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Abstract

Diets high in fat can result in obesity and non-alcoholic fatty liver disease (NAFLD). The improvement of obesity and NAFLD is an important
issue. p-Conglycinin, one of the soya proteins, is known to prevent hyperlipidaemia, obesity and NAFLD. Therefore, we aimed to investigate
the effects of f-conglycinin on the improvement of obesity and NAFLD in high-fat (HF) diet-induced obese (DIO) mice and clarify the
mechanism underlying these effects in liver and white adipose tissue (WAT). DIO male ddY mice were divided into six groups: HF, medium-
fat (MF) and low-fat (LF) groups fed casein, and HF, MF and LF groups in all of which the casein was replaced by f-conglycinin. A period of
5 weeks later, the f-conglycinin-supplemented group resulted in lower body weight, relative weight of subcutaneous WAT, and hepatic TAG
content (P=0-001). Furthermore, f-conglycinin suppressed the hepatic expression of Ppary2 in the HF dietary group, sterol regulatory
element-binding protein-1c and the target genes. The expressions of inflammation-related genes were significantly low in the epididymal and
subcutaneous WAT from the mice fed f-conglycinin compared with those fed casein in the HF dietary group. Moreover, the expressions of
Ppary1 and Ppary2 mRNA were suppressed in subcutaneous WAT in the HF dietary group but not in epididymal WAT. The concentrations of
insulin and leptin were low in the serum of the mice fed f-conglycinin. In conclusion, f-conglycinin effectively improved obesity and NAFLD

in DIO mice, and it appears to be a promising dietary protein for the amelioration of NAFLD and obesity.
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Obesity is prevalent in modern society due to a lifestyle
consisting of the high consumption of dietary fat and sucrose
and little exercise™™. The population of adults with a BMI of
25kg/m* or greater has increased globally’”. Obesity is
associated with a state of chronic low-grade inflammation,
which is a risk factor for insulin resistance and links to
obesity-associated diseases such as CVD, type 2 diabetes and
cancer'™™”. Adipose tissue plays a critical role in energy
homoeostasis due to its function as lipid storage and endocrine
organ. As an endocrine organ, adipose tissue secretes adipo-
cytokines, which regulate feeding, thermogenesis, immunity
and neuroendocrine function®.

Non-alcoholic fatty liver disease (NAFLD), which is defined
by excessive hepatic TAG content in the absence of excessive
alcohol consumption, is prevalent in obese subjects and is a
potential risk factor for the development of both type 2 diabetes
and metabolic syndrome®'?. The quantifiable biological
sources of hepatic TAG were directly detected in NAFLD
patients by Donnelly et al."®: 59-0% of TAG arose from NEFA,
which flow to the liver via the lipolysis pathway in adipose

tissue; 26-1 % from de novo lipogenesis; and 14-9 % from dietary
fat. Sterol regulatory element-binding protein-1c (SREBP-1¢) is a
transcription factor that stimulates the expression of genes
related to de novo lipogenesis"*'>. Under high-fat (HF) diet
feeding, the levels of mRNA and protein of SREBP-1c and TAG
increase in the liver®. PPARy2 is another nuclear receptor
involved in lipid metabolism and a nutrient sensor in metabolic
tissues''”. The expression of Ppary2 is increased in response to
an HF diet, and it leads to the development of NAFLD®.

Soyabeans provide one of the most abundant plant sources
of dietary protein. The protein content of soyabeans varies from
36 to 56%, and this diversity is due to the areas in which the
soyabeans are grown'?”. A meta-analysis of human studies
indicates that the consumption of soya protein is associated
with significant decreases in serum TAG and cholesterol®?.
Moreover, soya protein is reported to be effective in lowering
body weight (BW) and fat mass in overweight and obese
subjects 4,

In all, 80% of soyabean protein is constituted by glycinin
(11S globulin) and f-conglycinin (7S globulin)®®. The content

Abbreviations: BW, body weight; DIO, diet-induced obese; HF, high fat; LF, low fat; MF, medium fat; NAFLD, non-alcoholic fatty liver disease; SREBP-1c, sterol
regulatory element-binding protein-1c; TC, total cholesterol; VCO,, carbon dioxide production; WAT, white adipose tissue.
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of p-conglycinin, the second most present protein in whole soya
protein, is reported to be about 30%“*. Administration of
p-conglycinin to rats prevented increases in serum total
cholesterol (TC), TAG and VLDL-TAG®™%”. Moreover, in a
human randomised, double-blind, placebo-controlled study,
12-week consumption of 5g of p-conglycinin per day
significantly reduced serum TAG concentrations in subjects
with hypertriacylglycerolaemia, whereas consumption of 5 g of
casein did not®. Thus, f-conglycinin has effects on the
prevention and improvement of hyperlipidaemia. Therefore, it
is likely that f-conglycinin might prevent and improve not only
hyperlipidaemia but also NAFLD and obesity. We previously
reported that BW gain and NAFLD in mice induced by an HF
diet were prevented by the simultaneous supplementation of
p-conglycinin for 11 weeks through the down-regulation of liver
Ppary2 and its target gene expressionam, Hence, f-conglycinin
seems to have beneficial effects on the amelioration of NAFLD
by down-regulating hepatic Ppary2 expression. However, there
is no report on the effects of f-conglycinin on the improvement
of NAFLD and obesity.

