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Abstract

Obesity is characterized by altered gut homeostasis, including dysbiosis and increased gut 

permeability closely linked to the development of metabolic disorders. Milk oligosaccharides are 

complex sugars that selectively enhance the growth of specific beneficial bacteria in the 

gastrointestinal tract and could be used as prebiotics. The aim of the study was to demonstrate the 

effects of bovine milk oligosaccharides (BMO) and Bifidobacterium longum ssp. infantis (B. 
infantis) on restoring diet-induced obesity intestinal microbiota and barrier function defects in 

mice. Male C57/BL6 mice were fed a Western diet (WD, 40% fat/kcal) or normal chow (C, 14% 

fat/kcal) for 7 wk. During the final 2 wk of the study, the diet of a subgroup of WD-fed mice was 

supplemented with BMO (7% wt/wt). Weekly gavage of B. infantis was performed in all mice 

starting at wk 3, yet B. infantis could not be detected in any luminal contents when mice were 

killed. Supplementation of the WD with BMO normalized the cecal and colonic microbiota with 

increased abundance of Lactobacillus compared with both WD and C mice and restoration of 

Allobaculum and Ruminococcus levels to that of C mice. The BMO supplementation reduced 

WD-induced increase in paracellular and transcellular flux in the large intestine as well as mRNA 

levels of the inflammatory marker tumor necrosis factor α. In conclusion, BMO are promising 

prebiotics to modulate gut microbiota and intestinal barrier function for enhanced health.
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INTRODUCTION

Impaired intestinal barrier function and microbiota dysbiosis are involved in a wide range of 

long-term conditions, including digestive and extra-digestive diseases (Sanz et al., 2010; 

Bischoff et al., 2014). This has stimulated research to find efficient ways to prevent or treat 

altered gut homeostasis. Among extra-digestive pathologies, obesity and its downstream 

complications such as metabolic syndrome and cardiovascular risks, constitute a major 

economic burden to our societies (Finkelstein et al., 2010). In the last decade, research on 

the role of the gut microbiota in host physiology, behavior, and metabolism has provided 

new insights into the causal mechanisms in obesity. Intestinal dysbiosis has been observed in 

obese patients and in animal models of obesity (Ley et al., 2005, 2006; Hamilton et al., 

2015). Transfer of the gut microbiota from obese mice into lean germ-free mice recapitulates 

the obese phenotype (Turnbaugh et al., 2006), suggesting that the gut microbiota may play a 

role in the development or maintenance of obesity. Changes in gut barrier function are also 

seen in obesity and have been proposed to connect microbial dysbiosis to obesity (Raybould, 

2012). The gut microbiota and barrier function are highly responsive to gut environment 

(Kashyap et al., 2013) and are able to be targeted by nutritional or pharmacological means. 

Thus pre-clinical and clinical trials with probiotics or prebiotics have been used to treat 

obesity and related co-morbidities.

Milk oligosaccharides are complex sugars that selectively enhance the growth of specific 

beneficial bacteria in the gastrointestinal system (Smilowitz et al., 2014). Bovine milk is a 

source of oligosaccharides that resemble human milk oligosaccharides (HMO), though with 

different structures and a much lower concentration than human milk (Chichlowski et al., 

2011). The majority of the molecules are more simple in structure compared with those 

found in human milk (Zivkovic and Barile, 2011). New methods for separation and 

concentration of bovine milk oligosaccharides (BMO) from bovine milk industrial streams 

such as whey permeate are now available. Because whey permeate is a byproduct in the 

production of whey protein concentrate and is readily available, it is an attractive source of 

oligosaccharides for potential application in human nutrition (Zivkovic and Barile, 2011; 

Barile and Rastall, 2013). Our group has shown that BMO enhance the growth of 

Bifidobacterium longum ssp. infantis (B. infantis) in vitro (D. A. Mills, unpublished data). 

Bifidobacterium longum ssp. infantis is a neonate gut commensal that has been shown to 

confer both intestinal and extra-intestinal health benefit to the host: it modulates barrier 

function and protects epithelial cells against cytokine or chemical-induced inflammation 

(Ganguli et al., 2013; Konieczna et al., 2013; Miyauchi et al., 2013; O’Hara et al., 2006). 

Previous studies from our laboratories have demonstrated that B. infantis grown on HMO 

affected intestinal epithelial function in vitro, compared with lactose-grown control culture 

(Chichlowski et al., 2012; Wickramasinghe et al., 2015).

