested or absorbed by the host (43, 44). Specifically, sialyllactoses, such as 3ˊ-SL and 6ˊ-SL, have been found to resist enzymatic and hydrolytic digestions and reach the colon intact, with less than 3% release of free sialic acid from dietary sources (44). Previously, ascending colon crypt depth and area for 3-week pigs were found to range between 240–270 μm and 8–11 mm2, respectively, after sialyllactose supplementation (40). Although our results differed slightly, no treatment differences were observed, indicating similar intestinal development and gastrointestinal barrier maintenance in young pigs. Additionally, since it has been determined that less than 3% of free sialic acid is released from 3ˊ-SL and 6ˊ-SL, minimal impact to the colon was expected. In the colon, various bacterial strains are responsible for the breakdown and metabolism of sialic acid to produce byproducts, such as short-chain fatty acids, that can be absorbed by the body (45). From our study, we concluded that 3ˊ-SL and 6ˊ-SL were well-tolerated across time due to a lack of differences across measured histomorphological outcomes between treatment groups at each study time-point. Overall, histological results from our study, which were largely unremarkable, corroborate previous research stating that ingestion of various sources of sialyllactose does not alter intestinal structure at a gross level.

Sialic acid concentrations in various body parts are of interest due to their wide range of beneficial properties, as previously mentioned. Specifically, Neu5Ac and Neu5Gc, commonly referred to as “sialic acids”, are most frequently expressed across various mammalian tissues and organs (10, 46). In the brain, SA is thought of as a building block of gangliosides as well as a key component of neural cell membranes, specifically in regard to neurodevelopment (32). Additionally, SA in the form of sialyllactose stimulates the growth and metabolism of beneficial bacteria (e.g., Bifidobacterium), increases intestinal colonization, and benefits maturation of the intestine and immune system (32, 45). Therefore, determining how SA in the forms of Neu5Ac and Neu5Gc are concentrated throughout the body can provide context on potential sites of action.

Previous work by Ji et al. (46) found that younger pigs (PND 3) had higher concentrations of SA in various body tissues and organs, such as the liver, heart, and kidneys, with SA concentrations decreasing with age (up to PND 180). While this study did not quantify SA levels in the brain, our results are consistent with the idea that SA levels decrease with age, as most brain regions from our study contained lower levels at PND 61 than PND 33. Moreover, our findings contradict previous literature in that we did not find differences in SA concentrations in various brain regions between treatments (23, 24). In the case of Jacobi et al., this may be due to differences in supplementation rate. While Jacobi and colleagues supplemented at a rate of 2000 or 4,000 mg SL/L until PND 21, our study supplemented at a rate of 500 mg SL/L. The dosage for the current study was determine by averaging the concentrations of both 3ˊ-SL and 6ˊ-SL in human milk across lactation stages (47). Supplementation of SL has previously been associated with neurological development, memory formation, and cognitive development, and also shown to protect against cell death in the brain (23, 24, 48, 49). As such, providing supplementation during critical growth periods of the brain is crucial. In pigs, that growth spurt occurs at 4 weeks of age (50). While pigs have variable susceptibility to SA, especially in early life, this critical brain growth period was the target of our investigation.

Our plasma SA concentration results contradict previous work that found SA-supplemented pigs had higher Neu5Ac and Neu5Gc levels than their non-supplemented counterparts (51). The scientific literature is divided in interpretation of increased blood SA levels with some suggesting that higher levels are associated with preventing cell death and reducing inflammatory markers (51, 52). Others suggest that increased levels are associated with clinical conditions such as cancers, liver disease, and diabetes (53–55). Previous literature has also alluded to the effects of SA being more apparent with gene expression, specifically in transcriptional changes and metabolic profiles (56). Supplementation with sialylated milk oligosaccharides was observed to be associated with higher lipid-derived metabolite concentrations in the liver and serum of fasted mice, indicating modulated metabolism, as well as altered metabolic profiles in the brain (56). Thus, it is possible that 3ˊ-SL or 6ˊ-SL supplementation may lead to systemic or gene expression changes even if elevated blood SA concentrations were not detected.

