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Abstract: High-fat diets (HFD) increase lipopolysaccharide (LPS) activity in the blood and may
contribute to systemic inflammation with obesity. We hypothesized that dietary milk sphingomyelin
(SM), which reduces lipid absorption and colitis in mice, would reduce inflammation and be mediated
through effects on gut health and LPS activity. C57BL/6J mice were fed high-fat, high-cholesterol
diets (HFD, n = 14) or the same diets with milk SM (HFD-MSM, 0.1% by weight, n = 14) for 10 weeks.
HFD-MSM significantly reduced serum inflammatory markers and tended to lower serum LPS
(p = 0.08) compared to HFD. Gene expression related to gut barrier function and macrophage
inflammation were largely unchanged in colon and mesenteric adipose tissues. Cecal gut microbiota
composition showed greater abundance of Acetatifactor genus in mice fed milk SM, but minimal
changes in other taxa. Milk SM significantly attenuated the effect of LPS on pro-inflammatory gene
expression in RAW264.7 macrophages. Milk SM lost its effects when hydrolysis was blocked, while
long-chain ceramides and sphingosine, but not dihydroceramides, were anti-inflammatory. Our data
suggest that dietary milk SM may be effective in reducing systemic inflammation through inhibition
of LPS activity and that hydrolytic products of milk SM are important for these effects.

Keywords: sphingomyelin; sphingolipids; ceramide; sphingosine; milk; dairy; obesity; inflammation;
gut; macrophage

1. Introduction

Chronic low-grade inflammation is involved in the pathogenesis of cardiovascular disease,
type 2 diabetes, and non-alcoholic fatty liver disease [1]. Metabolically related chronic low-grade
inflammation may be exacerbated by circulating lipopolysaccharide (LPS), also called “endotoxin”,
a pro-inflammatory molecule found in the outer membrane of Gram-negative bacteria [2]. Recognition
of bacterial LPS by host cells can trigger a pro-inflammatory signaling cascade mediated by Toll-like
receptor-4 (TLR4), a pattern recognition receptor [3]. The human gastrointestinal tract has a
“gut barrier” to limit the passage of microbes between host intestinal cells (e.g., tight junctions between
enterocytes) and into the bloodstream [4]. These features of the gut barrier reduce permeability to LPS,
which may otherwise trigger host inflammation and disease [5]. However, LPS translocation from
the gut to circulation is enhanced by the absorption of dietary lipids [6]. High-fat diets (HFD) have
been shown to promote inflammation of the distal intestine, causing an impairment of the protective
gut barrier, and translocation of LPS into host circulation [7]. Diets high in fat can also alter the gut
microbiota [8], resulting in diminished amounts of beneficial bacteria, such as some bifidobacteria,
which would promote gut barrier permeability [7]. Additionally, diets rich in triglyceride and
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cholesterol increase chylomicron production during digestion and absorption. It has been shown
that LPS can be incorporated into chylomicrons and transported into the bloodstream of mice [6].
Overall, these effects of HFD result in the paracellular and transcellular translocation of LPS from the
gut into the circulation. The presence of LPS in the circulation activates the inflammatory response
of the immune system, mainly through the activation of TLR4 [3]. Lipopolysaccharide engages the
TLR4/MD-2 receptor complex via LPS-binding protein (LBP) and CD14. Toll-like receptor 4 signaling
then activates the nuclear factor-kappa B (NF-κb) transcription factor resulting in the production of
pro-inflammatory cytokines, such as tumor necrosis factor alpha (TNF-α) [3]. Macrophages in the
colon have been shown to be the first pro-inflammatory immune responders to an HFD [9]; thus,
inhibiting LPS translocation and the subsequent inflammatory responses of macrophages shows great
potential in reducing the detrimental effects of a diet rich in fat and cholesterol.