Our objective was to establish the proof-of-concept that a combination of dietary BMO and 

B. infantis can reverse the gut microbial dysbiosis and altered gut permeability induced by 

ingestion of the Western diet (WD). To that aim, we gavaged diet-induced obese mice 

weekly with fresh culture of B. infantis and supplemented their diet with BMO. The BMO-

supplemented mice exhibited improved gut barrier function and microbiota after 2 wk 

compared with nonsupplemented obese mice; however, we did not detect B. infantis in the 
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luminal contents of the gut 1 wk after the last gavage. This suggests that BMO itself could 

prove to be beneficial in the treatment of obesity-related gut dysfunction.

MATERIALS AND METHODS

Diets

Bovine milk oligosaccharides were extracted from whey by Hilmar Ingredients (Hilmar, 

CA). The product was lipid-and protein-free and contained 80% carbohydrates from which 

lactose represented only 0.02%. Composition of the BMO was obtained by nano-chip HPLC 

QToF (Figure 1A). The WD+BMO diet was formulated by substituting inulin and part of 

corn starch by 7% of BMO in a WD (40% fat, #5TJN, TestDiet, St. Louis, MO). The control 

diet was regular laboratory chow (C, #5001, LabDiet, St. Louis, MO). Composition of diets 

is presented in Figure 1B and ingredient composition of WD and WD+BMO diets in 

Supplemental Table S1 (https://doi.org/10.3168/jds.2016-11890).

B. infantis Culture

The B. infantis ATCC 15697 was grown by a foodgrade commercial facility (Culture 

Systems Inc., Mishawaka, IN) as described previously (Underwood et al., 2013) and stored 

at −80°C. Purity and number of viable bacteria per gram were confirmed by the investigators 

every 6 mo by culture. Cultures from stocks frozen at −80°C were grown anaerobically at 

37°C in a semisynthetic de Man, Rogosa, Sharpe broth (Becton Dickinson, Franklin Lakes, 

NJ) supplemented with 1% (wt/vol) l-cysteine hydrochloride. After centrifugation, bacteria 

were re-suspended in PBS before gavage.

Animals

Animals were maintained and handled in accordance with protocols approved by the 

Institutional Animal Care and Use Committee (University of California, Davis) under 

#16076. Male C57/BL6 mice (18.6 ± 0.3 g, n = 18, Harlan, San Diego, CA) were 

acclimatized to the animal facility and fed the C diet ad libitum. All animals were housed 

individually at 22°C with a 12:12 h light-dark cycle. After 1 wk of acclimation, 12 mice 

were switched to the WD diet for a total of 5 wk to establish obesity. At that time, 6 mice 

continued on the WD, whereas 6 mice switched to the WD+BMO diet for another 2 wk. All 

animals were gavaged once a week with 0.2 mL of 109 cfu/mL of B. infantis solution, 

starting at wk 3. Food and water were provided ad libitum. Body weight and food intake 

were measured weekly. The protocol is summarized on Figure 1C.

At experiment completion, mice were euthanized by cardiac puncture under deep anesthesia 

induced with isoflurane. Blood was collected via cardiac puncture in heparinized tubes. 

Plasma was obtained after centrifugation (4°C; 1,500 × g, 10 min) and stored at −20°C. 

Luminal contents of the cecum and proximal colon were flash frozen in liquid nitrogen and 

stored at −80°C. Segments of cecum and proximal colon were collected and stored in Krebs 

buffer for immediate measure of intestinal permeability in Ussing chambers. Sections of 

proximal colon were flash frozen in liquid nitrogen and stored at −80°C until RNA 

extraction.
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Ussing Chamber Analysis

Gut tissue was opened along the mesenteric border and mounted in Ussing chambers 

(Physiologic Instruments, San Diego, CA), exposing 0.5 cm2 of tissue surface area to 2.5 

mL of oxygenated Krebs-glucose (10 mM) and Krebs-mannitol (10 mM) at 37°C on the 

serosal and luminal sides, respectively. Tissue conductance was measured using a voltage/

current clamp (VCC MC8, Physiologic Instruments). Flux of FITC-4000 (FD-4, Sigma 

Aldrich, St. Louis, MO) and horseradish peroxidase (HRP Type II, Sigma Aldrich) were 

measured by addition of FD-4 (0.4 mg/mL) and HRP (0.2 mg/mL) to the mucosal chamber, 

respectively. Samples were collected from the serosal chamber after 30 and 60 min. 