Given this background, in this study, we investigated the
effects of dietary f-conglycinin on the improvement of NAFLD
and obesity in HF diet-induced obese (DIO) mice and clarified
the mechanism underlying these effects in liver and white
adipose tissue (WAT).

Methods
Animals

Male ddY mice, 6 weeks old, a model of postprandial hyper-
triacylglycerolaemia in response to dietary fat®”, were obtained
from Japan SLC, Inc. and fed a normal laboratory diet (CE2; Clea)
for 1 week to stabilise their metabolic condition. Mice were
exposed to a 12h light-12h dark cycle, and the room was main-
tained at a constant temperature of 22°C. They were individually
housed and allowed free access to experimental diets and water.
Mice were cared for in accordance with the National Institutes of
Health’s (NIH) Guide for the Care and Use of Laboratory Animals.
All animal procedures were reviewed and approved by the
National Institute of Health and Nutrition, Japan (no. 1507).

Dietary experiments

To examine the effect of f-conglycinin on the improvement of
fatty liver and obesity, ddY mice at 7 weeks of age were fed an
HF diet (60 energy% fat) for 4 weeks to generate diet-induced
obesity. Thereafter, these DIO mice were assigned to one of six
groups (2 6): the HF, medium-fat (MF) and low-fat (LF) groups,
in which the mice were fed a 60, 30 and 10 energy% fat diet,
respectively, supplemented with casein, and in three other HF,
MF and LF groups, all casein was replaced by f-conglycinin.
The HF diet is too high in fat and is slightly difficult for humans
to ingest ordinarily, so we created the MF dietary group to
investigate this fat level, which humans ordinarily ingest, and to
examine the effect of f-conglycinin. Detailed compositions of
the experimental diets are listed in Table 1. Duration of the
dietary manipulations was 5 weeks in this experiment. Diets
were prepared as mentioned in our previous study(zo) . Butter was

Table 1. Dietary composition of the experimental diets

HF MF LF

B-Conglycinin - + - + - +
g/100g

Safflower oil 840 840 346 346 1.05 1.05

Butter 3036 3040 12551 1251 367 367

Casein 26-40 - 2220 - 19-75 -

B-Conglycinint - 26-90 - 2264 - 20-15

a-Starch* 26:30 2580 5298 5254 66-35 6595

Vitamin mix (AIN-93) 140 140 112 112 1.00 1.00
Mineral mix (AIN-93) 490 4.90 392 392 350 3:50

Cellulose powder 700 700 560 560 500 5-00
L-Cystine 042 042 034 034 030 030
Fatty acid composition (%)
C4:0 329
C6:0 2.04
C8:0 110
C10:0 2.43
C10:1 0-24
C12:0 2.66
C14:0 9-09
C14:1 0-24
C15:0 118
C16:0 25.42
C16:1 1.22
C17:0 0-94
C17:1 0-16
C18:0 855
C18:1 26-51
C18:2n-6 11-40
C18:3n-3 0-46
C20:0 0-24
C20:1 0-12
C22:0 0-04

HF, high fat; MF, medium fat; LF, low fat.

* Pregelatinised maize starch.

1 B-Conglycinin contains 5% carbohydrate (as glucose) and 95% protein. The fatty
acid composition is the same in all diets.

purchased from Snow Brand Milk Corp.. Safflower oil was pur-
chased from Benibana Food. p-Conglycinin, prepared by treat-
ment of soyabean protein extract with phytase®”, was kindly
provided by Fuji Oil Co. The purity of f-conglycinin determined
by SDS-PAGE was more than 95%. Consumption of food was
measured daily. Food intake per day was estimated by subtracting
the food weight of that day from the initial food weight of the
previous day. Average energy intakes during total experimental
periods in each group of mice were calculated with these data.

Measurement of VO, and carbon dioxide production

Open-circuit indirect calorimetry was performed with an
0,/CO, metabolism measuring system for small animals
(MK-5000RQ; Muromachi Kikai Co., Ltd) 1 week before
execution as described previously®. The system monitored
VO, and carbon dioxide production (VCO,) at 3-min intervals
and calculated the RQ ratio (VCO,:VO,). Spontaneous motor
activity was measured using a Supermex infrared sensor
(Muromachi Kikai Co., Ltd). Measurements were performed for
the dark (from 19.00 to 07.00 hours) and light (from 07.00 to
16.30 hours) periods under ad libitum feeding conditions. The
energy production rate was calculated with the formulae
used by Ferrannini in which the rate of energy production
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(kJ/min (kcal/min)) =3-91 VO,+1-10 VCO,—-3-34 N, glucose
oxidation (g/min)=4-55 VCO,-3-21 VO, and lipid oxidation
(g/min) =1-67 (VO,—-VCO,), where N is the rate of urinary
nitrogen excretion used to estimate protein oxidation®?
However, considering that only a small portion of the resting
and exercise energy expenditure arises from protein oxidation,
the contributions of protein oxidation were neglected. These

measurements were only done on the HF mice.