Dietary phospholipids, including sphingolipids, show potential in mitigating chronic disease
through effects on lipid absorption and inflammation [10,11]. Dietary sphingolipids, which include
sphingomyelin (SM), ceramides, and sphingosine, are mainly found in milk, eggs, and soybeans [12].
It is estimated that the average American consumes 0.3 to 0.4 grams of sphingolipids per day [12].
Sphingomyelin is considered a zoochemical, being present in animal cell membranes but absent
from plants [13]. Sphingomyelin found in milk is an important component of milk fat globule
membranes [14]. Dietary SM and other sphingolipids have been studied for their effects on
dyslipidemia because they interfere with the absorption of dietary fat and cholesterol [15–21].
In addition to effects on lipid absorption, dietary SM may have further bioactive effects by
reducing inflammation and LPS activity, potentially influencing chronic disease. Dietary milk
SM has been shown to reduce dextran sulfate sodium (DSS)-induced colitis in mice, suggesting
anti-inflammatory effects in the gut [22]. However, the effect of dietary SM on colon inflammation
is controversial, as exacerbation of colitis in mice has been observed with feeding egg-derived
SM [23,24]. Phospholipids and sphingolipids appear to impact LPS activity, as they have been shown to
dampen LPS-induced inflammation [25,26]. The presence of LPS in circulation also results in the liver
upregulating sphingolipid biosynthesis via the sphingolipid rate-limiting biosynthetic enzyme, serine
palmitoyltransferase (SPT), possibly as a compensatory mechanism [27]. We have previously shown
that feeding 0.25% (w/w) milk SM reduced serum LPS and altered the gut microbiota in HFD-fed
mice after four weeks [28]. We also recently reported that feeding dietary SM (0.1% w/w) attenuated
hepatic steatosis and adipose tissue inflammation in diet-induced obese mice [29]. The current
study aimed to assess the effects of dietary milk SM on systemic and gut inflammation using a
HFD-induced obese mouse model. We also sought to elucidate whether milk SM and its hydrolytic
products (ceramides, dihydroceramides, and sphingosine) directly affect the inflammatory response of
macrophages stimulated by LPS.

2. Animals and Diets

Male C57BL/6J mice were purchased from the Jackson Laboratory (Bar Harbor, ME, USA) at
six weeks of age. Mice were housed in a temperature-controlled room and maintained in a 12 h
light/12 h dark cycle within the University of Connecticut-Storrs vivarium. The Animal Care and Use
Committee of the University of Connecticut-Storrs approved all procedures used in the current study.
Mice were acclimated to the facility for two weeks before being placed on either a lard-based high-fat,
high-cholesterol diet (HFD; 60% kcal from fat, 0.15% cholesterol added by weight; n = 14) or HFD
supplemented with 0.1% of milk SM added by weight (HFD-MSM; n = 14). Detailed diet compositions
are presented in Table 1. Experimental diets were prepared using purified ingredients commercially
available from Dyets, Inc. (Bethlehem, PA, USA). Milk SM (bovine; >99% purity) was obtained from
Avanti Polar Lipids, Inc. (Alabaster, AL, USA) and then substituted for an equal weight of lard in
the treatment group. Accounting for weight gained throughout the study, HFD-MSM provided the
equivalent of consuming approximately 405–670 mg milk SM/day in a 70 kg human based on body
surface normalization [30].
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Table 1. Diet Composition.

Diet Component (g/kg of Diet) High-Fat Diet 0.1% Milk Sphingomyelin High-Fat Diet

Casein 265 265
L-Cystine 4 4

Corn Starch 0 0
Maltodextrin 0 0

Sucrose 253.5 253.5
Lard 310 309

Soybean Oil 30 30
Cellulose 64 64

Mineral Mix, AIN-93G-MX (94046) 48 48
Vitamin Mix, AIN-93-VX (94047) 21 21

Choline Bitartrate 3 3
Cholesterol 1.5 1.5

Milk Sphingomyelin 0 1

Mice consumed the diets ad libitum and fresh food was provided twice per week. Body weight was
assessed weekly, while food intake was calculated at each feeding. After 10 weeks, mice were fasted
for 6–8 h followed by euthanasia and blood collection via cardiac puncture. Blood was allowed to clot
at room temperature for 30 min before serum isolation by centrifugation (10,000× g for 10 min at 4 ◦C)
and then stored at −80 ◦C. Special precautions were taken to minimize endotoxin contamination of the
serum samples. Mesenteric adipose, small intestine, and colon tissues were isolated and snap-frozen
in liquid nitrogen before storage in −80 ◦C.

2.1. Serum Biochemical Analysis

Serum IL-6, TNF-α, IFNγ, and MIP-1β were measured by Luminex/xMAP magnetic bead-based
multiplexing assay using MAGPIX instrumentation from EMD Millipore (Billerica, MA, USA). Serum
LPS was measured using a chromogenic limulus amebocyte lysate (LAL) assay (QCL-1000) obtained
from Lonza (Basel, Switzerland).