Furthermore, the mode of delivery and absorption rates of SA must be considered when interpreting SA concentrations. It has been reported that SA in its free form is more rapidly absorbed than SA in a bound form (e.g., oligosaccharide) (43). Compared to human milk, infant formulas have more bioavailable SA due to smaller milk fat globules (43). This was found to be true across 13 powdered infant formulas. However, in infant formulas, indirect sources of SA, such as whey protein, were utilized, whereas the current study utilized enzymatically derived (i.e., essentially pure) 3ˊ-SL and 6ˊ-SL. Furthermore, it is possible that even though SA may be more bioavailable, it is not reflected in tissue and blood concentrations. Rodent and human studies have suggested that up to 50% of orally-dosed sialyllactose fed to fasted mice is unchanged and excreted via urine within 24 h of dosing with only 1% of the initial dose being detectable in the body at that time, while up to 40% of free Neu5Ac and most Neu5Gc were found to exit the human body via urine within 48 h of oral dosing (57–59). At the same time, researchers conducting a piglet study found that 120 min after an intravenous administration of Neu5Ac, up to 80% of it had dissipated, as determined by regular blood sampling (13). It is possible that the 3-h period of food deprivation that preceded blood collection in our study altered detectable concentrations of SA in blood and tissues. In addition, it is important to consider that effectively pure forms of 3ˊ-SL and 6ˊ-SL were supplemented in our study, rather than providing SA as part of more complex dietary components, which is typically the case with infant formulas.



5. Conclusion

Our study showed no negative effects from the addition of SA in the form of 3ˊ-SL or 6ˊ-SL over an 8-week period in young pigs. Pigs grew and developed at similar rates, regardless of source or level of SA supplementation. Additionally, sialic acid concentrations in plasma and brain were not impacted by 3ˊ-SL or 6ˊ-SL supplementation. Overall, long-term supplementation of sialylated milk oligosaccharides was determined to be safe and well-tolerated.
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Crude protein, % 2315 2198 2241 2439 2419 2315 21.89 2354 2349
Total AA, % 2209 2151 21.89 2359 2323 2268 2237 2278 2245

Amino acids, %

Alanine 110 108 L1l 113 112 111 110 L1 113
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Glutamic acid 375 364 373 420 4n 402 399 407 4.00
Glycine 083 083 0.85 093 094 092 091 092 093
Histidine 056 055 057 061 059 058 0.60 0.60 059
Tsoleucine 098 096 0.97 111 108 107 104 105 104
Leucine 196 192 193 199 195 193 190 194 192
Lysine 171 165 L64 169 159 160 167 164 165
Methionine 0.45 045 045 047 0.48 0.45 047 052 048
Phenylalanine 104 100 Lo4 113 112 108 110 L2 110
Proline 125 122 125 128 124 125 125 126 124
Serine 097 095 101 104 099 100 089 094 088
Threonine 106 103 0.99 099 119 0.99 0.96 095 095
Tryptophan 029 030 0.29 028 034 030 026 026 028
Tyrosine 072 070 071 077 074 074 070 073 069
Valine 119 116 116 120 118 116 115 116 116
NeusAc, pg/g
Free 1547 1975 1310 1019 1042 143.1 60.60 97.28 1243
Bound 1,237 2555 2,157 7470 1978 1,938 1075 1,586 1732
Total 1392 2753 2,268 8489 2082 2081 1136 1,684 1,856
NeusGe', pglg
Free 14.65 1433 1074 830 595 7.04 1227 428 510
Bound 2504 2133 1751 820 854 302 0.60 7.60 1343
Total 265.1 277 185.8 1650 1449 10.06 1287 1188 1853