Quantitative RT PCR

Mice were killed by cervical dislocation, and livers and
epididymal and subcutaneous (posterior subcutaneous depots)
WAT were isolated for RNA preparation in the morning from
3-h fasted animals to avoid acute effects of food intake. RNA
was extracted with TRIzol Reagent (Invitrogen Corp.) according
to the manufacturer’s instructions. Isolated RNA was quantified
by using a NanoDrop ND-2000 spectrophotometer (Thermo
Fisher Scientific), and its integrity was confirmed by agarose gel
electrophoresis. Total RNA isolated from tissues was reverse
transcribed with ReverTra Ace (Toyobo Co., Ltd) with random
hexamers. The resulting complementary DNA was PCR ampli-
fied in the ninety-six-well format with SYBR Green PCR Master
Mix and a 7500 Real-Time PCR System (Applied Biosystems).
Expression levels of test genes were normalised to those
of an endogenous control, acidic ribosomal phosphoprotein
PO (36B4). The primers used for quantitative real-time PCR are
listed in the online Supplementary Table S1.

Serum chemistries

Serum glucose was measured on an Ascensia autoanalyzer
(Bayer Medical, Ltd). Serum TAG, TC and NEFA levels were
respectively assayed by enzymatic colorimetry with TAG E, TC
E and NEFA C test kits (Wako Pure Chemical Industries, Ltd).
Serum insulin, leptin and adiponectin were determined with a
mouse insulin ELISA kit (Morinaga), a mouse leptin ELISA
kit (Morinaga) and a mouse adiponectin ELISA kit (Otsuka
Pharmaceutical Co.), respectively.

Western blot analysis

Liver nuclear protein was extracted with a Nuclear Extract
Kit (Active Motif) according to the manufacturer’s instructions.
Protein (100 pg) separated by SDS-PAGE (7-5% gel) was elec-
trophoretically transferred onto Clear Blot Membrane-P (ATTO)
and detected with specific primary antibodies: PPARy2 (PA1-824,
1:1000 dilution; Thermo Scientific) or f-actin (C4) (sc47778,
1:5000 dilution; Santa Cruz Biotechnology, Inc.). Peroxidase-
conjugated anti-rabbit or mouse IgG (1:8000 dilution; Santa Cruz
Biotechnology) was used as the secondary antibody. Bands were
visualised with an enhanced chemiluminescence system (GE
Healthcare) and quantified with NIH Image software (NIH).

Liver and faecal lipid analysis

Liver lipids were measured by enzymatic colorimetry as
described previously®”. Lipids in the liver were extracted
quantitatively with ice-cold 2:1 (v/v) chloroform-methanol by
the method of Folch er al.®®. TAG and TC concentrations in the

liver were respectively measured by enzymatic colorimetric
methods using the TC E and TAG E tests (Wako Pure Chemicals,
Ltd). Faeces were collected for 1d 1 week before execution and
dried in an FD-1000 freeze dryer (Tokyo Rikakikai Co., Ltd) for
24h. The trap cooling temperature was —45°C. After drying,
faeces lipid was extracted by chloroform—methanol (2:1)-acetic acid
(4%) by the method of Folch et al®®. Faeces TAG and TC were
measured with the TAG E and TC E test kits described above.

Statistical analysis

Values are shown as means with their standard errors. Two-way
ANOVA was used to examine the two main effects of dietary fat
and f-conglycinin and their interaction (IBM SPSS Statistics 23).
When we found a significant interaction, we performed a Test
of Simple Effects with SPSS using the Estimated Marginal Means
option. If there was no statistically significant interaction, but
there was a statistically significant difference in mean interest,
we performed a post hoc test for the different levels of fat.
Statistical significance was set at P<0-05.

Results

B-Conglycinin supplementation ameliorates obesity
of diet-induced obese mice

To investigate the effect of dietary f-conglycinin on the ameli-
oration of obesity, mice were fed an HF diet for 4 weeks to
generate DIO mice. The average initial BW of the DIO mice was
47-8 (s£ 0-5) g (1 36). Then, the DIO mice were grouped into the
HF, MF and LF groups. Further, casein or f-conglycinin was
given as a dietary protein to the DIO mice. After 5 weeks of
feeding of the experimental diets, although there was no
difference in total energy intake, BW and relative weight of
subcutaneous WAT were greater with higher fat in the diet, and
regardless of the dietary fat level, f-conglycinin reduced these
weights. There was a significant main effect of dietary fat for
relative epididymal, retroperitoneal and mesenteric WAT
(all higher with greater dietary fat level) but no effect of
p-conglycinin for consumption (Table 2).

