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 15 
Purified milk sphingomyelin (SM) was obtained from lipid concentrated butter serum 16 
(LC-BS) by successive separations involving solvent fractionation, selective 17 
saponification, and silicic acid column chromatography. The SM obtained was given to 18 
obese/diabetic KK-Ay mice and wild-type C57BL/6J mice. SM supplementation 19 
significantly increased fecal lipids paralleled with a decrease in non-HDL cholesterol 20 
levels in the serum and neutral lipids and in cholesterol levels in the livers of KK-Ay 21 
mice. The reduction of liver lipid levels also resulted in a decrease in the total fatty acid 22 
content of the KK-Ay mice livers, while n-3 fatty acids derived from the conversion of 23 
α-linolenic acid (18:3n-3) increased due to SM supplementation. In contrast to the 24 
KK-Ay mice, little change in the serum and liver lipids was observed in wild-type 25 
C57BL/6J mice. The present study suggests that SM may be effective only in subjects 26 
with metabolic disorders. 27 
 28 
Introduction 29 
The milk fat globule membrane (MFGM) is a biological membrane that surrounds milk 30 
fat droplets. It prevents the globules from coalescence, stabilizes them in the milk serum, 31 
and protects them from enzymatic attack by lipases.1 MFGM is a mixture of bioactive 32 
proteins and polar lipids. Mechanical treatments induce the release of MFGM from fat 33 
globules into the corresponding serum phase (i.e., buttermilk and butter serum). Butter 34 
serum is produced from butter to anhydrous milk fat production and is rich in proteins 35 
and phospho- and sphingolipids from MFGM. The major phospholipids (PL) are 36 
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phosphatidylethanolamine (PE), phosphatidylcholine (PC), phosphatidylserine, and 37 
phosphatidylinositol, while the major sphingolipids (SL) are glucosylceramide, 38 
lactosylceramide, and sphingomyelin (SM). 39 

Milk nutrients have attracted attention as functional foods and nutraceuticals with 40 
potentially important cardioprotective properties. Recent studies showed that increased 41 
consumption of milk and dairy products is associated with a reduced incidence of 42 
obesity, insulin resistance, dyslipidemia, and type 2 diabetes, which are cardiovascular 43 
risk factors.2 Among the milk component, polar lipids rich in butter serum have been 44 
considered active components in the improvement of lipid metabolism. The 45 
hypolipidemic and/or hypocholesterolemic activity of milk PL and SL have been found 46 
in animal models.3-5 Wat et al.5 reported a significant decrease in the liver weight, total 47 
liver lipid, liver triacylglycerol (TAG), and total cholesterol and serum lipids of mice 48 
fed a high-fat diet with a PL-rich dairy milk extract. Milk PL supplementation could 49 
also significantly decrease the total liver cholesterol and TAG levels of mice (C57BL/6) 50 
fed a high-fat diet.4 On the other hand, we have found a significant decrease in the 51 
plasma cholesterol, hepatic total cholesterol and TAG levels of obese/diabetic mice 52 
(KK-Ay) by the supplementation of lipid concentrated butter serum (LC-BS). 53 
Furthermore, when ceramide, SM, PE, and PC rich fractions from LC-BS was given to 54 
the KK-Ay mice, significant decrease in plasma cholesterol and hepatic lipid levels was 55 
found in the animals fed ceramide fraction. 5 The decrease was also found in the mice 56 
fed SM fraction. On the other hand, there was little effect of PE and PC fractions on the 57 
lipid levels. This result suggested that the effect of LC-BS is mainly due to SL, the main 58 
components of LC-BS.5 However, purity of ceramide and SM fractions used in the 59 
study was 70.7 and 49.9% respectively. A human study has also demonstrated the 60 
possible effect of the intake of milk polar lipids on cholesterol absorption from the 61 
intestine and/or hepatic metabolism.6 62 

Although several studies have demonstrated the hypolipidemic and 63 
hypocholesterolemic activity of milk polar lipids, there has been no study on the effect 64 
of purified lipid classes from milk polar lipids. Moreover, the mechanism for the 65 
activity of the milk polar lipid on lipid metabolism has not been made clear. Thus, in the 66 
present study, we separated SM from LC-BS and measured its dietary effect on serum, 67 
liver, and fecal lipid contents by using obese/diabetic KK-Ay mice and wild-type 68 
C57BL/6J mice. 69 
 70 
Materials and Methods 71 
SM preparation  72 
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Butter serum was treated with acidic pH to remove milk protein. Subsequently, the 73 
products were ultrafiltrated in an industrial scale to obtain commercial LC-BS by the 74 
Snow Brand Milk Products Co., Saitama, Japan.7 The LC-BS prepared had still more 75 
than 40% of non-lipid components including protein protein (>20%), carobohydrate 76 
(>10%), and ash (>5%). Thus, the LC-BS was extracted with 10 volumes (v/w) of 77 
chloroform/methanol (2:1, v/v) and allowed to stand overnight. The solution was 78 
filtrated, and the filtrates were concentrated under a vacuum using a rotary evaporator to 79 
obtain butter serum lipids. The butter serum lipids contained SL, PL, and neutral lipids 80 
such as triacylglycerols and sterols.5 The first separation of butter serum lipids was 81 
carried out on the basis of the insolubility of polar lipids such as SL and PL in acetone 82 
and diethyl ether. Then, ten volumes of acetone (v/w) were added to the butter serum 83 
lipids and allowed to stand overnight. The precipitate was recovered by centrifugation at 84 
1260 g for 5 min and dissolved again in 10 volumes (v/w) of diethyl ether. Crude milk 85 
polar lipids were precipitated by leaving the solution overnight followed by 86 
centrifugation at 1680 g for 10 min. The next step was the removal of glycerol-o-esters, 87 
such as PL. These glycerol-o-acyl esters could be saponified in the weak alkaline 88 
condition used in the present study, while N-acyl esters such as SL were resistant to the 89 
saponification. Then, the lipids were saponified with 200 volumes of 0.2 N NaOH in 90 
methanol at 37°C for 20 min to remove these glycerol-o-esters. After neutralization with 91 
2.6 N HCl in methanol, the unsaponifiable fraction was dissolved in 92 
chloroform/methanol/water (10:5:3, v/v/v). The solution was placed into a separatory 93 
funnel and was shaken vigorously. After allowing the funnel to stand overnight, the 94 
lower layer was evaporated under reduced pressure in a rotary evaporator. The 95 
unsaponifiable matters (ca. 10 g), mainly SL, were passed through a column packed 96 
with a chloroform/methanol/water (65:25:4, v/v/v) slurry mixture of Silica gel BW-80S 97 
(Fuji Sylysia Chem. Ltd., Kasugai, Aichi, Japan) (700 g) by eluting the same solvent. 98 
The fraction eluted with the solution (500 mL) was fractionated and the effluent was 99 
analyzed using thin-layer chromatography (TLC). The TLC was performed on a 0.25 100 
mm silica gel plate (Silica gel 60G; Merck) developed with chloroform/methanol/water 101 
(65:25:4, v/v/v). The lipid spot was detected with the Dittmer reagent.8 Identification of 102 
the spot was performed using standard milk SM. The SM fractions were combined and 103 
concentrated. Standard SM from milk was obtained from Nagara Science Co., Ltd., 104 
Oritate, Gifu, Japan. 105 