2.2. Gut Microbiota Analysis

Cecal fecal samples were collected from mice and submitted to the University of Connecticut-Storrs
Microbial Analysis, Resources, and Services (MARS) facility for microbiota characterization utilizing
16S V4 analysis. DNA was extracted from 0.25 g of fecal sample using the MoBio PowerMag Soil 96
well kit (MoBio Laboratories, Inc., Carlsbad, CA, USA) according to the manufacturer’s protocol for
the Eppendorf epMotion liquid handling robot. DNA extracts were quantified using the Quant-iT
PicoGreen kit (ThermoFisher Scientific, Waltham, MA, USA). Partial bacterial 16S rRNA (V4) and
fungal ITS2 genes were amplified using 30 ng extracted DNA as template. The V4 region was
amplified using 515F and 806R with Illumina adapters and dual indices (8 basepair golay on 3′ [31],
and 8 basepair on the 5′ [32]). Samples were amplified in triplicate using Accuprime PFX PCR master
mix (ThermoFisher Scientific, Waltham, MA, USA) with the addition of 10 µg BSA (New England
BioLabs, Ipswich, MA, USA). The PCR reaction was incubated at 95 ◦C for 2 min., then 30 cycles of
15 s at 95.0 ◦C, 1 min. at 55 ◦C, and 1 min. at 68 ◦C, followed by final extension at 68 ◦C for 5 min.
PCR products were pooled for quantification and visualization using the QIAxcel DNA Fast Analysis
(Qiagen, Hilden, Germany). PCR products were normalized based on the concentration of DNA
from 250–400 bp then pooled using the QIAgility liquid handling robot. The pooled PCR products
were cleaned using Mag-Bind RXNPure Plus (Omega Bio-Tek, Norcross, GA, USA) according to the
manufacturer’s protocol. The cleaned pool was sequenced on the MiSeq using v2 2 x 250 base pair kit
(Illumina, Inc, San Diego, CA, USA).

Sequences were demultiplexed using onboard bcl2fastq. Demultiplexed sequences were processed
in Mothur v. 1.39.4 following the MiSeq SOP [32]. Exact commands can be found at [33]. Merged
sequences that had any ambiguities or did not meet length expectations were removed. Sequences
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were aligned to the Silva nr_v119 alignment [34]. Identification of operational taxonomic units (OTUs)
was done using the RDP Bayesian classifier [35] against the Silva nr_v119 taxonomy database.

2.3. Cell Culture

Murine RAW264.7 macrophages were obtained from ATCC (Manassas, VA, USA) and cultured in
a humidified incubator at 37 ◦C with 5% CO2. Cells were maintained in Dulbecco’s modified Eagle’s
medium (4 g/L glucose) containing sodium pyruvate, 10% fetal bovine serum (Hyclone, Logan, UT,
USA), 2 mM L-glutamine, 100 U/mL penicillin, 100 µg/mL streptomycin antibiotic (ThermoFisher
Scientific, Waltham, MA, USA), and 100 µg/mL Normocin (Invitrogen, Carlsbad, CA, USA). Cell counts
and viability were routinely measured using Trypan blue and a TC-20 automated cell counter (Bio-Rad,
Hercules, CA, USA).

2.4. Effects of Sphingolipids on LPS Stimulation of RAW264.7 Macrophages

Milk sphingomyelin (bovine), sphingosine (d18:1), C16-ceramide (d18:1/16:0), C24-ceramide
(d18:1/24:0), C16-dihydroceramide (d18:0/16:0), and C24-dihydroceramide (d18:0/24:0) were obtained
from Avanti Polar Lipids at >99% purity. Milk SM and sphingosine were dissolved in 100% ethanol
(EtOH), while ceramides were dissolved in EtOH/dodecane (98.8/0.2, v/v). RAW264.7 cells were
seeded in 24-well plates and allowed to adhere overnight prior to experimentation. To examine
possible anti-inflammatory effects of milk SM, RAW264.7 macrophages were pre-incubated with milk
SM (0.8–8 µg/mL) or EtOH vehicle control for 1 h, followed by a 4 h co-incubation in the presence
or absence of 1 ng/mL LPS (E. coli 0111:B4) (Sigma-Aldrich, St. Louis, MO, USA). Since milk SM
comprised of a natural mixture of SM species, concentrations are reported in 0.8–8 µg/mL, which
is comparable to 1–10 µM of a pure SM species. To determine if effects were dependent on SM
hydrolysis, cells were incubated for 2 h with 100 µM imipramine (Sigma-Aldrich, St. Louis, MO,
USA) prior to 1 h incubation with milk SM or control ± 4 h co-incubation with LPS. Imipramine has
been shown to reduce acid sphingomyelinase (SMase) activity to ~20% of basal levels after 2 h of
incubation [36]. To test the effects of various ceramides and sphingosine, RAW264.7 macrophages
were incubated for 4 h with ceramides (10 µM), dihydroceramides (10 µM), sphingosine (1–10 µM), or
vehicle control ± LPS (1 ng/mL). Ethanol was used as a vehicle control for milk SM and sphingosine
treatments, while EtOH/dodecane (98.8/0.2, v/v) was used as a control for ceramide treatments.
To test for cytotoxicity, Cell Counting Kit-8 (CCK-8) (Sigma-Aldrich, St. Louis, MO, USA) was used
after cells were treated with the different sphingolipids. Sodium dodecyl sulfate (SDS, 50 µM) was
used as a cytotoxic positive control. Caspase 3 activity was also determined as an indicator of apoptosis
using a colorimetric protease assay kit (ThermoFisher Scientific, Waltham, MA, USA) according to
the manufacturer’s instructions. Cisplatin (ThermoFisher Scientific, Waltham, MA, USA) at 50 µM
concentration was used on cells as a positive control to induce apoptosis.