Effects of B-conglycinin on blood glucose, serum lipid and
serum adipocytokines in diet-induced obese mice

After 5 weeks of the experimental diets, the concentration of
leptin was greater with higher fat in the diet, and regardless of
the dietary fat level, the B-conglycinin-supplemented mice had
a significantly lower leptin concentration (Table 3). Further-
more, the insulin concentration was drastically lower in the
p-conglycinin-fed group than in the casein-fed group. However,
p-conglycinin had no effect on the concentrations of serum
glucose, TAG, TC, NEFA and adiponectin.

B-Conglycinin ameliorates liver TAG accumulation in
diet-induced obese mice

Fatty liver was generated after 4 weeks of the HF diet"®.

After 5 further weeks of feeding with the experimental diets,
liver TAG accumulation was greater with higher fat in the
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Table 2. Body weight (BW), relative tissue weights and total energy intake of mice after 5 weeks on experimental diets
(Mean values with their standard errors and two-way ANOVA P values, n 6)

HF MF LF Two-way ANOVA P value
B-Conglycinin Mean SE Mean SE Mean SE Fat B-Conglycinin  Fat x $-conglycinin
Weight (9)
BW at start
- 479 16 476 12 482 11
+ 477 14 47-6 11 478 1.3 0-208 0-254 0-986
BW
- 56-6 21 539 2.0 478 14
+ 50-4 16 467 1-6 45.9 11 0-002*** 0-001 0-264
Relative weight (g/100g BW)
Liver
- 448 026 432 010 441 016
+ 448 022 446 022 466 017 0-762 0-422 0-807
Epididymal WAT
- 4.47 030 422 034 335 030
+ 456 0-50 419 033 304 026 0-001*** 0-775 0-836
Retroperitoneal WAT
- 111 015 0-89 0-08 076 0-04
+ 1.07 0-10 095 0.08 065 0:-06 0-001*** 0-680 0-681
Mesenteric WAT
- 1.88 0-16 133 0-19 1.09 0-01
+ 1.55 0-09 1.31  0.09 069 0-10 0-002* 0-131 0-592
Subcutaneous WAT
- 262 032 164 023 111 015
+ 1.62 022 141 012 093 011 <0-001* 0-008 0-093
Gastrocnemius
- 073 0.03 079 004 085 003
+ 086 0-03 087 0-01 093 0-03 0-009*** <0-001 0-567
Quadriceps
- 074 0.03 076 0.02 072 0.02
+ 073 0-05 074 003 077 0-04 0-881 0-734 0-396
Total energy intake (MJ/mouse)
- 323 010 327 012 302 0.07
+ 3.08 0-08 307 004 303 003 0-468 0-347 0-680

HF, high fat; MF, medium fat; LF, low fat; WAT, white adipose tissue.
* P<0-05, HF different from MF and LF; *** P<0-05, HF different from LF.

diet, and regardless of the dietary fat level, the f-conglycinin-
supplemented mice had significantly lower TAG accumulation
(Fig. 1(a)). Compared with the casein group fed the same level
of fat, p-conglycinin decreased the hepatic TAG concentration
by 34-8% in the HF dietary group, 43-0% in the MF dietary
group and 34-6% in the LF dietary group. However, there was
no significant difference in liver TC concentration among the
groups (Fig. 1(b)).

Effects of B-conglycinin on hepatic gene expression and
nuclear protein concentration

To elucidate the mechanisms underlying the effect of
p-conglycinin on the improvement of fatty liver, hepatic gene
expression was examined by quantitative real-time PCR.
The mRNA expression of PPARy2 rose in the pf-conglycinin-
unsupplemented HF diet-fed mice, and f-conglycinin significantly
lowered this expression (Fig. 2(a)). Moreover, fatty acid translo-
case (CD30), one of the target genes of Ppary2, which markedly
rose in response to the HF diets, was also affected by
p-conglycinin supplementation (Fig. 2(a)). The amount of nuclear
PPARy2 protein was also significantly lower in the f-conglycinin-
supplemented HF diet-fed mice than in the p-conglycinin-
unsupplemented HF diet-fed mice (Fig. 2(b)).

p-Conglycinin significantly suppressed the mRNA expres-
sions of SREBP-1c, a transcriptional factor by which de novo
lipogenesis is stimulated, and its target genes, such as fatty acid
synthase (FAS), stearoyl-CoA desaturase 1 (SCD1), and
acetyl-CoA carboxylase 1 (ACC1) (Fig. 3(a)). PPARa, respon-
sible for fatty acid oxidation, and its target gene, medium-chain
acyl-CoA dehydrogenase, were not affected by f-conglycinin
supplementation (Fig. 3(b)). These data indicate that the
suppression of Ppary2 and Srebp-1c and their target genes may
contribute to the mechanisms causing the improvement of fatty
liver induced by an HF diet.