Concentration of FD-4 was measured via fluorescence at excitation 485 nm, emission 538 

nm. Oxidation of O-dianisidine (Sigma Aldrich) by HRP and evaluation of absorbance of 

the formed product at 450 nm were used to measure HRP concentrations.

Microbiota Analysis

The DNA was extracted from cecum and colonic luminal contents using the Zymo Research 

fecal DNA mini prep kit according to the manufacturer’s protocol (catalog D6010, Zymo 

Research, Irvine, CA). Quantification of DNA was performed on a Quibit Fluorometer (Life 

Technologies, Carlsbad, CA). The PCR amplification was performed on the V4 region of the 

16S rRNA gene primers F515 (5′-GTGCCAGCMGCCGCGGTAA-3′) and R806 (5′-
GGACTACHVGGGTWTCTAAT-3′). Barcode and primer linker sequences were added to 

allow for mulitplexing. Sequencing was performed with Illumina MiSEQ paired-end 250-bp 

runs.

Bioinformatic Analysis—Quantitative Insights Into Microbial Ecology (QIIME, version 

1.9; Caporaso et al., 2010) software was used for demultiplexing and quality filtering. 

Operational taxonomic unit picking was performed using an open reference workflow script 

with Greengenes 97 (version 13_9) for taxonomy assignment at 97% similarity (McDonald 

et al., 2012). Chimera sequences were identified via Chimera Slyer (Haas et al., 2011) and 

removed. Additional filtering of lowread operational taxonomic units was also performed 

(Bokulich et al., 2013). Principal coordinate analysis taxa plots using weighted and 

unweighted UNIFRAC and α rarefaction plots were created through QIIME. Multivariable 

statistical analysis was performed in the LEfSe package (Segata et al., 2011) with default 

parameters.

Quantity of Bifidobacterium longum Via Real-Time PCR—Real-time quantitative 

PCR was performed to quantify the presence of B. longum (species that contains subspecies 

infantis). Uniquely designed TaqMan primers and probe used were as follows: forward 

primer BiLONF (CAGTTGATCGCATGGTCTT), reverse primer BiLONR 

(TACCCGTCGAAGCCAC) and BifSpP probe [(6-FAM)TGGGATGGGGTCGCG 

TCCTATCAG(TAMRA)]. Data were analyzed against a standard curve of known 

concentrations of B. infantis (Malinen et al., 2005).

Quantitative PCR

The quantitative PCR for the pro-inflammatory cytokine tumor necrosis factor (TNF)-α was 

performed on colonic tissues as already described (Vegezzi et al., 2014) using a TaqMan 
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Gene Expression assay (Mm 99999068_M1, Applied Biosystems, Foster City, CA). β-Actin 

was used as housekeeping gene (Mm00607939_ s1). The TNF-α expression was analyzed 

according to the 2−ΔΔCT method.

Biochemical Analyses

Leptin and LPS-binding protein (LBP) levels were detected in plasma samples via dedicated 

ELISA kits (Alpco Diagnostics, Salem, NH; and Biometec, Greifswald, Germany, 

respectively) according to the manufacturer recommendations.

Statistical Analysis

Data are presented as means ± SEM. Data were analyzed by one-way ANOVA using Prism 

(GraphPad Software Inc., La Jolla, CA). Post hoc analysis with Student test and Tukey 

correction was performed to compare the 3 means.

RESULTS

Obesity and Metabolic Markers

Ingestion of the WD for 4 wk significantly increased BW compared with C mice (Figure 

2A). Addition of BMO to the WD had no effect on BW in wk 5 to 6 compared with WD 

alone (Figure 2A). At wk 7, plasma leptin was significantly greater in both WD and WD

+BMO mice compared with C mice (Figure 2D), however, there was no change in fasting 

plasma levels of glucose between the 3 dietary groups (Figure 2E). Plasma levels of LBP 

tended to be increased in WD fed mice compared with C mice (P = 0.09, Figure 2F).

Cecal and Colonic Microbiota

Richness and Diversity—The effects of diet upon cecal and colonic microbiota were 

similar. Therefore, microbiota analysis was performed on all data, taking into account the 

region as a subclass. Alpha rarefaction plot indicates that cecal and colonic microbiota 

richness was lower in WD and WD+BMO fed mice compared with C mice (Figure 3A). 