2.5. RNA isolation, cDNA Synthesis, and qRT-PCR

Total RNA from small intestine, colon, mesenteric adipose tissue, and RAW264.7 macrophages
was isolated using TRIzol reagent (Life Technologies, Carlsbad, CA, USA). RNA was treated with
DNase I before reverse transcription using iScript cDNA synthesis kit (Bio-Rad). Real-time qRT-PCR
using the iTaq Universal SYBR Green Supermix was performed on a CFX96 real-time-PCR detection
system (Bio-Rad). For small intestine, colon, and mesenteric adipose tissues, the geometric mean of
the reference genes, glyceraldehyde 3-phosphate dehydrogenase (Gapdh) and beta actin was used to
standardize mRNA expression using the 2−∆∆Ct method. The macrophage mRNA was standardized
to Gapdh expression. All primer sequences used are listed in Table S1.

2.6. Statistical Analysis

Data were analyzed using GraphPad Prism 6. Means were compared using Student’s t test or
one-way analysis of variance with Holm–Sidak post hoc analysis where indicated. For gut microbiota
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analysis, alpha and beta diversity statistics were calculated by taking the average of 1000 random
subsampling to 10,000 reads per sample in Mothur. Non-metric multidimensional scaling (NMS)
and Permanova were run in R 3.3.2. A subsampled species matrix was used for indicator species
analysis [37]. Figures were drawn in R 3.3.2 using ggplot2 2.2.1 and RColorBrewer 1.1-2. Data are
reported as mean ± SEM. Significance is reported as p < 0.05.

3. Results

3.1. Dietary Milk SM Reduces Systemic Inflammation and Tends to Lower Circulating LPS

All mice fed the lard-based HFD were obese and insulin-resistant after 10 weeks, while
supplementation of 0.1% (w/w) milk SM did not affect food intake, body or tissue weight gain
compared to HFD control [29]. However, feeding milk SM strongly decreased serum inflammatory
cytokines/chemokines compared to HFD control (Figure 1A). Milk SM tended to reduce LPS compared
to HFD control (−36%), but it was not significantly different (p = 0.08) (Figure 1B). Milk SM also tended
to increase Niemann-Pick C1-Like 1 (NPC1L1) mRNA expression (p = 0.07) in the small intestine
(Figure 2A), which is induced by cellular cholesterol depletion [38]. No other significant changes were
observed in the small intestine for gene expression related to lipid absorption. Interestingly, C-C motif
chemokine ligand 2 (CCL2) mRNA expression was significantly increased in the colon by milk SM
(Figure 2B). However, this did not appear to alter gut health, as mRNA expression of genes related to
macrophage infiltration/inflammation (F4/80, Cd68, Cd11c, Tnf) and gut barrier function (Tjp1, Alpi,
Ocln) was mostly unaffected by milk SM (Figure 2B). Furthermore, mesenteric adipose tissue mRNA
expression related to inflammation was also unchanged, while there was a trend in GLUT4 mRNA
expression to be increased by milk SM (p = 0.09) (Figure 2C).
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Figure 1. Dietary milk sphingomyelin (SM) reduces serum inflammation markers in diet-induced obese
mice. Male C57BL/6J mice were fed high-fat diet (60% kcal fat, 31% lard, 0.15% added cholesterol)
(high-fat diet (HFD) or HFD supplemented with 0.1% (w/w) milk SM (HFD-MSM) for 10 weeks. Serum
cytokines/chemokines (A) and endotoxin concentrations (B) were measured by magnetic bead-based
assay and chromogenic limulus amebocyte lysate (LAL) assay, respectively. Mean ± SEM, n = 13–14
per group. * p < 0.05, ** p < 0.01 compared to HFD.
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Figure 2. Intestinal and mesenteric adipose tissue mRNA expression of diet-induced obese mice. Small
intestine mRNA (A), colon mRNA (B), and mesenteric adipose tissue mRNA (C) was determined using
real-time qRT-PCR and standardized to the geometric mean of Gapdh and β-actin reference genes
using the 2 (−∆∆Ct) method. Mean ± SEM, n = 13–14 per group. ** p < 0.01 compared to HFD.
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3.2. Gut Microbiota Composition is Mostly Unaffected by 0.1% (w/w) Dietary Milk SM