Effects of B-conglycinin on gene expressions in epididymal
and subcutaneous white adipose tissue

Dietary supplementation of p-conglycinin ameliorated obesity
induced by HF diet feeding. To elucidate the molecular
mechanism behind the effect of dietary f-conglycinin on lipid
metabolism and inflammation in adipose tissue, the mRNA
levels of macrophage markers, adipocytokine genes and
lipid metabolism-related genes were measured in epididymal
and subcutaneous WAT. In epididymal WAT, p-conglycinin
significantly suppressed the mRNA expression of macrophage
markers CD68 and F4/80 in the HF diet-fed mice and monocyte
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Table 3. Serum chemistries
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(Mean values with their standard errors and two-way ANOVA P values, n 6)

HF MF LF Two-way ANOVA P value
B-Conglycinin Mean SE Mean SE Mean SE Fat B-Conglycinin Fat x B-conglycinin
Glucose (mmol/l)
- 991 0-38 8-87 113 8.00 0-27
+ 927 0-65 942 0-49 8-31 0-28 0-068 0-872 0-583
TAG (mmol/l)
- 1-01 0-17 1-63 0-33 0-94 0-21
+ 1.25 0-22 1.66 0-53 1.94 0-20 0-247 0-097 0-255
TC (mmol/l)
- 2.62 1.25 1-35 0-85 1-54 0-53
+ 2.06 1.01 210 075 0-92 0-51 0-442 0-843 0-672
NEFA (mmol/l)
- 0-76 0-08 0-82 0-15 0-76 0-15
+ 072 0-07 0-93 0-06 0-89 017 0-466 0-496 0-705
Insulin (pmol/l)
- 0-41 0-11 0-59 012 0-30 013
+ 0-26 0-08 0-33 014 0-16 0-02 0212 0-015 0-979
Leptin (ug/l)
- 22-88 517 14.28 281 4.76 1.35
+ 10-90 247 7-82 2:59 4.02 0-82 0-001*** 0-010 0-158
Adiponectin (ug/ml)
- 16-60 0-10 16-75 0-09 16-85 0-03
+ 16-55 0-07 16-70 0-08 16-70 0-08 0-043*** 0-229 0-764
HF, high fat; LF, low fat; MF, medium fat; TC, total cholesterol.
*** P<0-05, HF different from LF.
(a) (b)
Two-way ANOVA P value Two-way ANOVA P value
L Fat x . Fat x
Fat  p-Conglycinin B-conglycinin Fat S-Conglycinin B-conglycinin
<0-001* 0-001 0-643 0-698 0-845 0-243
70 3.5
= 60} 30}
3 I 5 [
= 50 2 251 I
2 o
g 40| . E’ 2.0 H
g 30 H{ T (l__) 1-5
5 207 g 10H
g 2
3 10 H - o05H
0= + - + — + 00™= + — + — +
p-Conglycinin
HF MF LF HF MF LF

Fig. 1. Hepatic lipids concentrations (mg/g liver): TAG concentrations (a), TC concentration (b). Values are means (n 6), with their standard errors represented by
vertical bars. HF, high fat; MF, medium fat; LF, low fat; TC, total cholesterol; [], concentrations in mice fed a casein diet; ll, concentrations in mice fed a -conglycinin
diet. Two-way ANOVA P values are significant in regard to effects of diet. * P<0-05, HF different from MF and LF.

chemotactic protein-1 (MCP-1) (Fig. 4(a)). p-Conglycinin sup-
plementation changed the mRNA levels of leptin in the MF
diet-fed mice but did not cause a change in that of adiponectin.
P-Conglycinin supplementation did not change the expression of
lipid metabolism-related genes Pparyl, Ppary2 and fatty acid
binding protein (aP2) in epididymal WAT (Fig. 4(b) and ().
As for subcutaneous WAT, the mRNA expression of macro-
phage markers CD68, F4/80 and MCP-1 was suppressed by the
dietary supplementation of f-conglycinin in the HF dietary
group (Fig. 5(a)). Moreover, f-conglycinin supplementation
dramatically suppressed the mRNA levels of adipocytokines,
leptin and adiponectin in subcutaneous WAT in the HF dietary

group (Fig. 5(b)). p-Conglycinin significantly suppressed the
expression of lipid metabolism-related genes Ppary1 in the HF
dietary group and Ppary2 in the HF and MF dietary groups.
P-Conglycinin also significantly suppressed the expression of aP2
(Fig. 5(c).

Effects of B-conglycinin on faecal excretion of lipid

To reveal whether p-conglycinin lowered BW and liver
TAG concentrations by up-regulating lipid excretion in faeces,
faeces were collected and analysed. Faecal excretion of
TAG was low corresponding to dietary fat levels (Table 4).
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Fig. 2. Hepatic Ppary2 gene and protein and target gene expressions. Ppary2 and its target gene expression (a), PPARy2 protein level (b). Values are means (n 6), with their
standard errors represented by vertical bars. HF, high fat; MF, medium fat; LF, low fat; [J, concentrations in mice fed a casein diet; [ll, concentrations in mice fed a
B-conglycinin diet. Two-way ANOVA P values are significant in regard to effects of diet and interaction. 11 P<0-01, 111 P<0-001, 8-conglycinin different from control (casein).

