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Non-digestive stachyose enhances bioavailability of
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hyperglycemia in mice fed with high fat diet
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Abstract

This study examined the efficacy of non-digestive stachyose on enhancing the absorption of soy isoflavones to improve
metabolic syndrome in C57/BL6 mice. UPLC-q/TOF-MS was employed to analyze the content of isoflavones in urine and
faeces. Stachyose significantly increased urinary contents of total isoflavones, genistein, daidzein and glycitein in mice.
Supplementation of stachyose, soybean isoflavones or a combination prevented high fat diet (HFD)-induced body weight
gain, accumulated adipose, dyslipidemia and hyperglycemia in obese mice. Interestingly, co-supplementation of sta-
chyose and isoflavones improved all the mentioned parameters more effectively than administration of stachyose or
isoflavones alone. Histological observation of hepatic tissues also confirmed the beneficial effects of co-supplementation
of stachyose and isoflavones. These findings suggest that co-ingestion of non-digestible oligosaccharides and polyphenols
as normal diet is a promising potential strategy for managing or reducing the risk of metabolic syndrome, which will lead
to new knowledge on whole soybean and have extensive application in development of healthy food.

Keywords: Enhancing absorption, Hyperlipidemia, Hyperglycemia, Soybean isoflavones, Stachyose

1. Introduction circulating concentrations of free fatty acids
(FFAs) [4]. The increased FFAs may lead to the
blockage of insulin signal transduction, which can
directly contribute to development of insulin

resistance (IR) [8]. Importantly, IR is often cited as

I n our daily life, an excessive consumption of
saturated fats is well known to be linked to
cardiovascular diseases [1,2], which counts the

primary cause of death worldwide [3]. Studies
have shown that long-term or excessive intake of
high fat diets (HFD) including beef tallow can
cause abdominal obesity, dyslipidemia, hyper-
glycemia, which seems to be the early step in the
etiological cascade, leading to obesity and meta-
bolic syndrome [4-7]. It is generally believed that
the mechanism of HFD-caused obesity is often
associated with lipid metabolism disorders and
expanded adipose tissue mass, resulting in high

a potential booster to develop non-alcoholic liver
damage, type 2 diabetes, cardiovascular disease
and so on, which has become a great threat to
human health [9]. What's more, expanded adi-
pose tissue can lead to the increased proin-
flammatory cytokines, resulting in a chronic low-
grade inflammation state and oxidative stress,
which are closely related to the pathophysiology
of liver damage [10,11]. Despite there have been
many chemical medicines for prevention and
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treatment on metabolic syndrome and its associ-
ated diseases, more and more evidences have
indicated that long-term use of drugs may give
rise to resistance and side effects [8]. Fortunately,
some natural foods and their bioactive in-
gredients have been applied to prevention of
metabolic syndrome and its complications due to
their efficacy and safety [12-15].

Interest in soy foods has increased with the rising
awareness of its benefits on health among con-
sumers because of the biological activity of domi-
nant constituents such as stachyose and isoflavones
[16,17]. Stachyose is tetrasccharide polymer with
two alpha-D-galactosyl residue linked (1 — 6) to the
D-glucosyl residue of sucrose (Fig. 1A). It is an
excellent dietary fiber and prebiotic, and also is one
of the best known and most commonly applied ol-
igosaccharides, which is widely considered in
nutritional recommendations of metabolic syn-
dromes [18,19]. Therefore, stachyose application as
food ingredients has increased rapidly. Soy iso-
flavones are mainly contain daidzin, glycitin, gen-
istin, daidzein, glycitein and genistein, which are
reported to have antioxidant, anti-inflammatory,
hepatoprotective, hypoglycemic and hypolipidemic
properties, as well as prevention of breast cancer
[20]. However, previous studies have indicated that
the bioavailability of isoflavones is extremely poor
due to their poor water-solubility as well as intes-
tinal permeability [21]. It is also well known that
isoflavones easily undergo first-pass metabolism
catalyzed by intestinal phase II metabolic enzymes,
leading to low bioavailability of isoflavones. In a
recent study, we for the first time specified that non-
digestive saccharides, such as soluble soybean
polysaccharides and stachyose, improved the
bioavailability of soybean genistein through inhibi-
ted the expression of intestinal phase II enzymes
and efflux transporters [22,23]. Nevertheless, our
previous study didn't establish the mode of inter-
action between soybean stachyose and isoflavones
in promoting body health. Meanwhile, most pub-
lished studies focus on pure compounds or isolated
fractions from foods for their health promoting ef-
fects without considering potential interaction
among different components with the foods. In this
regard, it is necessary to further investigate whether
stachyose might thereby reinforce the protective
effects of isoflavones against HFD-induced obesity,
hyperlipidemia and hyperglycemia via enhancing
the bioavailability of soybean isoflavones.