 106 
Analysis of SM 107 
The purity of the SM fraction obtained as described above was analyzed by TLC and 108 
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high-performance liquid chromatography (HPLC). The lipid fraction was dissolved in 109 
chloroform-methanol-water (65:25:4, v/v/v) solution and analyzed by TLC as described 110 
above. The spot was visualized by spraying with the Dittmer reagent, followed by 111 
charring all spots at 150°C.  112 
   The purity of SM was also analyzed using HPLC. HPLC was performed with a 113 
Shimadzu HPLC system (Shimadzu Seisakusho, Kyoto, Japan) equipped with a pump 114 
(Shimadzu LC-20AD) and an evaporated light scattering detector (Hitachi ELSD-LT II). 115 
The analysis was performed on a silica column (Mighttysil Si 60, 250 x 4.6 mm i.d; 116 
Kanto Chemical Co. Ltd., Tokyo, Japan). The mobile phase consisted of 117 
dichloromethane (A) and methanol/water (95:5, v/v) (B). A gradient elution procedure 118 
was programmed as follows: 0-5 min, 99:1 (A:B, v/v); 20-25 min, 80:20 (A:B, v/v); 119 
35-40 min, 10:90 (A:B, v/v); and 40-45 min, 1:99 (A:B, v/v). A linearly programmed 120 
gradient went from 99:1 (A:B, v/v) to 80:20 (A:B, v/v) at 5-20 min and from 80:20 121 
(A:B, v/v) to 10:90 (A:B, v/v) at 25-35 min, respectively. The flow rate was kept at 1.0 122 
mL/min and the column temperature was maintained at 40°C. Each sample (ca. 10 mg) 123 
was dissolved in dichloromethane/methanol (1:1, v/v) and 1 µl was injected onto HPLC. 124 
The drift tube temperature was 50°C and the nebulizer gas (N2) pressure was 350 kPa. 125 
Milk SM was used as the standard. 126 
 127 
Animals and diets 128 
Obese/diabetic KK-Ay mice (male, four weeks old) and wild-type C57BL/6J mice (male, 129 
four weeks old) were obtained from Japan CREA Co., Tokyo, Japan. The KK-Ay mice 130 
were housed individually, while C57BL/6J mice of the same experimental group (n=6) 131 
were housed in one cage. They had free access to food and tap water. Room temperature 132 
and humidity were controlled at 23 ± 1˚C and 40-60% with a 12 h light/12 h dark cycle. 133 
After acclimation for a week, including being fed a normal rodent diet MF (Oriental 134 
Yeast Co., Ltd., Tokyo, Japan), the mice were randomly divided into groups of seven 135 
(KK-Ay mice) or six (C57BL/6J mice) and were then fed experimental diets for four 136 
weeks. The body weight, diet and water intake of each mouse was recorded daily. The 137 
composition of the diets is shown in Table 1. Several studies3-5 examined the effect of 138 
milk polar lipids mainly rich in PL. These lipids also contained significant amounts of 139 
SM and the SM level was from 0.25 - 0.55 wt% of total diet. The lipid content of SM in 140 
the dietary lipids has been up to 12% in these studies. To make clear the dietary effect of 141 
SM, 1.0% of SM (14% of the dietary lipids) was adapted in the present study.  142 
 143 
Ethics 144 
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The research project was approved by the Ethical Committee at Hokkaido University 145 
and all procedures for the use and care of animals for this research were carried out 146 
under the approval by the Ethical Committee of Experimental Animal Care at Hokkaido 147 
University. 148 
 149 
Fatty acid composition of dietary lipids 150 
Dietary lipids, lard, soybean oil, linseed oil, and fish oil, were obtained from Showa 151 
Chemical Industry Co. Ltd., Tokyo, Wako Pure Chemical Ind., Osaka, Summit oil Mill 152 
Co. Ltd., Chiba, Junsei Chemical Co. Inc., Tokyo, and Maruha Nichiro Co., Tsukuba, 153 
Japan, respectively. After the dietary lipids were mixed with other dietary ingredients 154 
(Table 1), the lipids were extracted from the diets with chloroform/methanol (2:1, v/v) 155 
as described previously by Folch et al.9 The fatty acid composition of the extracted 156 
lipids was determined by gas chromatography (GC) after the conversion of fatty acyl 157 
groups in the lipids to their corresponding methyl esters. Two milliliters of 5% 158 
HCl-methanol were added to a sample lipid (20-50 mg) followed by incubation at 159 
100°C for 3 h. The HCl-methanol solution was prepared by the dilution of 10% 160 
HCl-methanol solution. After cooling the solution, 2 mL of water were added and 161 
vortexed, followed by the addition of 2 mL of n-hexane. The upper hexane layer 162 
containing the methyl esters was recovered and the residual lower layer was further 163 
extracted with 2 mL of n-hexane. The hexane extracts were combined and washed with 164 
water to achieve neutrality. After concentrating the hexane solution under a vacuum, the 165 
methyl ester obtained was purified on a silica gel column (silica gel 60; Merck) in an 166 
elution with n-hexane and a mixture of n-hexane-diethyl ether (95:5, v/v). Purified 167 
methyl esters were subjected to GC analysis. GC was performed on a Shimadzu 168 
GC-14B equipped with a flame-ionization detector and a capillary column [Omegawax 169 
320 (30 m x 0.32 mm i.d.); Supelco, Bellefonte, PA]. The injection port and flame 170 
ionization detector were set at 250 and 260°C, respectively, and the column temperature 171 
was held at 200°C. The carrier gas was helium at a flow rate of 50 kPa. Fatty acid 172 
content in the lipid samples was expressed as a weighted percentage of the total fatty 173 
acids. 174 
 175 
Sample collection 176 
Blood samples were taken from caudal vein of the mice without fasting at 0, 7, 14, 21, 177 
and 28 days after feeding. Blood glucose was measured using a blood glucose monitor, 178 
the Glutest Neo Sensor (Sanwa Kagaku Kenkyusyo Co. Ltd., Aichi, Japan). This sensor 179 
is an amperometric sensor with flavin adenine dinucleotide (FAD)-dependent glucose 180 
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dehydrogenase and Fe(CN)6
3-. After feeding with the experimental diets for four weeks, 181 

the mice were sacrificed under diethyl ether anesthesia. Blood samples were taken from 182 
the caudal vena cava of the mice and each tissue was immediately excised and weighed. 183 
The livers were immediately stored in RNA later™ (Sigma Chemical Co., St. Louis, 184 
MO) for quantitative real time PCR analysis.  185 
 186 
Blood lipid analysis 187 
The blood serum analysis of the KK-Ay mice was performed by the Analytical Center of 188 
Hakodate Medical Association (Hakodate, Japan). The analysis included the 189 
measurement of the following parameters: total cholesterol, neutral lipids (NL), PL, 190 
Non-HDL cholesterol, LDL cholesterol, and HDL cholesterol. Blood serum from 191 
C57BL/6J mice was extracted with chloroform/methanol (2:1, v/v) according to the 192 
method by Folch et al. (1957). The total lipids (TL) extracted were weighed and the 193 
serum TAG and cholesterol content were enzymatically measured using commercial kits 194 
(Cholesterol E-test and Triglyceride E-test, Wako Pure Chemical Industries Ltd., Osaka, 195 
Japan).  196 

Some period of fasting is required before glucose tolerance test and needed to obtain 197 
stable baseline measurements of blood lipid parameters; however, several recent studies 198 
have demonstrated the adverse effect of fasting in rodents.10,11 During the fasting, 199 
especially overnight fasting, they consume much calories and prolonged fasting inhibits 200 
insulin-stimulated glucose uptake in humans, but increases the insulin sensitivity in 201 
mice. In the present study, we used non-fasting mice for the analysis of blood glucose 202 
and serum lipid parameters. 203 
 204 
Liver Lipid Analysis  205 
TL was extracted from the liver (ca. 200 mg) with chloroform/methanol (2:1, v/v).9 The 206 
TL (ca. 20 mg) was further separated on a Sep-Pak Silica cartridge (Waters Japan, 207 
Tokyo, Japan) by elution with chloroform (50 mL) and methanol (50 mL). The NL and 208 
PL fractions were eluted with chloroform and methanol, respectively. Both lipid 209 
contents (mg/g liver) in the liver were calculated from the TL level per liver weight. The 210 
TAG and cholesterol content in the TL were enzymatically measured using commercial 211 
kits as described above.  212 