To determine if alterations in gut microbiota could explain differences in systemic inflammation
in the present study, cecal feces microbiota composition was examined by 16S rRNA sequence analysis
and results are presented in Figure 3. Verrucomicrobia was the major phylum in cecal feces, but
there were no significant differences between groups in its relative abundance or that of its major
genus, Akkermansia (Figure 3B). Additionally, no significant differences were observed in the relative
abundance of Firmicutes or Bacteroidetes phyla between groups (Figure 3B) or when phyla were grouped
as Gram-negative bacteria (HFD: 76.9% ± 1.5% vs. HFD-MSM: 73.5% ± 2.8%, p = 0.31). However,
relative abundance of Acetatifactor, a genus of the Firmicutes phylum, was significantly higher in the
group fed milk SM compared to HFD control (Figure 3B). Alpha-diversity analysis (diversity within a
sample) determined by inverse Simpson index was not significantly different between groups (HFD:
2.19 ± 0.16 vs. HFD-MSM: 2.46± 0.32, p = 0.45). Furthermore, beta-diversity analysis (between sample
diversity) by Bray–Curtis revealed no significant clustering of samples according to diet (Figure 3C).
Therefore, in the context of diet-induced obesity, gut microbiota composition was generally unaffected
by supplementation of 0.1% (w/w) milk SM in the diet.
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Figure 3. Gut microbiota composition of diet-induced obese mice. Cecal fecal samples were collected
and microbiota composition was assessed by 16S rRNA sequencing as described in Materials and
Methods. Mean phylogenetic abundance (% of total sequences) of mice (A) and taxa comparisons
(B). Beta diversity shown by Bray–Curtis-based non-metric multidimensional scaling plot to
visualize between sample diversity (C). Mean ± SEM, n = 10 per group. * p < 0.05 compared
to HFD. Abbreviations: Lachnospiraceae_u, Lachnospiraceae_unclassified; Ruminococcaceae_u,
Ruminococcaceae_unclassified; S24-7_u, S24-7 unclassified.

3.3. Milk SM Inhibits LPS Stimulation of Macrophages

Since dietary milk SM may directly influence inflammatory processes beyond inhibiting lipid
absorption, we examined its effects on pro-inflammatory gene expression in RAW264.7 macrophages.
Increases in TNF-α and CCL2 mRNA with 4 h LPS stimulation were both significantly reduced
with milk SM (0.8 and 8 µg/mL) (Figure 4A,B). Milk SM in the absence of LPS did not influence
pro-inflammatory gene expression. Furthermore, cell viability was not affected by milk SM at
concentrations shown to affect pro-inflammatory gene expression (Figure 4C). With the addition
of imipramine, LPS-stimulated inflammation was not reduced in the presence of milk SM (Figure 4D).
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Imipramine causes proteolytic degradation of acid sphingomyelinase, which hydrolyzes SM to
ceramide and phosphorylcholine. This suggests that a hydrolytic product of SM (e.g., ceramide,
sphingosine) is important for milk SM’s effect on inflammation.

Beverages 2017, 3, 3    7 of 14 

 

ceramide  and phosphorylcholine. This  suggests  that  a hydrolytic product of  SM  (e.g.,  ceramide, 

sphingosine) is important for milk SM’s effect on inflammation. 

 

Figure  4.  Milk  SM  inhibits  lipopolysaccharide  (LPS)‐activation  of  macrophages.  RAW264.7 

macrophages were pre‐incubated with milk SM (MSM) or EtOH vehicle control for 1 h, followed by 

a 4 h co‐incubation ± LPS (1 ng/mL). TNF‐α mRNA (A) and CCL2 mRNA (B) were measured by real‐

time qRT‐PCR. Cell viability determined using Cell Counting Kit‐8 (C). Sodium dodecyl sulfate (SDS) 

(0.5 mM) was used on cells as a positive control to induce cell death, ** p < 0.001 compared to control. 

TNF‐α mRNA was measured  in  cells  incubated  for  2  h with  100  μM  imipramine prior  to  a  1  h 

incubation with milk  SM  or  control  ±  a  4  h  co‐incubation with  LPS  (D). Mean  ±  SEM,  n  =  3–7 

independent experiments. Unlike letters p < 0.05 by Holm–Sidak post hoc test. 

3.4. Ceramides and Sphingosine, but Not Dihydroceramides, Inhibit LPS Stimulation of Macrophages 

Since milk SM  contains a mixture of SM  species with different  fatty acid  chain  lengths and 

sphingoid backbones, we  tested the effects of C16‐ceramide, C24‐ceramide, C16‐dihydroceramide, 

and  C24‐dihydroceramide  on  macrophage  pro‐inflammatory  gene  expression  (Figure  5A,B). 

Interestingly, both C16‐ceramide and C24‐ceramide at 10 μM concentrations significantly reduced 

TNF‐α mRNA (Figure 5A) and CCL2 mRNA (Figure 5B) in LPS‐stimulated macrophages, but their 

corresponding dihydroceramides did not. None of the ceramides tested altered inflammatory gene 

expression in the absence of LPS. The anti‐inflammatory effects of ceramides (sphingosine base), but 

not  dihydroceramides  (sphinganine  base),  suggest  that  sphingosine  is  important  for  bioactivity. 