Simpson diversity index in the cecum and the colon was reduced by the WD diet 

consumption but restored (cecum) or partially restored (colon) by addition of BMO to the 

WD (Table 1). The Shannon diversity index showed the same pattern although addition of 

BMO did not significantly restore the index to the control level (Table 1). Unweighted 

unifrac analysis clearly distinguishes the 3 dietary groups, with the C samples separating 

from WD and WD+BMO samples along the first axis, whereas WD and WD+BMO 

separated along the second axis (Figure 3B). Weighted unifrac analysis, which considers 

relative abundance, showed a clear clustering of WD mice compared with C and WD+BMO 

samples along the first axis (Figure 3C). Samples from C and WD+BMO mice were less 

separated, suggesting more similar microbiota composition.

Relative Abundances—The gut microbiota of C mice was characterized by high 

abundance of bacteria within the Clostridia class (Figure 3D), in particular in Coprococcus 
(Figure 3D and 3F) and Clostridiaceae family (Figure 3D). Bacteria belonging to the 

Rikenellaceae family (Figure 3D and 3E) were also a strong component of the microbiota of 

C mice. A significant increase occurred in the abundance of Allobaculum and 
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Ruminococcus in mice fed WD; this was reduced by addition of BMO to the WD diet 

(Figure 3D, 3G, and 3H). Addition of BMO to the WD increased the abundance of 

Lactobacillus (Figure 3D and 3I).

Bifidobacterium and B. longum Detection—The abundance of Bifidobacterium was 

greater in cecal and colonic contents of WD+BMO than C mice, with no difference between 

WD and WD+BMO groups (Figure 3J). Quantitative PCR did not reveal the presence of 

Bifidobacterium longum in the cecal and colonic luminal contents, suggesting that B. 
infantis did not persist in the gut of any of the mice. Further investigations indicated that B. 
infantis did not persist longer than 2 d, regardless of the diet (data not shown).

Cecal and Colonic Permeability

A trend was observed for an increase in the flux of FD-4 across the cecal mucosa of WD 

mice compared with C mice (Figure 4A); however, there was no significant effect of WD on 

either conductance or HRP flux (Figure 4B and 4C). In the colon, flux of FD-4 and HRP 

significantly increased (Figure 4D and 4E) and conductance increased (Figure 4F) in mice 

fed the WD compared with C mice. These impairments of colonic barrier function were 

reversed by the addition of BMO to the WD (Figure 4D–4F). There was a significant 

increase in levels of tnf-α mRNA in WD versus C mice in the colonic mucosa; addition of 

BMO to the WD normalized the levels of this inflammatory marker (Figure 4G).

DISCUSSION

We demonstrated that whey-extracted BMO ameliorates WD-induced gut microbiota 

dysbiosis and intestinal barrier function in mice. Obese mice fed the BMO-supplemented 

diet for 2 wk had completely restored colonic permeability and tnf-α gene expression levels 

similar to chow-fed mice. Large intestinal microbiota of obese mice fed BMO had a unique 

bacterial signature compared with both chow-fed and nonsupplemented obese mice. In 

particular, BMO increased the relative abundance of Lactobacillus and reduced the 

overabundance of Allobaculum and Ruminococcus, which had bloomed with the WD diet.

The main effect on gut microbiota induced by addition of BMO to the WD diet in our model 

was the increased abundance of Lactobacillus, from an average 6–10% to 30–39%. 

Lactobacillus is not known to be the best bacteria to metabolize milk oligosaccharides, as 

opposed to Bifidobacterium species, which harbor distinctive gene clusters that are 

specifically induced during growth on HMO (Barile and Rastall, 2013). Yet, several studies 

reported weak growth of a few species of Lactobacillus on HMO in vitro (Ward et al., 2006; 

Sela et al., 2008; Marcobal et al., 2010; Schwab and Gänzle, 2011). Hydrolysis activity of 

milk oligosaccharides by Lactobacillus seems limited to tri-or tetrasaccharides (Schwab and 

Ganzle, 2011), presumably because larger oligosaccharides are not transported into the 

cytoplasm Andersen et al. (2011) recently demonstrated that the lacS permease of 

Lactobacillus acidophilus was required to allow growth on galactooligosaccharides with a 

degree of polymerization from 2 to 6. Our BMO extract consisted primarily of trimers (i.e., 

degree of polymerization of 3), suggesting transport and intracellular metabolism by 

Lactobacillus is possible. Extracellular hydrolysis of BMO by other microorganisms in the 

intestine may provide another route for growth of Lactobacillus by cross-feeding on 
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liberated monosaccharides. Several reports indicated that Lactobacillus spp. could use milk 

oligosaccharide monomers as substrate (Schwab and Gänzle, 2011; Bidart et al., 2014; 

Young et al., 2015).