The fatty acid methyl esters from the liver TL were prepared using the method of 213 
Prevot and Mordret.12 Briefly, 1 mL of n-hexane and 0.2 mL of 2 N NaOH in methanol 214 
were added to an aliquot of total lipid (ca. 10 mg), vortexed and incubated at 50°C for 215 
30 min. After the incubation, 0.2 mL of 2 N HCl in methanol solution was added to the 216 
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solution and vortexed. The mixture was separated by centrifugation at 1000 g for 5 min. 217 
The upper hexane layer containing fatty acid methyl esters was recovered and subjected 218 
to GC. The GC was performed as described above. Each fatty acid level of the liver 219 
tissue (1 g) was calculated by comparing the peak ratio to that of the internal standard 220 
(17:0) and the total lipid content. 221 
 222 
Faces analysis 223 
Feces excreted during whole day (24 hr) were collected from a metabolic cage one time 224 
(27 day after feeding) for KK-Ay mice and two times (15 or 29 day after feeding) or 225 
three times (1, 14, or 27 day after feeding) for C57BL/6J mice. The KK-Ay mice were 226 
housed individually; therefore, feces of three days for each animal were individually 227 
analyzed. On other hand, C57BL/6J mice of the same experimental group (n=6) were 228 
housed in one cage. Thus, feces of 6 animals were analyzed all together. KK-Ay mice 229 
were Collection was done and freeze-dried. After freeze-drying and recording the 230 
weight, the samples were further dried in a vacuum desiccator and subsequently crushed 231 
to pieces in a coffee mill. The lipids were extracted from the dried powder with 10 232 
volumes (v/w) of chloroform/methanol (2:1, v/v) and allowed to stand overnight. The 233 
solution was filtrated and the filtrates were concentrated under a vacuum using a rotary 234 
evaporator. After weighing the feces lipids, a part of the lipids (ca. 1 mg) was subjected 235 
to the measurement of total cholesterol and total bile acid using the Cholesterol E-Test 236 
(Wako Pure Chemical Industries Ltd.) and the Bile Acid Test Wako (Wako Pure 237 
Chemical Industries Ltd.), respectively. 238 
 239 
Quantitative Real-Time PCR 240 
Total RNA was extracted from the livers of mice using RNeasy Lipid Tissue Mini Kits 241 
(Qiagen, Tokyo, Japan) according to the manufacturer’s protocol. The cDNA was then 242 
synthesized from total RNA using High-Capacity cDNA Reverse Transcription Kits 243 
(Applied Biosystems Japan Ltd., Tokyo, Japan). Quantitative real-time PCR analyses of 244 
individual cDNA were performed with ABI Prism 7500 (Applied Biosystems Japan Ltd., 245 
Tokyo, Japan) using TaqMan Gene Expression Assays (Applied Biosystems Japan Ltd., 246 
Tokyo, Japan). The mRNA analyses were performed on genes associated with lipid 247 
metabolism, which included sterol regulatory element-binding protein 2 (SREBP-2), 248 
hydroxymethylglutaryl-CoA reductase (HMG-CoA), cytochrome P450 7A1 (Cyp7a1), 249 
Carnitine Palmitoyltransferase 1A (CPT1a), fatty acid synthase (FAS), stearoyl-CoA 250 
desaturase-1 (SCD1), elongase-2 (Elov2), elongase-5 (Elov5), ∆5-desaturase (Fads1), 251 
and ∆6-desaturase (Fads2). The gene-specific primers were Mm01306292_m1 252 
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(SREBP-2), Mm01282499_m1 (HMG-CoA), Mm00484152 (Cyp7a1), 253 
Mm00550438_m1 (CPT1a), Mm00662319_m1 (FAS), Mm00772290_m1 (SCD1), 254 
Mm00517086_m1 (Elov2 mRNA), Mm00506717_m1 (Elov5 mRNA), 255 
Mm00507605_m1 (Fads1 mRNA), Mm00517221_m1 (Fads2 mRNA), and 256 
Mm99999915_g1 (GAPDH mRNA; internal control), respectively.  257 
 258 
Statistical analysis 259 
Data are presented as the means ± standard error of the mean (SEM) (n=7 or 6). The 260 
data were analyzed by a two-way Analysis of variance (ANOVA) using SM and dietary 261 
lipids as two variable factors. When no interaction was present between both factors, 262 
different groups were compared by Tukey's post hoc analysis. If an interaction was 263 
present, one-way ANOVA and t-test were performed between two groups fed the same 264 
dietary lipid with or without SM. Differences with P < 0.05 were considered 265 
significant. 266 
 267 
Results 268 
SM separation 269 
Commercial LC-BS contained 51.9 ± 0.69 wt% lipids per dry matter (average + 270 
standard deviation of the mean, n=3). Crude milk SL were concentrated from the 271 
LC-BS on the basis of the different distribution of milk lipid class to organic solvents, 272 
and then were further separated by selective saponification to remove glycerol-o-acyl 273 
esters, such as phospholipids. The crude SL (5.51 + 0.49 g) was recovered from 100 g 274 
of LC-BS. Purified SM (1.89 ± 0.53 g) was obtained from the crude SL by silicic acid 275 
column chromatography. The SM gave only a single spot and a single peak 276 
corresponding to the standard milk SM on TLC and HPLC, respectively. Fatty acid 277 
analysis by GC showed that the major fatty acids of SM were long chain saturated fatty 278 
acids such as 22:0, 23:0, and 24:0. The GC analysis also showed the major fatty acids of 279 
lard (18:1n-9, 16:0, and 18:0), soybean oil (18:2n-6 and 18:1n-9), linseed oil (18:3n-3, 280 
18:1n-9, and 18:2n-6), and fish oil (22:6n-3 and 20:5n-3). The fatty acid profile of the 281 
lipids extracted from each diet is shown in Table 2. The composition was reflected by 282 
the dietary lipids with or without SM (Table 1). 283 
 284 
Body weights, tissue weights, blood glucose levels, serum and hepatic lipid 285 
parameters. 286 
There were significant differences in several parameters, namely, water intake and liver 287 
weight for KK-Ay mice, and food intake, water intake, liver weight, kidney weight, and 288 
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small intestine weight for C57BL/6J mice (Table 3). On the other hand, no significant 289 
difference was found in body weight, total white adipose tissue (WAT) weight, and 290 
blood glucose level in both animal models. There was also no significant difference in 291 
the blood glucose levels at 0, 7, 14, 21, and 28 days after feeding.  292 