However, f-conglycinin supplementation did not affect the faecal
excretion of the TAG. The faecal TC concentration in the HF
p-conglycinin dietary group was significantly low compared with
that in the HF casein group indicating that p-conglycinin
suppressed faecal excretion of TC. Taken together, f-conglycinin
did not lower BW, the weight of WAT or liver TAG concentration
due to the promotion of TAG excretion.

Effects of p-conglycinin on energy production and physical
activity levels in the high-fat dietary group

p-Conglycinin-supplemented mice in the HF dietary groups
resulted in significantly lower BW compared with casein-fed
mice, possibly by an alteration in energy production or

substrate utilisation caused by f-conglycinin. Several factors
were measured to examine the effects of f-conglycinin on the
energy production and substrate utilisation of mice in the HF
diet group (Table 5). There were no significant difference in
VO,, RQ ratio, energy production, glucose and lipid production
and daily activity levels during either the dark (feeding period)
or light (sleeping period) cycle between mice fed the HF casein
diet or the HF f-conglycinin diet.

Discussion

In this study, we showed that f-conglycinin ameliorates obesity
and fatty liver of DIO mice and clarified the mechanism
underlying these beneficial effects. We found that the
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Fig. 3. Hepatic gene expression related to lipid metabolism. Sterol regulatory element-binding protein-1c (Srebp-1c) and its target genes (a), Ppara and its target gene
(b). Values are means (n 6), with their standard errors represented by vertical bars. HF, high fat; MF, medium fat; LF, low fat; Fas, fatty acid synthase; Scd1, stearoyl-
CoA desaturase-1; Acc1, acetyl-CoA carboxylase 1; Mcad, medium-chain acyl-CoA dehydrogenase; [, concentrations in mice fed a casein diet;
. concentrations in mice fed a B-conglycinin diet. Two-way ANOVA P values are significant in regard to effects of diet. * P<0-05, HF different from MF and LF.
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Fig. 4. Epididymal white adipose tissue (WAT) gene expression. Inflammation-related genes (a), adipocytokine genes (b), Ppary1/2 and their target gene (c). Values
are means (n 6), with their standard errors represented by vertical bars. HF, high fat; MF, medium fat; LF, low fat; Mcp-1, monocyte chemotactic protein-1; aP2, fatty acid
binding protein; [], concentrations in mice fed a casein diet; ll, concentrations in mice fed a f-conglycinin diet. Two-way ANOVA P values are significant in regard to
effects of diet and interaction. *** P<0-05, HF different from LF; t1 P<0-01, B-conglycinin different from control (casein).

expression of Ppary2 in the liver and those of Pparyl and
Ppary2 in the subcutaneous WAT from f-conglycinin-fed mice
were significantly suppressed compared with casein-fed mice in
the HF dietary groups. Moreover, in the subcutaneous WAT,

expression of Srebp-1c in

p-conglycinin also significantly suppressed the expressions of
inflammation-related genes in the HF dietary group. The

the liver was significantly suppressed

by p-conglycinin supplementation.
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Fig. 5. Subcutaneous white adipose tissue (WAT) gene expression. Inflammation-related genes (a), adipocytokine genes (b), Ppary1/2 and their target
gene (c). Values are means (n 6), with their standard errors represented by vertical bars. HF, high fat; MF, medium fat; LF, low fat; Mcp-1, monocyte
chemotactic protein-1; aP2, fatty acid binding protein; [[], concentrations in mice fed a casein diet; [ll, concentrations in mice fed a 8-conglycinin diet. Two-way ANOVA
P values are significant in regard to effects of diet and interaction. * P<0-05, HF different from MF and LF; 1 P<0-01, t1t1 P<0-001, 8-conglycinin different from
control (casein).
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Table 4. Faeces TAG and total cholesterol (TC) concentrations
(Mean values with their standard errors and two-way ANOVA P values, n 6)

HF MF LF Two-way ANOVA P value

B-Conglycinin Mean SE Mean SE Mean SE Fat B-Conglycinin Fat x B-conglycinin
TAG (mg/g)

- 228 0-19 2.00 017 0-73 0-06

+ 2.72 0-21 1.91 0-18 110 0-20 <0-001* 0113 0-305
TC (mg/g)

- 12.8 1.3 6-4 0-6 28 0-4

+ 7511t 75 6-6 11 28 0.7 <0-001 0-040 0-006

HF, high fat; LF, low fat; MF, medium fat.
* P<0-05, HF different from MF and LF.
11t P<0-001, B-conglycinin different from control (casein).