Bifidobacterium longum ssp. infantis is a human isolate highly adapted to growth on HMO 

as a carbon source (Ward et al., 2006) and we had hypothesized that BMO with their close 

structure to HMO would help the probiotic colonization. However, B. infantis was not 

detected in any of the luminal contents from chow-, WD-, or WD+BMO-fed mice. The lack 

of B. infantis persistence in our study suggests that consumption of BMO does not override 

the colonization resistance inherent to the mouse intestinal microbiota, that the BMO 

resource is consumed by a wider array of mouse intestinal bacteria, or both. The human 

origin of B. infantis may be another factor. Recently, Oh et al. (2010) showed that human-

derived Lactobacillus strains could not colonize mice in comparison to rodent-derived 

Lactobacillus strains.

The increased abundance of Lactobacillus was parallel to decreased abundances of 

Ruminococcus (from an average of 10 to 0.01–0.03%) and Allobaculum (from an average of 

62 to 25–27%). A similar pattern of changes was observed in rats when soy milk and fiber 

were added to a cholesterol-enriched diet, resulting in restoration of Allobaculum to control 

levels while increasing Lactobacillus abundance (Lee et al., 2015). Kaplan et al. (2001) 

reported that consumption of the probiotic Lactobacillus acidophilus inhibited the growth of 

a Ruminococcus flavifaciens strain in rats. Similarly, several studies reported increased 

proportion of Lactobacillus and decreased proportions of Ruminococcus in human feces in 

different conditions (i.e., aging or probiotic consumption; Mäkivuokko et al., 2010; Ferrario 

et al., 2014). In these later studies, other shifts in bacterial populations were also observed; 

establishing a direct link between Lactobacillus and Ruminococcus abundances is therefore 

difficult. Finally, a relative rise in Lactobacillus species was accompanied by a 

corresponding reduction in the genera Escherichia/Shigella, Ruminococcus, and 

Eubacterium in piglet cecal microbiota cultivated in vitro with sialic acid (Young et al., 

2015). These later data suggest a possible antagonism between Lactobacillus and 

Ruminococcus in the presence of sialic acid found in BMO. The bacterial family 

Ruminococcus was also decreased in mice fed 6’sialyllactose (Tarr et al., 2015). Further 

research is needed to understand the ecological interactions between those different genera 

in the presence of BMO.

Addition of BMO to the WD greatly improved large intestinal barrier function, which was 

dramatically altered in WD-fed mice as already described (Cani et al., 2009; Teixeira et al., 

2012; Hamilton et al., 2015). This intestinal barrier improvement parallels the BMO-induced 

increase in Lactobacillus abundance. Lam et al. (2012) observed a positive correlation 

between Lactobacillus abundance and proximal colon trans-epithelial resistance, suggesting 

inverse relationship between this genus abundance and barrier function properties, although 

the mechanisms are not understood. The BMO-induced increase in Lactobacillus abundance 

observed in the present study could be at the origin of the improvement of gut barrier 

function. However, we cannot exclude a direct effect of BMO or its individual components 

on intestinal epithelial cell barrier function as it was reported recently that HMO inhibit the 

growth of intestinal epithelial cells in vitro by suppressing cell cycle progression through 
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induction of differentiation, by influencing apoptosis, or both (Kuntz et al., 2008; Holscher 

et al., 2014). Another possibility is that BMO itself or its individual components 

downregulate gut inflammation, as illustrated by the decreased colonic tnf-α expression in 

the present study. Such direct effect of milk oligosaccharides on inflammation has been 

recently demonstrated for HMO in in vitro models of intestinal epithelial cells (He et al., 

2016). Reduction of local inflammation will in turn restore barrier function (Watson and 

Hughes, 2012).

Our diet-induced obesity model was characterized by increased BW and greater plasma 

leptin, indicative of greater adiposity in WD compared with C mice. Yet metabolic 

endotoxemia and metabolic disorders were not obvious as plasma LBP and fasting glycemia 

were not significantly different from control mice. On the other hand, at the gut level, the 

WD diet had a profound effect on gut barrier function and gut microbiota as already 

described (Cani et al., 2009; Teixeira et al., 2012; Hamilton et al., 2015). The main 

characteristics of the WD microbiota were a bloom of Allobaculum and Ruminococcus 
relative abundance together with a dramatic decrease in Rikinellaceae and Coprococcus 
relative abundances. Dysbiosis in diet-induced obesity is well established (Ojeda et al., 