On the other hand, serum total cholesterol, PL, non-HDL cholesterol, and LDL 293 
cholesterol levels were affected by the dietary lipids in KK-Ay mice, although little 294 
effect was found in the levels of NL and HDL cholesterol (Fig. 1). SM supplementation 295 
decreased non-HDL cholesterol levels in soybean oil- and linseed oil-fed mice (Fig. 1 296 
D). The same tendency was also observed in total cholesterol (Fig. 1 A) and 297 
phospholipids (Fig. 1 C). When the comparison was done between the two groups fed 298 
the same dietary lipids with or without SM, the significant decrease in the LDL 299 
cholesterol levels was found by SM supplementation in soybean oil- and linseed oil-fed 300 
mice (Fig. 1 E). A similar dietary effect was found in the liver lipid content (Figure 2). 301 
The reducing effect of SM supplementation was found on the TL (Fig. 2 A), NL (Fig. 2 302 
B), TAG (Fig. 2 D), and cholesterol (Fig. 2 E) levels in the liver of KK-Ay mice, though 303 
there were no significant differences. The soybean and linseed oil fed groups had 304 
significantly lower levels of TL and NL than the lard group. Overall, Fig. 1 and 2 305 
indicate the combined effect of SM supplementation with dietary fat containing 306 
polyunsaturated fatty acids (PUFA), such as linoleic acid (18:2n-6, LA) and α-linolenic 307 
acid (18:3n-3, ALA) (Table 2) on the reduction of serum and liver lipids. In contrast to 308 
the KK-Ay mice, no decrease in serum and liver lipids was observed in the C57BL/6J 309 
mice (Fig. 3 and 4).  310 
 311 
Fecal lipids. 312 
The fecal concentrations of TL, cholesterol, and PL were also affected by dietary lipids 313 
(Fig. 5 and 6). In the KK-Ay mice, the fecal TL content was the lowest in the linseed 314 
oil-fed group; however, the level (88.7+41.2 mg/g feces) significantly increased to 315 
221.7±27.6 mg/g feces following SM supplementation (Fig. 5 A). The excretion of total 316 
lipids in the feces was promoted by SM supplementation in the lard- and soybean-fed 317 
groups. Fecal cholesterol levels were also increased by SM supplementation and 318 
significant difference between with or without SM diets were found in the lard- and 319 
linseed oil-fed groups (Fig. 5 B). Bile acid was also significantly increased by SM 320 
supplementation in lard-fed group, while there was no significant effect of SM 321 
supplementation in other two groups (Fig. 5 C). The increase in fecal TL was also found 322 
in C57BL/6J mice (Fig. 6). Although statistical analyses could not be performed 323 
because the experimental groups with C57BL/6J mice were housed in the same cage, 324 
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the result in Fig. 6 strongly suggests the greater excretion of TL in the feces following 325 
SM supplementation in C57BL/6J mice. To confirm the promotion of TL secretion into 326 
the feces in C57BL/6J mice by SM supplementation, separate animal experiments have 327 
been performed using dietary lipids containing 230 g/kg lard and 70 g/kg soybean oil or 328 
60 g/kg soybean oil + 10 g/kg SM. When both diets (Table 1) were given to wild-type 329 
C57BL/6J mice (male, four weeks old, n=7) for 29 days, a significant increase in the TL 330 
in the feces following SM supplementation was observed 15 and 29 days after feeding 331 
(Fig. 7). 332 
 333 
Fatty acid levels of liver lipids and gene expression 334 
Lard diets contained higher levels of saturated and monounsaturated fatty acids, such as 335 
16:0 and 18:1n-9, than the other dietary groups (Table 2). Thus, high levels of 16:0 and 336 
18:1n-9 were found in the liver lipids of lard-fed KK-Ay mice (Table 4). The 337 
characteristic fatty acid compositions of the soybean oil and linseed oil groups were 338 
high levels of LA and ALA, respectively (Table 2). Both PUFA were also found at 339 
relatively high concentrations in the liver lipids of soybean oil- and linseed oil-fed 340 
KK-Ay mice, respectively (Table 4). On the other hand, SM supplementation 341 
significantly reduced the total fatty acid content (mg/1 g liver) of the lard-fed mice. The 342 
same tendency was found in the total fatty acid contents of the soybean oil- and linseed 343 
oil-fed mice. The decrease in the total fatty acids, presented in Table 4, was consistent 344 
with the result in Fig. 2 showing the reducing effect of the SM supplementation on liver 345 
TL (Fig. 2 A) and NL (Fig. 2 B). Table 4 also shows the decrease in saturated and 346 
monounsaturated fatty acids, LA, and ALA by SM supplementation; however, 347 
arachidonic acid (20:4n-6, ARA), eicosapentaenoic acid (20:5n-3, EPA), 348 
docosapentaenoic acid (22:5n-3, DPA), and docosahexaenoic acid (22:6n-3, DHA) 349 
increased in the SM supplemented soybean oil- and linseed oil-fed groups. 350 

To determine the effect of dietary lipids on liver lipid metabolism in KK-Ay mice, 351 
the related gene expressions were analyzed by real-time PCR. The analysis showed no 352 
significant effect of dietary lipids on the gene expression related to cholesterol 353 
metabolism (SREBP-2, HMG-CoA, and Cyp7a1) (Fig. 8) and on the expression of FAS 354 
and CPT1a. On the other hand, a difference was found in SCD1 gene expression, with a 355 
conversion from 16:0 and 18:0 to 16:1n-7 and 18:1n-9. Table 4 presents the 356 
significantly higher levels of 18:1n-9/18:0 in the lard-fed group compared to the 357 
soybean and linseed oil-fed groups. On the other hand, a significant decrease in 358 
16:1n-7/16:0 was observed due to SM supplementation in the soybean oil-fed group. 359 
The decreasing trend in 18:1n-9/18:0 was also observed due to SM supplementation in 360 
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soybean oil- and linseed oil-fed groups. The change in the ratio of monoenoic fatty 361 
acid/saturated fatty acid was consistent with the dietary up- and down-regulation of 362 
SCD1 mRNA presented in Fig. 9. LA and ALA are converted to ARA and DHA, 363 
respectively, through a series of desaturation and chain elongation processes including 364 
Elov2, Elov5, Fads1, and Fads2. The different diet feeding resulted in the significant 365 
changes in the expression of Elov2, Elov5, and Fads2 (Fig. 9), while no significant 366 
difference was found in the expression of Fads1.  367 

On the other hand, no decrease in the liver total fatty acids was observed in 368 
C57BL/6J mice following SM supplementation (Table 5). The fatty acid composition of 369 
the liver lipids was well reflected by the dietary lipids to show the high level of ALA 370 
and DHA in the linseed oil- and fish oil-fed group, respectively; however, no specific 371 
effect of SM supplementation was found on the fatty acid composition including 372 
18:1n-9/18:0 and 16:1n-7/16:0 ratio. In addition, there was no significant difference in 373 
gene expression related to lipid metabolism with or without SM supplementation.  374 
 375 
Discussion 376 
SM is an essential biological component with important roles, such as cell membrane 377 
formation, lipid microdomains functionality, and signal transduction.14-15 On the other 378 
hand, SM is a dietary component with an average consumption per capita in the 379 
Western diet of ~200-400 mg/day.16,17 Studies have examined the effects of dietary SM 380 
and have found reductions of the liver and plasma lipid levels.18 In the present study, we 381 
also found that dietary SM could reduce the liver and plasma lipid levels of 382 
obese/diabetic KK-Ay mice (Fig. 1, 2, and Table 4). This effect was mainly dependent 383 
on the increase in fecal TL and cholesterol observed in the mice fed SM (Fig. 5). 384 
Inhibition of the intestinal lipid absorption by SM has also been reported as the probable 385 
mechanism for the lowering effect of SM on the liver and/or plasma lipid levels.19-22 386 
This effect of SM is due to its physical property of being relatively resistant to 387 
solubilization into bile salt micelles. The low solubility of SM induces its incomplete 388 
hydrolysis in the upper segment of the intestine, where much of lipid hydrolysis 389 
occurs.23 The slow and incomplete hydrolysis of SM may allow for interactions between 390 
intact SM and other lipids in the luminal environment, lowering the rates of hydrolysis, 391 
micellar solubilization and the transfer of lipids from mixed micelles to the enterocyte. 392 
21 393 
   Although the inhibition of the intestinal lipid absorption by dietary SM has been 394 
made clear using physico-chemical model,24 cellular 395 
model,25,26 3H-dihydrosphingosine-labeled SM,17 and lymph cannulation method,21 396 
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research of the effect of dietary SM in animal models has been limited. Duivenvoorden 397 
et al.18 reported the lowering effect of SM on plasma lipid levels of hyperlipidemic 398 
APOE*3Leiden mice fed a Western-type diet. The same effect has been reported in 399 
obese Zucker rats.22 The present study also confirmed the reduction of serum and liver 400 
lipid levels in obese/diabetic mice through the promotion of intestinal lipid secretion by 401 
SM. Dietary SM also promoted fecal lipids in wild-type C57BL/6J mice (Fig. 6 and 7); 402 
however, no decrease in serum and liver lipids was observed in the wild-type mice (Fig. 403 
3 and 4). This may suggest the resistance of normal conditions to changes in the lipid 404 
profiles of biological systems. Our present finding on the different effect of SM on 405 
obese/diabetic and wild-type model mice suggests the possibility of effectiveness of SM 406 
on human subjects with metabolic abnormalities. However, cholesterol metabolism of 407 
mice is different from that of human. A human study reported no significant changes in 408 
the plasma lipid profile after the consumption of SM.23,27,28 Ramprasath et al.23 409 
demonstrated some limitations of human studies: e.g., sample size, the SM containing 410 
diet formulation, and the dose level of SM. In addition, these human studies have been 411 
conducted with only healthy subjects; therefore, more studies to determine whether SM 412 
affects cholesterol absorption and plasma lipids in hyperlipidemic subjects are needed. 413 