Table 5. Effect of B-conglycinin on carbon dioxide production (VO,), RQ
ratio and spontaneous motor activity of mice in high-fat (HF) dietary groups
(Mean values with their standard errors, n 6)

HF
- +

B-Conglycinin Mean  sE Mean SE
Body weight (g) 579 27 495t 13
Dark

VO, (ml/min per kg®7”%) 204 05 215 02

VCO, (ml/min per kg®’®) 162 04 169 02

RQ 079 001 080 0-01

Activity (count/min) 126 17 145 21

Glucose production (J/min per kg®”%) 332 25 339 2.2
Glucose production (J/min per mouse) 39 04 3-8 0-3

Lipid production (J/min per kg®”®) 299 11 317 08
Lipid production (J/min per mouse) 35 02 35 0-2
Energy production (J/min per kg®”®) 408 10 429 4
Energy production (J/min per mouse) 483 29 477 24
Light
VO, (ml/min per kg®7”%) 180 04 176 04
VCO, (ml/min per kg®’®) 140 03 135 04
RQ 078 001 076 0-01
Activity (count/min) 63 8 57 4

Glucose production (J/min per kg®”®%) 259 27 202 25
Glucose production (J/min per mouse) 31 04 2:2 0-2

Lipid production (J/min per kg®”®) 275 11 288 08
Lipid production (J/min per mouse) 32 02 32 0-2
Energy production (J/min per kg®”®) 358 7 350 9

Energy production (J/min per mouse) 424 24 387 1.2

HF, high fat.
11 P<0-01, B-conglycinin different from control (casein).

NAFLD is caused by an imbalance between TAG synthesis
and removal in the liver™®. There is a marked increase in the
fatty acid intake of the liver in mice fed an HF diet due to
the elevated expression of Ppary2 and the target genes'™®. In
the current study, we also observed these elevated expressions
only in the HF dietary group and not in the MF and LF dietary
groups. The actions of PPARy are mediated by two protein
isoforms, PPARy1 and PPARy2, and both are produced from a
single gene by alternative splicing and differ only by an addi-
PC)
as)

tional twenty-eight amino acids in the N terminus of PPARy:
Ppary1 levels were not altered in the livers of the DIO mice
We showed here that the hepatic expression levels of PPARy2
and Cd36 were suppressed in the HF group by f-conglycinin to

the same level as that in all of the other groups. The protein
levels of PPARy2 were also low in the f-conglycinin-supple-
mented group. Thus, the amelioration of the HF diet-induced
NAFLD by p-conglycinin supplementation was caused by the
decreased levels in protein and mRNA of PPARy2. SREBP-1c is
required in the activation of hepatic de novo lipogenesis? 4>,
We showed here that f-conglycinin significantly decreased the
mRNA levels of SREBP-1c, FAS, SCD1 and ACCL. Insulin plays a
critical role in lipogenesis by activating the expression and
activity of SREBP-1¢?| and the concentration of serum insulin
was low in the f-conglycinin-supplemented mice. Therefore,
SREBP-1c mRNA was decreased because of the decreased
serum insulin in the f-conglycinin-fed mice. Decreased PPARy2
protein in the liver by knockdown of PPARy2 mRNA reduced
the expression of its target genes and de novo lipogenesis-
related genes despite no alterations of SREBP-lc mRNA"®
It remains unclear whether PPARy2 regulates the transcription
of de novo lipogenesis-related genes directly or indirectly, but
p-conglycinin seems to decrease the mRNA expressions of
these genes at least in part through the decrease of Ppary2
expression. Insulin also induces the expression of leptin in
adipocytes®®. Therefore, the decreased serum concentration of
insulin caused by p-conglycinin leads to a decrease in the
expression and secretion of leptin in WAT.

The expression of Ppara, a transcription factor responsible
for fatty acid oxidation®®, was not affected by p-conglycinin
supplementation. The increase of fatty acid oxidation might not
be necessary for f-conglycinin to decrease the hepatic TAG
concentration.

We reported previously that Ppary2, Srebp-1c and their target
genes were down-regulated when pf-conglycinin prevented
HF diet-induced fatty liver'®. In the present study, we found
that p-conglycinin improved the fatty liver of DIO mice due
to the down-regulation of Ppary2, Srebp-Ic and their target
genes. Thus, p-conglycinin might have both preventive and
ameliorative effects through down-regulation of these genes.

PPARy also has a critical role in the regulation of adipocyte
differentiation and induces adipocyte hypertrophy by HF
diet, and some functions such as lipogenesis appear to be
governed exclusively by PPARy®”*® We found that the mRNA
expressions of PPARy1 in the HF group and PPARy2 in the HF
and MF groups in subcutaneous WAT were suppressed by
p-conglycinin to the same level as all the other groups. More-
over, f-conglycinin supplementation resulted in the lower
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mRNA expressions of aP2. However, we could not observe
these changes in epididymal WAT. Thus, the decreased weight
in subcutaneous WAT was coincident with the decreased
expressions of Ppary1/2.