‘Phase 1 diet was fed for the frst week after pigs were transferred to the Veterinary Medicine Research Farm (VMRE). Phase 2 diet was fed the second week at VMRF while Phase 3 was fed
aniilstudy conclusion. Testarticles were incorporated into solid diets manufactured at the University of llinois. A, amino acids; CON, control diet; Neus Ac, N-acetylneuraminic acid;
NeusGe, N-glycolylneuraminic acid; 3°SL, 3"sialyllatose diet; 5L, 6-silyllactose diet

“Bound sialic acid concentrations calculated as the difference between total and free concentrations.
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Pooled SEM

Outcome

PND 2-33"
n 20 2 2 - -
ADG, g/d
PND5-12 1974 2022 1674 130 0110
PND 12-19 3183 3041 2988 238 0538
PND 1926 3883 3710 3757 201 0704
PND 26-33 5249 4989 5163 323 0542
Overall 3510 3453 3415 126 0708

ADFI (liquid), g/d

PND 5-12 1,004 1,013 944 57.1 0.483
PND 12-19 1,582 1,479 1,456 1276 0421
PND 19-26 2,309 2,280 2,221 1511 0.720
PND 26-33 3,115 3,047 2,947 1407 0217
Overall 1,987 1,950 1,881 709 0393
Overall ADFI (powder), g/day 3974 3900 3762 142 0393
G:F, g BW:gliquid
PND 5-12 0.197 0.198 0.183 0.009 0334
PND 12-19 0.207 0.206 0.208 0.008 0.987
PND 19-26 0.168 0.169 0.181 0.006 0.226
PND 26-33 0.171 0.166 0.177 0.010 0393
Overall 0.181 0.178 0.183 0.006 0426
Overall G:F, g BWig powder 0.903 0.892 0914 0032 0554
PND 34-61"
n 5 3 3 = -
ADG, g/d
PND 34-41 345.1 3214 3219 46.46 0.895
PND 41-48 504.1 4748 5258 5240 0.798
PND 48-55 8262 8462 9093 7122 0704
PND 55-61 674.6 896.8 9286 84.99 0.185
Overall 587.5 592.1 603.6 2286 0534

‘Growth performance outcomes were calculated starting on PND 5 as pigs were still acclimating to the environment from PND 2-4. CON, control; 3°SL, 3"sialyllactoses
6"-sialyllactose; ADG, average daily gain; ADFI, average daily feed intake: G:F, gain-to-feed (.., feed efficiency): PND, postnatal day; SEM, standard error of the mean.
“For PND 2-33, pglets were housed individually and body weights and feed intake data were captured on an individual basis. 3For PND 34-61, piglets were housed in pens by diets. Body
weights were captured individually and averaged within pen while feed intake was captured on a per-pen bass.
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Dietary treatment

CON GHIL 6°-SL CON SR
Dietary form Powder Powder Powder Liquid Liquid
Item Units® g/100gDM  g/100gDM  g/100g DM g/L g/L
Dry matter 9139 9176 9171 18278 18352 183.42
Organic matter 9047 90.37 9035 165.36 16585 16572
Ash 953 9.63 965 17.42 17.67 17.70
Acid hydrolyzed fat 2794 2838 2814 5107 5208 5161
Crude protein 2649 2655 2640 4842 4872 4842
Total AA 2525 25.60 2581 4615 1698 4734

Amino acids

Alanine 124 124 123 227 228 226
Arginine 0.6 0.69 069 121 127 127
Aspartic acid 256 262 260 468 481 477
Cysteine 056 0.57 058 102 105 106
Glutamic acid 428 429 426 7.82 787 781
Glycine 051 0.52 051 093 095 094
Histidine 049 0.50 050 090 092 092
Tsoleucine 163 Lol 159 298 295 292
Leucine 259 262 258 472 481 471
Lysine 240 230 268 439 422 492
Methionine 046 047 047 084 06 086
Phenylalanine 083 0.84 083 152 154 152
Proline 146 151 150 267 277 275
Serine 107 L2 113 196 206 207
Threonine 160 166 164 292 305 301
Tryptophan 044 0.46 043 0.80 084 079
Tyrosine 053 061 061 097 L2 L2
Valine 154 155 154 281 284 282