Recently, much attention has been paid to the health beneficial effects of milk 414 
SM.29-31 When milk SM was given to C57BL/6J mice fed high fat diet, significantly 415 
reduction was found in body weight, serum cholesterol and hepatic triglycerides 416 
levels.29 On the contrary, the same level of egg SM supplementation increased the 417 
serum cholesterol, triglycerides, phospholipids, and hepatic triglycerides.29 Lecomte et 418 
al.31 reported that the supplementation soybean polar lipids to C57BL/6J mice fed high 419 
fat diet significantly increased the hepatic lipid levels, while there was little effect of 420 
milk polar lipids on the hepatic lipid levels. It is apparent that supplementation of SM 421 
including egg and soybean SM could inhibit lipid absorption in animal 422 
models.19,21,24-26,32 To compensate for the reduction of absorbed lipids, hepatic de novo 423 
lipogenesis would be up-regulated. Norris et al.29 found that milk SM feeding 424 
significantly increased hepatic HMG-CoA and SREBP2 gene expressions of C57BL/6J 425 
mice fed high fat diet. On the other hand, milk SM supplementation significantly 426 
decreased serum total cholesterol and hepatic TAG, although the reverse effect was 427 
found in egg SM supplementation.21,29 Moreover, egg SM feeding significantly 428 
increased SCD1 gene expressions, while no increase in SCD1 was found in the mice fed 429 
milk SM.29 In the present study, milk SM supplementation decreased SCD1 of KK-Ay 430 
mice (Fig. 9A), while the increase in HMG-CoA and SREBP2 gene expressions was 431 
observed (Fig. 8 A and B).  432 
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   ALA is an essential fatty acid that must be consumed through diet. There have been 433 
many epidemiological and clinical studies on the cardiovascular-protective effects of 434 
ALA.33 LA is a precursor of EPA and DHA. Both n-3 EPA and DHA have been 435 
regarded as active forms of ALA in biological systems. EPA and DHA have been shown 436 
to cause significant biochemical and physiological changes in the body that often have a 437 
positive influence on human nutrition and health. EPA and DHA can reduce serum and 438 
liver lipid levels due to the regulation of lipid metabolism.33,34 Because linseed oil is 439 
rich in ALA (Table 2), a combination effect was found in linseed oil + SM 440 
supplementation in KK-Ay mice (Fig. 1 and 2). Compared with lard alone, linseed oil + 441 
SM supplementation could significantly reduce serum total cholesterol, non-HDL 442 
cholesterol, and LDL cholesterol (Fig. 1) and liver TL, NL, and cholesterol (Fig. 2).  443 

SM supplementation reduced the intestinal lipid absorption in KK-Ay mice (Fig. 5). 444 
This might induce the decreasing tendency of hepatic TL (Fig. 2). Hepatic total fatty 445 
acids analyses also confirmed this effect of SM. Table 4 presents the significant 446 
decrease in hepatic total fatty acids of the lard-fed group with SM supplementation 447 
compared to mice without SM. The decrease in total fatty acids by SM supplementation 448 
was also found in the soybean oil- and linseed oil-fed mice, but the difference was not 449 
significant. In the soybean oil- and linseed oil-fed groups, SM supplementation 450 
increased long-chain PUFA such as ARA, EPA, DPA, and DHA (Table 4). The increase 451 
in EPA, DPA, and DHA, the active n-3 PUFA forms of ALA, may be related to the 452 
reduction of serum and liver lipid levels in the soybean oil- and linseed oil-fed KK-Ay 453 
mice supplemented with SM (Fig. 1 and 2). The increase in n-3 PUFA might be induced 454 
by the up-regulation of ALA bioconversion to EPA, DPA, and DHA; however, no 455 
change was observed in the related gene expressions, namely, ∆6-desaturase (Fads2), 456 
elongase-5 (Elov5), ∆5-desaturase (Fads1), and elongase-2 (Elov2) (Fig. 9). Another 457 
notable effect of SM supplementation was a decrease in liver 18:1n-9/18:0 and 458 
16:1n-7/16:0 ratios in the soybean oil- and linseed oil-fed KK-Ay mice (Table 4). In our 459 
previous study (Watanabe et al. 2011), a significant decrease in 18:1n-9 was found in 460 
the liver lipids of the KK-Ay mice fed milk SL. The levels of 16:1n-7 and 18:1n-7 were 461 
also reduced by the SL feeding. Thus, the down-regulation of SCD1 by milk SL has 462 
been suggested. The present study demonstrates the reduction of the SCD1 gene 463 
expression by SM supplementation (Fig. 9A). 464 

The different activity of SM on wild-type and obese/diabetic mice suggests the 465 
possibility that SM may be useful for the improvement of hyperlipidemia in subjects 466 
with metabolic disorders. The major mechanism for this effect will be the promotion of 467 
intestinal lipid secretion. On the other hand, further studies may be needed to investigate 468 



 14 

the regulatory effect of dietary SM or its metabolites on lipid metabolism. The present 469 
study suggests the effect of SM on ALA and 18:0 bioconversion to longer chain n-3 470 
PUFA and 18:1n-9, respectively. This might be in part related to the biological activity 471 
of SM. Longer chain n-3 PUFA from ALA are well-known to show hypolipidemic 472 
and/or hypocholesterolemic effects. In addition, studies in humans and animal models 473 
have revealed that modulation of SCD1 activity by dietary intervention or genetic 474 
manipulation strongly influences several facets of energy metabolism to affect 475 
susceptibility to obesity, insulin resistance, diabetes and hyperlipidemia.35-37  476 

SM is not rapidly hydrolyzed in the intestines of rodents because of the low activity 477 
of rodent SM phosphodiesterase. In humans, the hydrolysis of SM is relatively faster 478 
and more efficient compared to rodents.28,38 Dietary SL can be hydrolyzed to their 479 
components, such as sphingoid bases, fatty acids, and the polar head group, by intestinal 480 
enzymes and are then taken up by mucosal cells.11 A large portion of sphingosine 481 
absorbed by the intestine is metabolized to fatty acids and a small part is resynthesized 482 
to complex sphingolipids. Therefore, more effort will be needed to investigate the direct 483 
action of SM metabolites, such as sphingoid bases, in biological systems. 484 