Therefore, the objective of the present study is to
provide insights into the interaction between soy-
bean stachyose and isoflavones in prevention of

metabolic syndrome in C57/BL6 mice. UPLC-q/
TOP-MS was employed to quantify the levels of
isoflavones in the urine and feces of the tested mice.
The preventive effect of stachyose or isoflavones or
in combination against metabolic syndromes was
investigated with the purpose to confirm whether
stachyose could enhance the effect of isoflavones in
HFD feeding mice. This study will serve as an
indispensable basis for the development of effective
whole food-based strategies for prevention of
metabolic syndromes by utilizing soybean.

2. Materials and methods
2.1. Materials and Chemicals

The stachyose (pure>80%) was extracted from
soybean residue [22]. Soybean isoflavones
(pure>95%) includes 50% of daidzin, 6% of daidzein,
26% of glycitin, 3% of glycitein, 10% of genistin and
2% of genistein for animal experiments and the
analytical standards of daidzein, glycitein and gen-
istein (pure>98%) were bought from Shanghai
Yuanye Biotechnology co., Ltd. (Shanghai, China).
Assay kits of total cholesterol (TC), total triglyceride
(TG), high-densitylipoprotein-cholesterol (HDL-C),
low-density lipoprotein-cholesterol (LDL-C), gluta-
mic-oxal(o)acetic transaminase (GOT) and glutamic-
pyruvic transaminase (GPT) were purchased from
HuiliBiotechnology Co. Ltd. (Changchun, China).
Additionally, enzyme linked immunosorbent assay
ELISA kits of interleukin-1 (IL-1), tumor necrosis
factor (TNF-uo), nuclear factor kappa-B (NF-«B),
acetyl CoA carboxylase (ACC), fatty acid synthetase
(FAS), glucose, insulin, leptin and lipopolysaccha-
ride (LPS) were purchased from Jiancheng Bioengi-
neering Institute (Nanjing, China). All other reagents
and chemicals were analytical grade or higher.

2.2. Animals and experiment design

Male C57/BL6 mice (weight 18-22 g) were obtained
from the Experimental Animal Center of the Fourth
Military Medical University. They were housed at
constant temperature (22 + 2°C) in a 12-h light/dark
cycle with a minimum relative humidity of 55% - 65 %.
They were freely received tap water and a standard
rodent chow which was also got from the Experi-
mental Animal Center of the Fourth Military Medical
University. A week after acclimatization to the labo-
ratory environment, the mice were randomly divided
into five groups (n = 8), and all of them were allowed
to drink water freely during the experiment. Group
ND: a normal diet group, in which the mice were
offered a standard diet. Group HFD: the mice freely
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Fig. 1. The chemical structure of stachyose (A). UPLC-qTOF/MS chromatograms of a standard substance mixture and the chemical structure of
daidzein, glycitein and genistein (B), and the urinary and fecal concentrations of total isoflavones, daidzein, glycitein and genistein of mice sup-
plemented with isoflavones in HFD (HFD/ISO) and co-supplemented with stachyose and isoflavones in HFD (HFD/STA + 1SO), respectively (C, D).
Mean values are presented as means + SD for 8 mice. Differences were analyzed using the Least Significant Difference (LSD) test and the differences

were considered statistically at p < 0.05.