Obesity is associated with chronic low-grade inflammation.
Gene expressions of macrophage markers such as CD68 and
F4/80 have been shown to be dramatically increased with
obesity induced by HF diet feeding, especially in visceral
WAT®0 but they were significantly decreased by f-conglycinin
not only in epididymal WAT but also in subcutaneous WAT in
the HF dietary group in our study. MCP-1 increases in the
mature adipocyte fraction of obese mice and promotes monocyte
infiltration into the WAT; these monocytes then differentiate into
adipose tissue macrophages(4l), of which there are two polarised
states: M1 (proinflammatory macrophages) and M2 (anti-
inflammatory macrophages)®®. MCP-1 is one of the M1 macro-
phage markers“?. Thus, f-conglycinin improved obesity partly due
to the amelioration of inflammation in WAT.

WAT is an important endocrine organ that secretes a large
number of adipocytokines, such as adiponectin and leptin,
which are involved in a variety of physiological and patholo-
gical processes"*>. Leptin is induced in WAT under an HF
diet and secreted by subcutaneous WAT and visceral WAT, but
it is secreted more from subcutaneous WAT than visceral
WAT“549 The results of our study agree with these previous
studies in that the mRNA level in the subcutaneous WAT and
serum concentrations of leptin in f-conglycinin-fed mice were
drastically decreased. Adiponectin plays a role in adipogenesis
and inhibits inflammation in adipose tissue*”. The plasma
concentration of adiponectin is inversely related to BW®®,
The serum concentration of adiponectin in this study was
not increased in the p-conglycinin-fed mice, despite their
weight loss. Moreover, the mRNA expression of adiponectin
in subcutaneous WAT was unexpectedly decreased in the
p-conglycinin-supplemented HF diet-fed mice rather than in the
p-conglycinin-unsupplemented HF diet-fed mice. Because
visceral WAT is a more active producer of adiponectin than
subcutaneous WAT“®| the influence of p-conglycinin on the
decreased expression of adiponectin in subcutaneous WAT
appears to be small. Thus, the improvement effected by
p-conglycinin did not include changes in adiponectin.

In humans, the estimated average intake of f-conglycinin is
very low (<1 energy%). Mean intake of soyabeans and their
related foods in Japanese was 58:6 g/d, and protein intake was
5.1¢“”. Because 30% of the soya protein was f-conglycinin,
about 1-5¢g of f-conglycinin was consumed per day on aver-
age®?. If we assume that average energy intake in humans is
8368kJ/d (2000 kcal/d) and energy from protein is 17kJ/g
(4kcal/g), then 1.5g of p-conglycinin corresponds to
0-3 energy%. In humans, additional supplementation of 5g
of p-conglycinin was reported to effectively reduce intra-
abdominal obesity®. This amount corresponds to 1 energy%,
which is lower than the dose used in this study, 20 energy%,
required to elicit a lower WAT weight in ddY mice, suggesting
that humans might be more sensitive to f-conglycinin than
ddY mice. Although there is concern that p-conglycinin
is an allergen, there is no mention of allergy in these
reports @50,

Although the mechanism of how p-conglycinin affects lipid
metabolism has not been identified, the peptide generated from
p-conglycinin seems to have some role. It was revealed that
small peptides released by the digestion of pf-conglycinin
activate LDL receptors and decrease the secretion of
lipoprotein-containing apoB-100 in cultured HepG2 cells®'>?.
KNPQLR, EITPEKNPQLR and RKQEEDEDEEQQRE, three
peptides from purified p-conglycinin hydrolysates, show
FAS-inhibitory biological activity®. Taken together, some
peptides digested from f-conglycinin may affect lipid metabo-
lism in the adipose tissue and liver directly or indirectly.

In this study, the mice fed a f-conglycinin-supplemented diet
resulted in the lower weight of WAT, indicating that increased
energy production might occur in these mice. However, we did
not detect any changes in energy production or physical activity
levels. This result is similar to that in our previous study, and it
might be due to the sensitivity of indirect calorimetry®”.

When severely obese DIO mice whose average BW was over
60 g were fed with f-conglycinin, there was no beneficial effect
on NAFLD or obesity (data not shown). It seems that soya
protein f-conglycinin ameliorated obesity and NAFLD only in
mildly obese DIO mice. That is, f-conglycinin might be effec-
tive in overweight rather than obese subjects. Moreover, it
seems that these beneficial effects of p-conglycinin were
exclusively observed in the HF dietary group because the lower
fat levels in the MF and LF groups themselves are beneficial for
NAFLD and obesity.

In conclusion, dietary supplementation with f-conglycinin
ameliorated NAFLD in DIO mice. p-Conglycinin suppressed
the hepatic expression of Ppary2 in the HF dietary group and
also that of Srebp-1c. p-Conglycinin also effectively improved
obesity in DIO mice accompanied by decreases in the expres-
sion of Ppary1 in the HF dietary group and Ppary2 in the HF
and MF dietary groups and in the levels of serum insulin and
leptin. f-Conglycinin may be a promising dietary protein for the
amelioration of NAFLD and obesity.
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