In conclusion, our present study showed the inhibitory effect of SM on intestinal 485 
lipid absorption on obese/diabetic KK-Ay mice and wild-type C57BL/6J mice fed 486 
different types of dietary lipids. The reduction of lipid absorption by SM 487 
supplementation to KK-Ay mice induced serum and liver lipid decrease; however, this 488 
effect of SM was not found in wild-type C57BL/6J mice, suggesting the effectiveness of 489 
SM on subjects with metabolic disorders. 490 
 491 
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 604 
Figure legends 605 
 606 
Figure 1.  The effects of dietary lipids on serum lipid parameters of KK-Ay mice. (A), 607 
Total cholesterol; (B), NL; (C), PL; (D), non-HDL cholesterol; (E), LDL cholesterol; 608 
(F), HDL cholesterol. Values represent the means ± SEM of seven mice per group. A 609 
two-way ANOVA analysis showed that serum lipid parameters except for LDL 610 
cholesterol were not affected by the interaction of dietary lipids and SM feeding. 611 
Therefore, the significance was compared by Tukey's post hoc analysis except for LDL 612 
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cholesterol. Different letters (a, b, c) show significant differences at P < 0.05. The 613 
comparison of LDL cholesterol was done with one way ANOVA and t-test on two 614 
groups fed the same dietary lipid with or without SM (#P <0.05 vs without SM) .  615 
 616 
Figure 2.  The effects of dietary lipids on liver lipid levels of KK-Ay mice. (A), TL; 617 
(B), NL; (C), PL; (D), TAG; (E), cholesterol. Values represent the means ± SEM of 618 
seven mice per group. A two-way ANOVA analysis showed that all lipid parameters 619 
were not affected by the interaction of dietary lipids and SM feeding. Therefore, the 620 
significance was compared by Tukey's post hoc analysis. Different letters (a, b, c) show 621 
significant differences at P < 0.05.  622 
 623 
Figure 3.  The effects of dietary lipids on serum lipid levels of C57BL/6J mice. (A), 624 
TL; (B), TAG; (C), cholesterol. Values represent the means ± SEM of six mice per 625 
group. A two-way ANOVA analysis showed that all lipid parameters were not affected 626 
by the interaction of dietary lipids and SM feeding. The analysis also showed no 627 
significant difference between the groups (P <0.05).  628 
 629 
Figure 4.  The effects of dietary lipids on liver lipid levels of C57BL/6J mice. (A), TL; 630 
(B), NL; (C), PL; (D), TAG; (E), cholesterol. Values represent the means ± SEM of six 631 
mice per group. A two-way ANOVA analysis showed that all lipid parameters were not 632 
affected by the interaction of dietary lipids and SM feeding. The analysis also showed 633 
no significant difference between the groups (P <0.05).  634 
 635 
Figure 5.  The effects of SM supplementation on fecal lipid levels of KK-Ay mice fed 636 
lard, soybean oil, and linseed oil. (A), TL; (B), cholesterol; (C), bile acid. Values 637 
represent the means ± SEM of seven mice per group. A two-way ANOVA analysis 638 
showed that all lipid parameters were significantly (P < 0.05) affected by the interaction 639 
of dietary lipids and SM feeding. Therefore, the comparison of lipid parameters were 640 
done with one way ANOVA and t-test on two groups fed the same dietary lipid with or 641 
without SM (#P <0.05 vs without SM) .  642 
 643 
Figure 6.  The effects of SM supplementation on fecal TL levels of C57BL/6J mice 644 
fed linseed and fish oil after 1 day (A), 14 days (B), 27 days (C) of feeding. Values 645 
represent the means of six mice per group.  646 
 647 
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Figure 7.  The effects of SM supplementation on fecal TL levels of C57BL/6J mice 648 
fed soybean oil after 15 days (A) and 29 days (B) of feeding. Values represent the 649 
means ± SEM of six mice per group. The comparison was done with one way ANOVA 650 
and t-test on two groups with or without SM (#P <0.05 vs without SM) .  651 
 652 
Figure 8.  The gene expressions of the liver associated with cholesterol metabolism in 653 
KK-Ay mice fed different dietary lipids. Values represent the means ± SEM of seven 654 
mice per group. A two-way ANOVA analysis showed that all lipid parameters were not 655 
affected by the interaction of dietary lipids and SM feeding. The analysis also showed 656 
no significant difference between the groups (P <0.05).  657 
 658 
Figure 9.  The gene expressions of the liver associated with the bioconversion of ALA 659 
to DHA in KK-Ay mice fed different dietary lipids. Values represent the means ± SEM 660 
of seven mice per group. A two-way ANOVA analysis showed that all lipid parameters 661 
were not affected by the interaction of dietary lipids and SM feeding. Therefore, the 662 
significance was compared by Tukey's post hoc analysis. Different letters (a, b, c) show 663 
significant differences at P < 0.05. 664 



Table 1. Composition (g/kg) of experimental diets 

Corn starch 
Dextrinized corn starch 
Casein 
Sucrose 
Cellulose (KC flock) 
AIN93G mineral mix 
AIN93G vitamin mix 
L-cystine 
Choline bitartrate 
t-Butylhydroquinoe 
Lard 
Soybean oil 
Linseed oil 
Fish oil 
SPM 

Diet ingredient                      Lard         +SM    Soybean oil       + SM       Linseed oil       + SM          Linseed oil      + SM         Fish oil       + SM   Soybean oil  Soybean oil +SM 
Lard                         Soybean oil                    Linseed oil                          Linseed oil               Fish oil         Lard +             Lard +    

397.49 
132 
200 
100 

50 
35 
10 

3 
2.5 

0.014 
70 

0 
0 
0 
0 

397.49 
132 
200 
100 

50 
35 
10 

3 
2.5 

0.014 
60 

0 
0 
0 

10 

397.49 
132 
200 
100 

50 
35 
10 

3 
2.5 

0.014 
0 

70 
0 
0 
0 

397.49 
132 
200 
100 

50 
35 
10 

3 
2.5 

0.014 
0 

60 
0 
0 

10 

397.49 
132 
200 
100 

50 
35 
10 

3 
2.5 

0.014 
0 
0 

70 
0 
0 

397.49 
132 
200 
100 

50 
35 
10 

3 
2.5 

0.014 
0 
0 

60 
0 

10 

KK-Ay mice                                                                                      C57BL/6J mice   

397.49 
132 
200 
100 

50 
35 
10 

3 
2.5 

0.014 
0 
0 

70 
0 
0 

397.49 
132 
200 
100 

50 
35 
10 

3 
2.5 

0.014 
0 
0 

60 
0 

10 

397.49 
132 
200 
100 

50 
35 
10 

3 
2.5 

0.014 
0 
0 
0 

70 
0 

397.49 
132 
200 
100 

50 
35 
10 

3 
2.5 

0.014 
0 
0 
0 

60 
10 

157.1 
52.4 
260 
130 

50 
35 
10 

3 
2.5 

0.02 
230 

70 
0 
0 
0 

157.1 
52.4 
260 
130 

50 
35 
10 

3 
2.5 

0.014 
230 

60 
0 
0 

10 



Table 1. Composition (g/kg) of experimental diets 

Fatty acid              Lard         +SM    Soybean oil       + SM       Linseed oil       + SM          Linseed oil      + SM         Fish oil       + SM   Soybean oil   Soybean oil +SM 
Lard                         Soybean oil                    Linseed oil                          Linseed oil               Fish oil            Lard +             Lard +    

KK-Ay mice                                                                                      C57BL/6J mice   

16:0 
18:0 
20:0 
22:0 
23:0 
24:0 

16:1n-7 
18:1n-7 
18:1n-9 
18:2n-6 
18:3n-3 
18:4n-3 
20:4n-6 
20:5n-3 
22:5n-3 
22:6n-3  

23.74 
14.08 

ND 
ND 
ND 
ND 

2.39 
2.49 

42.01 
9.10 
0.62 
ND 
ND 
ND 
ND 
ND 

 

24.43 
13.58 

0.03 
1.37 
2.18 
1.39 
2.14 
2.51 

37.46 
8.63 
0.48 
ND 
ND 
ND 
ND 
ND 

∗ 
∗ 
∗ 
∗ 
 
 
 
 
 
∗ 
∗ 
∗ 
∗ 
∗ 

9.91 
3.84 
0.35 
0.45 
ND 

0.16 
0.10 
1.49 

25.70 
50.38 

5.72 
ND 
ND 
ND 
ND 
ND 

10.73 
3.90 
0.38 
1.56 
2.08 
1.43 
0.10 
1.34 

20.38 
49.48 

6.52 
ND 
ND 
ND 
ND 
ND 

 
∗ 
 
 
 
 
 
 
∗ 
∗ 
∗ 
∗ 
∗ 

5.24 
3.29 
0.14 
0.13 
ND 
ND 

0.06 
0.56 

18.75 
15.94 
53.13 

ND 
ND 
ND 
ND 
ND 

5.95 
3.26 
0.16 
1.28 
1.87 
1.04 
0.06 
0.59 

17.86 
15.20 
49.91 

ND 
ND 
ND 
ND 
ND 

 
 
 
∗ 
∗ 
 
 
 
 
 
∗ 
∗ 
∗ 
∗ 
∗ 

 
 
 
 
 
 
 
 
∗ 
∗ 
∗ 
∗ 
∗ 

 
 
 
 
 
 
 
 
∗ 
∗ 
∗ 
∗ 
∗ 

 
 
 
 
 
 
 
 
∗ 
∗ 
∗ 
∗ 
∗ 

5.32 
3.80 
0.15 
0.18 
ND 
ND 

0.08 
0.68 

20.43 
15.41 
51.21 

ND 
ND 
ND 
ND 
ND 

6.11 
3.83 
0.17 
1.33 
1.88 
1.25 
0.05 
0.67 

19.66 
14.54 
48.33 

ND 
ND 
ND 
ND 
ND 

 
 
 
∗ 
∗ 
 
 
 
 
 
∗ 
∗ 
∗ 
∗ 
∗ 

 
 
 
 
 
 
 
 
∗ 
∗ 
∗ 
∗ 
∗ 

8.16 
2.56 
0.29 
0.19 
ND 

0.07 
2.53 
1.30 
4.81 
0.68 
0.46 
2.30 
2.47 

17.75 
3.35 

33.82 
 

8.92 
2.57 
0.32 
1.61 
2.29 
1.53 
2.34 
1.22 
4.53 
0.60 
0.47 
2.10 
2.26 

16.39 
3.19 

32.02 

 
 
 
∗ 
 
 
 
 
 
 
 

∗Not detected. 