NeusAC, pg/g

Free 275 1768 1946 0042 0032 0.036
Bound 5,589 6,784 6823 1022 1245 1251
Total 5,816 6960 7,018 1063 1277 1287

NeusGe', pglg

Free 1166 85.37 86.87 0021 0016 0.016
Bound 5257 7589 1225 0010 0014 0.022
Total 1692 1613 2093 0031 0030 0.038

‘Dietary treatment powders were manufactured in powder form by TestDiet (Purina Mils,St. Louis, MO). The composition was identical to ProNurse (Land O'Lakes commercial sow-milk
replacer formula), with the exception that the control diet was balanced using lactose. AA, amino acids; CON, control diet; NeuSAc, N-acetylneuraminic acid; NeuSGe, N-glycolylneurami
acid; 3°-5L, 3"sialyllactose diet; 6”SL, 6 -siallactose diet.

“Unitslisted in this row do not apply to NeuSAc or NeusGc, which are displayed accordingly.

‘Bound sialic acid concentrations calculated as the difference between total and free concentrations.
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Diet Pooled

3°-SL | 6°-SL SEM p-value
PND 33
n 9 9 9 - -
BW kg 1207 [IECRENTES) 0587 0.606
Absolute weight, g
Brain 541 513 539 0.001 0.164
Liver 3952 785 3685 0018 0578

Relative weight, % of BW

Brain 0455 0456 | 0488 0025 0568
Liver 327 332 3.26 0.172 0954
PND 61
n 1 11 10 = =
BW, kg 2877 205 | 2951 1258 0913
Absolute weight, g
Brain 732 704" 67.4" 0.002 0.035
Liver 8327 892.7 867.0 0.033 0.402

Relative weight, % of BW
Brain 0.257 0.247 0234 0.01 0.283

Liver 289 3.08 297 011 0320

'CON, control; 3"-SL, 3"sialyllactose; 6”-SL, 6 -sialyllactose; BW, body weight; PND,
postnatal day; SEM, standard error of mean. *Means lacking a common superscript letter
within a row differ (p<0.05).
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Pooled SEM

Outcome Control

PND 33
n 9 n 10 - -
Tleum
Villus length, jm 4848 4957 5003 277 0.883
Crypt depth, pm 265 220 216 1025 0.875
Villus width, pm 141.7 145.0 1458 589 0.866
Crypt width, pm 1955 5027 4727 152 0.286
VC ratio 225 223 225 012 0991
Villus surface area, pm® 219,386 223,784 231815 17.792 0,848
Cryptarea, pm* 10,994 11,598 10864 6018 0615
Ascending colon
Crypt depth, ym 3698 3921 3628 1691 0419
Crypt widih, ym 5439 5897 5731 173 0079
Cryptarea, p 20,179 2,186 20693 12536 0.152

PND 61
n 10 12 10 - -
Tleum
Villus length, pm 3862 4060 a7 23 0699
Crypt depth, ym 2540 2526 2618 16.09 0.905
Villus width, pm 1449 1433 156.3 895 0.487
Crypt widih, ym 47.68 4633 4818 165 0670
V:C ratio 164 169 168 0.13 0.963
Villus surface area, ym’ 174,308 181,285 199,414 13,354 0353
Crypt area, pm’ 1,176 1,811 12,663 906.14 0497
Ascending colon
Crypt depth, pm 3856 4019 4182 1490 0320
Crypt width, pm 6112 6223 5817 215 0234
Crypt area, pm’ 23,585 24,619 24,024 10934 0760

‘CON, control; 3°-SL, 3"sialyllactose; 6”-SL, 6 -sialyllactose; SEM, standard error of mean; V:C, villus length-to-crypt depth ratio.
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