received high fat diet (HFD). Group HFD/STA: the
mice received HFD feeds supplemented with 3%
stachyose. Group HFD/ISO: the mice received HFD
feeds supplemented with 1% isoflavones. Group
HFD/STA + ISO: the mice received HFD feeds sup-
plemented with 3% stachyose and 1% isoflavones
together. The body weight of each mouse was
measured once a week, and the consumption quan-
tity of the food and water was monitored daily. At the

end of 12 weeks, prior to the overnight fasting, all the
mice were placed in metabolism cages for collecting
urine and fecal samples each group. The urine and
fecal samples were then stored at —80°C for further
analysis. Subsequently, all the mice were anes-
thetized with isoflurane and then sacrificed to obtain
blood, abdominal fat (epididymal + retroperitoneal +
mesenteric fat) and livers. All the experiments were
performed according to the Guidelines of
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experimental Animal Administration published by
the States Committee of Science and Technology of
People's Republic of China.

2.3. Oral glucose tolerance test (OGTT) and insulin
tolerance test (ITT)

After 12 h of fasting deprivation, the oral glucose
solution (2 g/kg body weight) or an intraperitoneal
injection of insulin (0.625 unit/kg body weight) was
given to the animals. Whole blood glucose levels
were measured by tail clipping at 0, 15, 30, 60, 90,
and 120 min after glucose and insulin stimulation in
all animals, respectively.

2.4. Determination of isoflavones in urine and feces
by UPLC-qTOF-MS

UPLC-qTOF/MS was applied to the determi-
nation of the concentration of isoflavones in the
urine and feces of mice according to previous
method with proper modification [10,11]. In short,
the urine of mice was centrifuged and the su-
pernatant (200 pL) was added to 1.5 mL centri-
fuge tube with methanol (1000 pL). For the fecal
samples, 1.5 g feces were homogenized with 9 mL
normal saline, and centrifugated at 3000¢ for 15
min. The supernatant of feces (100 pL) was added
to 1000 pL methanol. Finally, each sample was
centrifuged and filtered with a 0.22 um PVDF
membrane to sample bottles for UPLC-qTOF/MS
analysis. UPLC-qTOF/MS analysis was carried
out in scan mode from 50 to 1000 (m/z) or in
selected ion monitoring mode of negative (m/z)
253.2 for daidzein, (m/z) 268.9 for genistein, and
(m/z) 283.2 for glycitein. And other instrument
parameters are set in accordance with the previ-
ous method [11].

2.5. Measurement of serum and liver biochemical
parameters

The blood samples were centrifuged at 3000g for
15 min to collect the serum, which was used to
assess TC, TG, LDL, HDL, glucose, insulin, leptin
and LPS levels, and enzymatic activities of GOT and
GPT. Liver tissue (0.5 g) was homogenized with
nine-fold (w/v) ice-cold normal saline and centri-
fuged at 1500¢ for 10 min. The supernatant was
collected for the analysis of FAS, ACC, IL-1, IL-6
TNF-a and NF-kB levels. All the detailed steps of
these biochemical assessments were performed ac-
cording to the instructions of corresponding com-
mercial kits.

2.6. Histopathological studies in liver and adipose
tissue

Histology of liver was observed using hematoxylin
and eosin (H&E) and Oil Red O staining. Livers
were rapidly removed, and a little part of liver tis-
sues were fixed by immersing in a 10% neutral
formalin solution at room temperature for histo-
logical analysis. The paraffin embedded tissues
were sectioned and stained with H&E. For Oil Red
O staining, frozen liver samples were fixed and
stained after being treated with cryostat (CM1950,
Leica, Germany). Similarly, the right amount of
fresh adipose tissue was cut out, fixed by immersing
in a 10% neutral formalin solution at room tem-
perature, embedded in paraffin, and stained with
H&E. Finally, an Olympus light microscope was
used for observation and photograph. For the
analysis, the particle size distribution of fat H&E
slices were measured by Nano Measurer 1.2 soft-
ware, and the fat stained area of liver oil red slice
were calculated by the Image J 1.48 software (Na-
tional Institutes of Health, Bethesda, MD, USA) after
pictures were recorded by light phase-contrast
microscopy.