2016). However, due to differences in animal strain and environment among studies, the 

specific community of microbes that are altered by a high fat diet is still not clearly 

established (Walker et al., 2014). Moreover, dietary components and timing of intervention 

alter gut microbiota differently (Clarke et al., 2013; Hamilton et al., 2015). The alteration of 

cecal and colonic microbiota observed in our WD-fed mice resembles some of the 

alterations already observed. Indeed, relative abundance of Ruminococcus has been 

positively correlated with serum triglycerides in several reports (Lahti et al., 2013; Chen et 

al., 2014). Increased relative abundance of Ruminococcus gnavus has also been observed in 

obese Zucker rats (Petriz et al., 2014). Similarly Allobaculum relative abundance was 

increased in rats fed high fat (Zhang et al., 2012), although this association is controversial 

because Allobaculum relative abundance decreased in mice fed high fat in 2 other reports 

(Ravussin et al., 2012; Everard et al., 2014; Qiao et al., 2014; Baldwin et al., 2016).

In conclusion, our data strongly suggest that BMO act as prebiotics to restore gut health in 

obesity. Yet, metabolic parameters were not affected by BMO supplementation, probably 

due to the short time of the intervention. This study needs to be taken as a proof-of-concept 

of BMO prebiotics properties. Further studies are now needed to define a minimal effective 

dose and time of treatment as well as to design specific BMO-enriched human food to be 

tested in clinical trials. Moreover, whether this effect is also pertinent to other diseases 

where gut health is compromised needs further investigation. Given that BMO can be 

extracted from byproducts in the production of cheeses worldwide, this opens avenues for 

translation of original protective mechanisms from milk into wide-reaching nutritional 

strategies aimed at gut health.
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Figure 1. 
Schematic diagram of the protocol. (A) Composition of the bovine milk oligosaccharides 

(BMO) extract used in the study, (B) composition of the diets, (C) protocol outline. Hex: 

glucose or galactose, GlcNAc: N-acetyl glucosamine, NeuAc: sialic acid, C: control diet, 

WD: Western diet, WD+BMO: WD enriched with BMO. B. infantis = Bifidobacterium 
longum ssp. infantis. Fuc = fucose. Color version available online.
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Figure 2. 
Obesity and metabolic parameters. Body weight (A), plasma leptin levels (B), fasted 

glycemia (C), and plasma LPS-binding protein (LBP) levels (D) were measured in mice fed 

a control chow (C) diet or Western diet (WD) for 7 wk or WD for 5 wk followed by WD 

supplemented with bovine milk oligosaccharides (WD+BMO) for 2 wk. Dotted vertical line 

in (A) indicates switch from WD to WD+BMO diet for half of the WD-fed mice. Data are 

means ± SEM; n = 5 to 6 per group. * denotes a significant difference (P < 0.05) compared 

with control. Color version available online.
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Figure 3. 
Cecal and colonic microbiota. Rarefaction curves (A), unweighted (B) and weighted (C) 

UniFrac analysis, significant changes in relative genus abundance (D) and average relative 

abundance of Rikinellaceae (E), Coprococcus (F), Allobaculum (G), Ruminococcus (H), 

Lactobacillus (I), and Bifidobacterium (J) in cecal (CA) and colonic (CO) microbiota of 

mice fed a control chow (C; blue) or Western diet (WD) for 7 wk (green) or WD for 5 wk 

followed by WD supplemented with bovine milk oligosaccharides (WD+BMO) for 2 wk 

(red). Whisker plots: minimum to maximum with median. Curves with different letters are 

significantly different. * denotes a significant difference (P < 0.05).
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Figure 4. 
Cecal and colonic barrier function. Cecal ex vivo permeability to FITC-4000 (FD-4, Sigma 

Aldrich, St. Louis, MO; A) and horseradish peroxidase (HRP, Sigma Aldrich; B), cecal 

conductance (C), colonic ex vivo permeability to FD-4 (D) and HRP (E), colonic 

conductance (F), and colonic tumor necrosis factor (TNF)-α mRNA levels (G) were 

evaluated in mice fed a control chow (C) diet or Western diet (WD) for 7 wk, or WD for 5 

wk followed by WD supplemented with bovine milk oligosaccharides (WD+BMO) for 2 

wk. Data are means ± SEM; n = 5 to 6 per group. * denotes a significant difference (P < 

0.05). FC: fold-change compared with control. Color version available online.
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