Supporting this notion, sphingosine significantly reduced LPS‐stimulation of TNF‐α mRNA (Figure 

6A) and CCL2 mRNA (Figure 6B) in macrophages. Neither ceramides nor sphingosine significantly 

affected cell viability  (Figure 7A,B) or caspase 3 activity  (Figure 7C) at  the  concentrations  tested, 

suggesting that cell death was not the cause of anti‐inflammatory effects. 

Figure 4. Milk SM inhibits lipopolysaccharide (LPS)-activation of macrophages. RAW264.7 macrophages
were pre-incubated with milk SM (MSM) or EtOH vehicle control for 1 h, followed by a 4 h co-incubation
± LPS (1 ng/mL). TNF-α mRNA (A) and CCL2 mRNA (B) were measured by real-time qRT-PCR. Cell
viability determined using Cell Counting Kit-8 (C). Sodium dodecyl sulfate (SDS) (0.5 mM) was used
on cells as a positive control to induce cell death, ** p < 0.001 compared to control. TNF-α mRNA was
measured in cells incubated for 2 h with 100 µM imipramine prior to a 1 h incubation with milk SM or
control ± a 4 h co-incubation with LPS (D). Mean ± SEM, n = 3–7 independent experiments. Unlike
letters p < 0.05 by Holm–Sidak post hoc test.

3.4. Ceramides and Sphingosine, but Not Dihydroceramides, Inhibit LPS Stimulation of Macrophages

Since milk SM contains a mixture of SM species with different fatty acid chain lengths and
sphingoid backbones, we tested the effects of C16-ceramide, C24-ceramide, C16-dihydroceramide, and
C24-dihydroceramide on macrophage pro-inflammatory gene expression (Figure 5A,B). Interestingly,
both C16-ceramide and C24-ceramide at 10 µM concentrations significantly reduced TNF-α mRNA
(Figure 5A) and CCL2 mRNA (Figure 5B) in LPS-stimulated macrophages, but their corresponding
dihydroceramides did not. None of the ceramides tested altered inflammatory gene expression
in the absence of LPS. The anti-inflammatory effects of ceramides (sphingosine base), but not
dihydroceramides (sphinganine base), suggest that sphingosine is important for bioactivity. Supporting
this notion, sphingosine significantly reduced LPS-stimulation of TNF-α mRNA (Figure 6A) and CCL2
mRNA (Figure 6B) in macrophages. Neither ceramides nor sphingosine significantly affected cell
viability (Figure 7A,B) or caspase 3 activity (Figure 7C) at the concentrations tested, suggesting that
cell death was not the cause of anti-inflammatory effects.
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Figure 5. Long-chain ceramides inhibit LPS-activation of macrophages. RAW264.7 macrophages
were incubated for 4 h with ceramides (10 µM), dihydroceramides (10 µM), or vehicle control ± LPS
(1 ng/mL). C16-ceramide (d18:1/16:0), C24-ceramide (d18:1/24:0), C16-dihydroceramide (d18:0/16:0),
and C24-dihydroceramide (d18:0/24:0) were tested. TNF-α mRNA (A) and CCL2 mRNA (B) measured
by real-time qRT-PCR. Mean ± SEM, n = 3–7 independent experiments. Unlike letters p < 0.05 by
Holm–Sidak post hoc test.
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Figure 6. Sphingosine inhibits LPS-activation of macrophages. RAW264.7 macrophages were incubated
for 4 h with sphingosine (1–10 µM) or vehicle control ± LPS (1 ng/mL). TNF-α mRNA (A) and CCL2
mRNA (B) measured by real-time qRT-PCR. Mean ± SEM, n = 3–7 independent experiments. Unlike
letters p < 0.05 by Holm–Sidak post hoc test.
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Figure 7. Ceramides and sphingosine do not affect cell viability or apoptosis. Cell viability determined
using Cell Counting Kit-8 for ceramides (A) and sphingosine (B). Sodium dodecyl sulfate (SDS)
(0.5 mM) was used on cells as a positive control to induce cell death. Caspase 3 activity measured as an
indicator of apoptosis (C). Cisplatin (50 µM) was used on cells as a positive control to induce apoptosis.
Mean ± SEM, n = 3–5 independent experiments. ** p < 0.01 compared to control.