21.94 
11.79 

ND 
ND 
ND 
ND 

2.02 
2.14 

38.33 
18.84 

1.50 
ND 
ND 
ND 
ND 
ND 

21.94 
11.49 

ND 
0.27 
0.37 
0.26 
2.10 
2.80 

37.14 
16.91 

1.34 
ND 
ND 
ND 
ND 
ND 

 

 
 
 
∗ 
∗ 
∗ 
∗ 
 
 
 
 
 
∗ 
∗ 
∗ 
∗ 
∗ 

∗ 
 
 
 
 
 
 
 
 
∗ 
∗ 
∗ 
∗ 
∗ 



Fatty acid            Lard           +SM      Soybean oil       + SM       Linseed oil        + SM          Linseed oil       + SM         Fish oil         + SM 
Lard                           Soybean oil                       Linseed oil                           Linseed oil                       Fish oil 

KK-Ay mice                                                                            C57BL/6J mice   

Table 2.  Major fatty acid composition (wt% of total fatty acids) of dietary lipids 

16:0 
18:0 
20:0 
22:0 
23:0 
24:0 

16:1n-7 
18:1n-7 
18:1n-9 
18:2n-6 
18:3n-3 
18:4n-3 
20:4n-6 
20:5n-3 
22:5n-3 
22:6n-3  

23.74 
14.08 

ND 
ND 
ND 
ND 

2.39 
2.49 

42.01 
9.10 
0.62 
ND 
ND 
ND 
ND 
ND 

 

24.43 
13.58 
0.03 
1.37 
2.18 
1.39 
2.14 
2.51 

37.46 
8.63 
0.48 
ND 
ND 
ND 
ND 
ND 

∗ 
∗ 
∗ 
∗ 
 
 
 
 
 
∗ 
∗ 
∗ 
∗ 
∗ 

9.91 
3.84 
0.35 
0.45 
ND 

0.16 
0.10 
1.49 

25.70 
50.38 
5.72 
ND 
ND 
ND 
ND 
ND 

10.73 
3.90 
0.38 
1.56 
2.08 
1.43 
0.10 
1.34 

20.38 
49.48 
6.52 
ND 
ND 
ND 
ND 
ND 

 
∗ 
 
 
 
 
 
 
∗ 
∗ 
∗ 
∗ 
∗ 

5.24 
3.29 
0.14 
0.13 
ND 
ND 

0.06 
0.56 

18.75 
15.94 
53.13 

ND 
ND 
ND 
ND 
ND 

5.95 
3.26 
0.16 
1.28 
1.87 
1.04 
0.06 
0.59 

17.86 
15.20 
49.91 

ND 
ND 
ND 
ND 
ND 

 
 
 
∗ 
∗ 
 
 
 
 
 
∗ 
∗ 
∗ 
∗ 
∗ 

 
 
 
 
 
 
 
 
∗ 
∗ 
∗ 
∗ 
∗ 

 
 
 
 
 
 
 
 
∗ 
∗ 
∗ 
∗ 
∗ 

 
 
 
 
 
 
 
 
∗ 
∗ 
∗ 
∗ 
∗ 

5.32 
3.80 
0.15 
0.18 
ND 
ND 

0.08 
0.68 

20.43 
15.41 
51.21 

ND 
ND 
ND 
ND 
ND 

6.11 
3.83 
0.17 
1.33 
1.88 
1.25 
0.05 
0.67 

19.66 
14.54 
48.33 

ND 
ND 
ND 
ND 
ND 

 
 
 
∗ 
∗ 
 
 
 
 
 
∗ 
∗ 
∗ 
∗ 
∗ 

 
 
 
 
 
 
 
 
∗ 
∗ 
∗ 
∗ 
∗ 

8.16 
2.56 
0.29 
0.19 
ND 

0.07 
2.53 
1.30 
4.81 
0.68 
0.46 
2.30 
2.47 

17.75 
3.35 

33.82 
 

8.92 
2.57 
0.32 
1.61 
2.29 
1.53 
2.34 
1.22 
4.53 
0.60 
0.47 
2.10 
2.26 

16.39 
3.19 

32.02 

 
 
 
∗ 
 
 
 
 
 
 
 

∗Not detected. 



Table 3.  Body weight, food intake, water intake, tissue weight, and plasma lipids  

KK-Ay mice1)                 Lard                 + SM                 Soybean oil              + SM                   Linseed oil                + SM  
Final body weight (g) 

Food intake (g/day) 
Water intake (g/day) 

Liver weight (g/100g BW) 
Kidney weight (g/100g BW) 
Spleen weight (g/100g BW) 

Large intestine weight (g/100g BW) 
Small intestine weight (g/100g BW) 

Heart weight (g/100g BW) 
Total WAT weight (g/100g BW) 

Blood glucose (mg/dL) 

40.58+1.06 
5.57+0.30 

43.90+1.42 
6.48+0.18 
1.63+0.06 
0.25+0.01 
0.80+0.08 
3.17+0.25 
0.44+0.03 

11.26+0.41 
723.29+28.35 

 
 
a,b 
a,b 
 

38.93+1.50 
4.60+0.42 

40.67+3.14 
6.45+0.24 
1.52+0.03 
0.31+0.02 
0.66+0.07 
3.13+0.20 
0.40+0.02 

11.53+0.27 
673.17+45.14 

39.65+0.84 
5.02+0.39 

33.50+1.72 
5.73+0.17 
1.54+0.05 
0.31+0.03 
0.70+0.08 
2.88+0.13 
0.47+0.02 

11.47+0.39 
650.25+42.00 

 
 
a,b 
a,b 
 

37.06+0.36 
4.47+0.20 

36.21+1.24 
5.65+0.15 
1.53+0.06 
0.33+0.32 
0.79+0.07 
3.21+0.16 
0.42+0.01 

10.32+0.28 
683.00+41.58 

41.01+1.24 
5.62+0.26 

34.67+2.52 
5.81+0.23 
1.68+0.08 
0.26+0.01 
0.70+0.06 
3.39+0.21 
0.47+0.01 

10.68+0.33 
730.83+21.75 

 
 
b 
b 
 

38.91+0.46 
5.75+0.22 

34.27+1.63 
5.62+0.22 
1.72+0.05 
0.31+0.03 
0.76+0.06 
3.16+0.11 
0.45+0.02 

10.08+0.32 
606.14+18.69 

 
 
a 
a 
 
 

 
 
b 
a,b 
 

 
 
b 
a,b 
 

1)n=7 
2)n=6  a,b,cA two-way ANOVA analysis showed that all data were not affected by the interaction of dietary lipids and SM feeding, then, 
the comparison was done by Tukey's post hoc analysis. Different letters show significantly different at P < 0.05. 