Beverages 2017, 3, 37 9 of 14

4. Discussion

Chronic low-grade inflammation is a common underlying factor in many diseases afflicting
Western societies, including diabetes, non-alcoholic fatty liver disease, and atherosclerosis [39].
Low-grade inflammation in these states may be exacerbated by circulating LPS, also known as
endotoxin [2]. Lipopolysaccharide translocation from the gut to circulation is enhanced by lipid
absorption [6]. Dietary SM has been studied for its effects on dyslipidemia because it reduces
the absorption of other lipids (e.g., fat and cholesterol), and therefore, could potentially influence
systemic inflammation. In this study, the addition of 0.1% (w/w) dietary milk SM to a lard-based
HFD significantly reduced systemic inflammation markers and tended to lower circulating LPS,
but had no effect on gene expression of inflammation or gut barrier function markers in the
mesenteric adipose tissue, small intestine, or colon. Furthermore, microbiota composition of cecal
feces was mostly unaffected by the addition of milk SM to the HFD, suggesting that gut microbiota
compositional differences did not play a major role in altering systemic inflammation markers. Milk SM
directly attenuated LPS stimulation of pro-inflammatory gene expression in RAW 264.7 macrophages.
Interestingly, hydrolytic products of milk SM (C16-ceramide, C24-ceramide, and sphingosine) showed
similar anti-inflammatory effects, whereas the inhibition of SM hydrolysis with imipramine prevented
such effects. These results suggest that dietary SM may have additional bioactive effects beyond
inhibiting lipid absorption through the lowering of macrophage inflammatory responses, potentially
influencing metabolic disease.

In rodent studies, dietary patterns rich in saturated fat and cholesterol, so-called “Western” diets,
have been linked to chronic disease through increasing inflammation [40,41]. Detrimental effects
of Western diets in mice appear to be influenced by the presence of microbes in the gastrointestinal
tract, since depletion of gut microbiota with oral antibiotics reduces the inflammatory response [42].
This is partly related to the effect that Western diets have on increasing LPS in circulation, termed
“metabolic endotoxemia”, which has been shown to precede increases in systemic inflammation in
animal models [2,42,43]. There is also evidence that diets high in fat and cholesterol increase endotoxin
concentration in the bloodstream of humans [44,45]. With the current study, we fed milk SM (0.1%)
for 10 weeks to HFD-fed mice (60% kcal as fat; 0.15% cholesterol added) to determine if dietary
SM could affect chronic low-grade inflammation. Milk SM strongly reduced serum inflammatory
cytokines/chemokines and tended to reduce serum LPS (p = 0.08). Lower serum CCL2 and mRNA
expression of inflammation markers in epididymal adipose tissue were also previously shown in mice
fed milk SM [29]. We have previously reported that the 4-week dietary supplementation of a higher
dose of milk SM (0.25% w/w) reduced circulating LPS by 35% in mice fed a milkfat-based high-fat
diet [28]. Although we did not observe any differences in mRNA expression of gut barrier markers in
the small intestine, reductions in circulating LPS are expected to be partly due to the inhibitory effect
of milk SM on lipid absorption. Supporting this notion, we have previously observed reductions in
serum and hepatic lipids with the feeding of milk SM [28,29].

Recently, chronic feeding of HFD to mice was shown to increase colonic pro-inflammatory
macrophages and gut inflammation, which promoted LPS translocation, insulin resistance, and adipose
tissue inflammation [9]. These effects were mediated by early induction of CCL2 in intestinal epithelial
cells, which attracted pro-inflammatory macrophages to colon tissue [9]. In this study, although we
observed significantly greater colon CCL2 mRNA expression with milk SM intake, we did not observe
any significant changes between groups in gene expression of gut barrier markers or macrophage
infiltration/inflammation in colon and mesenteric adipose tissues. This suggests that CCL2 mRNA
expression was possibly induced with milk SM because of greater dietary fat/cholesterol reaching
the colon, but this did not induce macrophage infiltration and TNF-α expression in the colon and
surrounding adipose tissue. Although dietary SM is known to inhibit cholesterol absorption, luminal
cholesterol can reciprocally inhibit SM digestion [16]. Feeding mice an HFD has also been shown to
reduce the expression of the key enzyme in SM digestion, alkaline sphingomyelinase [46,47]. Therefore,
it is possible that the use of a high-fat lard diet with added cholesterol in this study influenced
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ileal and colonic exposure to SM and bioactive metabolic products (ceramide, sphingosine, and
sphingosine-1-phosphate), which in turn could affect colon inflammation [48,49].

The intake of HFD has been shown to negatively alter the gut microbiota [50]. Gut dysbiosis
has been linked with endotoxin-mediated chronic disease in mouse models [51,52]. Sphingosine, a
hydrolytic product of dietary SM, is known to have bactericidal effects [53]. We have previously
reported that supplementation of 0.25% (w/w) milk SM to HFD-fed mice altered the fecal microbiota
composition by reducing Gram-negative bacterial phyla and increasing Bifidobacterium [28]. In the
current study, however, we did not observe such large changes in gut microbiota composition, possibly
related to the lower dose used or the more severe HFD challenge. We observed a significant difference
in the relative abundance of Acetatifactor genus, with higher levels in mice fed milk SM. This genus
was shown to be isolated from the intestine of obese mice and produces the short-chain fatty acids,
acetate and butyrate [54]. The abundance of Acetatifactor in the gut has also been shown to be related to
lard intake in mice and correlated with the concentrations of secondary bile acids in mouse cecum [55].
We also have observed increases in Acetatifactor genus with 0.25% (w/w) milk SM feeding on a low-fat
diet background (Norris and Blesso, unpublished observations 2016). At this point, it is unclear if
these bacteria contribute to the inflammatory changes observed or in response to the effects of milk
SM on lipid absorption. Further research is needed to clarify these associations.