C57BL/6J mice2)                 Linseed oil                       + SM                           Fish oil                           + SM 
 

Final body weight (g) 
Food intake (g/day) 

Water intake (g/day) 
Liver weight (g/100g BW) 

Kidney weight (g/100g BW) 
Spleen weight (g/100g BW) 

Large intestine weight (g/100g BW) 
Small intestine weight (g/100g BW) 

Heart weight (g/100g BW) 
Total WAT weight (g/100g BW) 

Blood glucose (mg/dL) 

26.27+0.50 
3.24+0.05 
5.00+0.10 
4.72+0.08 
1.94+0.04 
1.03+0.01 
1.56+0.06 
4.13+0.11 
1.20+0.03 
5.95+0.24 

75.17+3.57 

 
a,b 
b 
a 
 
a 
 
a 

24.59+0.31 
3.09+0.05 
3.71+0.07 
4.51+0.08 
1.94+0.03 
1.03+0.02 
1.69+0.05 
4.11+0.07 
1.24+0.03 
7.25+0.53 

80.67+3.38 

24.17+0.27 
2.89+0.04 
4.14+0.07 
5.23+0.05 
2.00+0.03 
1.17+0.02 
1.56+0.06 
4.61+0.32 
1.24+0.02 
6.38+0.35 

71.17+2.57 

 
b 
c 
a,b 
 
b 
 
b 

24.21+0.86 
2.95+0.04 
4.30+0.06 
5.03+0.09 
1.99+0.04 
1.17+0.01 
1.73+0.15 
4.89+0.12 
1.26+0.02 
6.00+0.20 

70.67+3.80 

 
a 
a 
a,b 
 
a 
 
a 

 
b 
b,c 
b 
 
b 
 
a,b 

Lard                                             Soybean oil                                           Linseed oil 

Linseed oil                                                          Fish oil 



Fatty acid (mg/1g tissue) 
16:0 
18:0 

16:1n-7 
18:1n-7 
18:1n-9 
18:2n-6 
18:3n-3 
20:4n-6 
20:5n-3 
22:5n-3 
22:6n-3 

 
Total fatty acids 

Total n-6 fatty acids 
Total n-3 fatty acids 

 
Ratio of each fatty acid 

18:1n-9/18:0 
16:1n-7/16:0 

26.82+2.89 
5.05+0.62 
4.84+0.64 
5.35+0.73 

37.25+5.36 
4.92+0.54 

ND 
4.14+0.54 

ND 
ND 

1.71+0.21 
 

89.84+10.78 
9.06+1.05 
1.71+0.20 

 
 

7.63+0.91 
0.18+0.01 

 

# 
# 
# 
# 
# 
a 
∗ 
# 
# 
# 
 
 
# 
c 
a 
 
 
a 
 

11.34+1.34 
2.79+0.20 
2.08+0.28 
2.90+0.34 

19.51+2.42 
2.31+0.49 

ND 
2.64+0.12 
0.06+0.01 
0.09+0.01 
1.47+0.07 

 
45.19+4.84 
4.94+0.51 
1.62+0.07 

 
 

6.92+0.67 
0.18+0.01 

 

12.66+3.25 
4.49+0.34 
2.20+0.30 
2.06+0.23 

15.24+2.06 
11.19+0.80 
0.47+0.05 
3.71+0.27 

ND 
ND 

1.91+0.11 
 

53.93+4.34 
14.90+0.95 
2.38+0.12 

 
 

3.47+0.51 
0.18+0.02 

 
 
# 
# 
# 
c 
 
 
a 
# 
# 
 
 
a,d 
b 
 
 
b 
# 
 

11.37+1.05 
4.34+0.43 
1.24+0.19 
1.19+0.11 
8.37+1.01 
8.00+0.79 
0.33+0.04 
4.11+0.40 
0.27+0.03 
0.41+0.03 
2.79+0.26 

 
42.42+3.97 
12.11+1.16 
3.80+0.34 

 
 

1.92+0.11 
0.11+0.01 

11.28+0.98 
3.66+0.26 
1.71+0.20 
1.12+0.10 

13.39+1.40 
4.57+0.37 
4.68+0.51 
0.84+0.06 
2.20+0.14 
0.52+0.04 
1.41+0.12 

 
45.37+3.48 
5.40+0.42 
8.81+0.73 

 
 

3.75+0.43 
0.15+0.01 

# 
# 
# 
# 
# 
a 
# 
 
b 
# 
# 
 
# 
c 
c 
 
 
b 
# 

7.85+0.51 
3.92+0.25 
0.77+0.11 
0.58+0.09 
7.28+1.09 
3.88+0.28 
3.14+0.39 
1.09+0.06 
2.76+0.22 
1.03+0.09 
2.04+0.15 

 
28.59+6.79 
4.98+0.28 
8.52+0.78 

 
 

1.98+0.21 
0.10+0.01 

 
 
 
 
 
a 
∗ 
 
∗ 
∗ 
 
 
 
a,b 
a 
 
 
a 
 
 
 

 
 
 
 
 
b 
 
 
∗ 
∗ 
 
 
 
d 
a,b 
 
 
b 
 

Lard               + SM            Soybean oil               + SM             Linseed oil             + SM 

 
 
 
 
 
a 
 
 
b 
 
 
 
 
b,c 
c 
 
 
b 
 
 a,b,cA two-way ANOVA analysis showed that some of the fatty acid data were affected by the interaction of dietary lipids 

and SM feeding, but some of them were not affected. When no interaction was present, the significance was compared by 
Tukey's post hoc analysis. Different letters (a, b, c) show significant differences at P < 0.05.  
 
#If an interaction was present, one-way ANOVA and t-test were performed between two groups fed the same dietary lipid 
with or without SM (#P < 0.05 vs without SM). 
 
∗Not detected. 

Table 4. Effect of dietary lipids and SPM on fatty acid content in liver of KK-Ay mice (n=7) 

Lard                                         Soybean oil                                  Linseed oil 



Table 5. Effect of dietary lipids and SPM on fatty acid content in liver of C57BL/6J  mice (n=6) 

Fatty acid (mg/1g tissue) 
16:0 
18:0 

16:1n-7 
18:1n-7 
18:1n-9 
18:2n-6 
18:3n-3 
20:4n-6 
20:5n-3 
22:5n-3 
22:6n-3 

 
Total fatty acids 

Total n-6 fatty acids 
Total n-3 fatty acids 

 
Ratio of each fatty acid 

18:1n-9/18:0 
16:1n-7/16:0 

9.30+072 
2.55+0.16 
1.96+0.29 
0.46+0.04 
9.52+1.08 
7.23+0.62 
8.23+1.21 

0.88+0.034 
1.41+0.08 
0.55+0.04 
2.27+0.13 

 
44.36+4.20 

9.11+1.22 
12.46+1.41 

 
 

3.72+0.30 
0.21+0.02 

a,b 
 
 
a 
a 
a 
a 
a 
 
a,b 
a 
 
 
a 
 
 
 
a 
a 
 

12.24+0.75 
2.65+0.06 
3.04+0.38 
0.59+0.04 

11.98+0.58 
8.53+0.36 

10.72+0.68 
0.94+0.03 
1.51+0.08 
0.67+0.04 
2.31+0.06 

 
55.17+2.66 
11.66+0.70 
15.21+0.82 

 
 

4.52+0.23 
0.24+0.02 

12.56+0.88 
2.64+0.14 
1.43+0.22 
0.30+0.02 
5.80+0.32 
2.80+0.21 
0.15+0.04 
1.58+0.08 
1.37+0.18 
0.74+0.04 
9.55+0.51 

 
38.92+2.23 
1.73+0.10 

11.81+0.71 
 
 

2.22+0.15 
0.11+0.01 

b 
 
 
a,b 
a,b 
b,c 
b 
b 
 
b 
c 
 
 
b 
 
 
 
b 
b 

17.48+2.06 
3.14+0.17 
2.39+0.45 
0.39+0.05 
8.17+120 

3.64+0.59 
0.19+0.04 
1.63+0.11 

1.88+0.293 
0.97+0.13 

12.37+1.41 
 

52.24+6.40 
1.82+0.14 

15.42+1.85 
 
 

2.55+0.22 
0.13+0.01 

a 
 
 
a,b 
a,b 
a,b 
a 
a 
 
a 
a 
 
 
a 
 
 
 
a 
a 
 

a,b 
 
 
b 
b 
c 
b 
b 
 
a,b 
b 
 
 
b 
 
 
 
b 
b 

Linseed oil                + SM                         Fish oil                       + SM 
Linseed oil                                                     Fish oil 

a,b,cA two-way ANOVA analysis showed that all data were not affected by the interaction of dietary lipids and SM feeding, 
then, the comparison was done by Tukey's post hoc analysis. Different letters show significantly different at P < 0.05. 
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