Milk SM significantly reduced TNF-α and CCL2 mRNA expression in LPS-stimulated RAW264.7
macrophages. There are several potential mechanisms that could explain this observed effect. First,
there could be a direct interaction between milk SM and LPS within the media, where intact SM
itself is neutralizing LPS, possibly due to the formation of a complex. In our current study, this
would mean that the LPS would be neutralized by SM before it could interact with the cell, as part
of a lipid vesicle that masked the reactive lipid-A moiety of LPS. Incubation with 100 µM bovine
brain SM was reported to neutralize LPS stimulation of polymorphonuclear leukocytes (PMN) in the
presence of soluble CD14 and LBP [25]. Furthermore, SM hydrolysis can yield bioactive products,
including ceramide and sphingosine. Imipramine is a tricyclic anti-depressant (TCA) that causes
proteolytic degradation of the enzyme acid-SMase [36]. Imipramine may also have other effects besides
acid-SMase degradation, as it was shown that acid ceramidase was down-regulated by another TCA,
desipramine [56]. Interestingly, the addition of imipramine completely abolished the anti-inflammatory
effects of milk SM. This indicates that one of the hydrolytic products of SM (e.g., ceramide, sphingosine,
phosphorylcholine) may be responsible for the reduction in inflammation. If milk SM were hydrolyzed
by SMase and ceramidase to ceramide and sphingosine, respectively, each of those products could
potentially exert anti-inflammatory effects. Longer-chain ceramides may compete with LPS and block
TLR4 signaling, as they have been shown to bind to CD14 in monocytes and form a multi-molecular
complex that contains CD36, but lacks TLR4 [57]. To confirm this, ceramides containing different
amide-linked fatty acid chain lengths (16:0 and 24:0) and sphingoid bases (dihydroceramides) were
tested. We used ceramides with 16-carbon and 24-carbon fatty acid chain lengths because these
ceramides would be produced from the hydrolysis of the natural mixture of SM species that comprise
milk SM. Additionally, these fatty acid chain lengths within the ceramide have the ability to alter
its bioactivity [58]. Specifically, it has been shown that intracellular C16-ceramide is particularly
pro-apoptotic, whereas C24-ceramide and dihydroceramides antagonize apoptosis induced by shorter
ceramides [59–61]. Interestingly, both C16-ceramide and C24-ceramide treatment of macrophages
resulted in a significant reduction in TNF-α and CCL2 mRNA expression, while dihydroceramides
had no effect. None of the ceramides or dihydroceramides affected cell viability or the early apoptosis
marker, caspase 3 activity, suggesting that the effects were not due to an induction of cell death.
Although intracellular ceramides have been shown to be pro-apoptotic [58], exogenously added
long-chain ceramides do not affect viability of macrophages [62]. These data indicate that ceramides
contribute to the anti-inflammatory effect of milk SM, and strengthen the findings of the imipramine
data. However, since only the sphingosine base containing-ceramides showed anti-inflammatory
effects and not sphinganine-containing dihydroceramides, we tested the effects of sphingosine on LPS
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stimulation of macrophages. We observed similar effects of sphingosine (d18:1) on inhibiting TNF-α
and CCL2 mRNA without affecting cell viability or apoptosis, as C16- and C24-ceramides. Sphingosine
could display anti-inflammatory effects through the activation of the nuclear receptor, peroxisome
proliferator-activate receptor-gamma (PPARγ) [22]. In support of our findings, exogenous C8-ceramide
and sphingosine have been previously reported to reduce TNF-α secretion from LPS-stimulated
macrophages [63]. Furthermore, both C16-ceramide and membrane-permeable C2-ceramide have
been shown to reduce TNF-α secretion from LPS-stimulated macrophages by post-translational
mechanisms [64].

In summary, dietary milk SM reduced systemic inflammation in diet-induced obese mice, without
altering gene expression of macrophage or barrier function markers in the mesenteric adipose tissue or
colon. Milk SM directly attenuated LPS stimulation of pro-inflammatory gene expression in RAW 264.7
macrophages. The inhibition of SM hydrolysis prevented milk SM anti-inflammatory effects, while
the hydrolytic products C16-ceramide, C24-ceramide, and sphingosine showed anti-inflammatory
effects. In addition to effects on lipid absorption, dietary SM may have additional bioactive effects by
lowering inflammation and LPS activity, potentially influencing metabolic disease. Further research is
warranted to confirm the mechanism and effect of dietary milk SM on inflammation.
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