2.7. Statistical analysis

All experiments have been done in triplicate and
experimental data were presented as means + SD
for 8 mice each group. Datas were analyzed by one-
way analysis of variance (ANOVA) and differences
were analyzed using the Least Significant Difference
(LSD) test. The area under the curve (AUC) for
glucose levels in OGTT and ITT were calculated
using the GraphPad Prism Software (v8.0.2.263). The
p-values< 0.05 was considered as statistical signifi-
cance. All the graphs were made using the Graph-
Pad Prism Software (v8.0.2.263).

3. Results and discussion

3.1. Stachyose enhanced absorption of soybean
isoflavones in mice

To evaluate the effects of stachyose on the ab-
sorption of isoflavones, the urinary and fecal con-
centrations of soybean isoflavones, including
genistein, daidzein and glycitein, were identified
and quantified by UPLC-qTOF-MS, and MRM
chromatogram of standards mixture was also ob-
tained by UPLC-qTOF-MS with negative ion mode
(Fig. 1B). As shown in Fig. 1C, when isoflavones was
supplemented together with stachyose, urine con-
tent of total isoflavones calculated as the sum of
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genistein, daidzein and glycitein was significantly
higher than when isoflavones supplemented alone
(p < 0.01). It was also found that urinary concen-
trations of genistein, daidzein and glycitein in mice
were markedly increased by the co-supplementa-
tion with stachyose and isoflavones in comparison
with consumption of isoflavones alone, respectively
(p < 0.05). Similarly, the fecal concentrations of total
isoflavones, genistein, daidzein, and glyciteinin
were also significantly elevated in mice co-supple-
mentation with stachyose and isoflavones (Fig. 1D, p
< 0.01) as compared to single supplementation of
isoflavones.

Previous studies have indicated that non-digest-
ible oligosaccharides may improve the absorption of
flavonoids due to its capacity to strongly increase
the stability of flavonoids in the gut [22,24]. As
depicted in Fig. 1, the elevation of the fecal iso-
flavones levels in the mice fed with both stachyose
and isoflavones indicated that stachyose might
inhibit degradation of isoflavones in the gut, which
was consistent with previous studies [22,24]. In this
regard, we speculated that stachyose might inhibit
degradation of isoflavones in the gut, and thus the
bioavailability of soybean isoflavones was elevated
in mice. However, understanding the exactly
mechanism of the stachyose promoting absorption
of isoflavones is an attractive challenge and yet re-
quires further investigation.

3.2. Effects of co-supplementation of stachyose and
isoflavones on body and fat weights

It is well known that chronically consumption of
HFD can contribute to the well-established obesity,
and the characteristics of obesity is of abnormal
body weight, fat and blood lipid metabolism [25,26].
As shown in Table 1, there was no remarkable dif-
ference in food and water intake in all the HFD-fed
mice (HFD, HFD/STA, HFD/ISO and HFD/STA +
ISO, p > 0.05), but food and water intake of ND-fed
mice significantly increased as compared to that of

HFD-fed mice (p < 0.05), which was in accordance
with the previous reports [7,10]. The tested mice
among all five groups showed no significant differ-
ences in initial body weight. As expected, the HFD-
fed mice gained significantly more weight than ND-
fed mice on the day of necropsy (p < 0.05). Inter-
estingly, the gain in body weight was decreased
after treatment of mice with stachyose, isoflavones
or in combination, relative to that of HFD control
feeding, respectively (Table 1, p < 0.05). This finding
strongly suggests that the decreased body and fat
weights in all HF-fed mice is not due to the reduced
food intake, and administrations of stachyose or/
and isoflavones is one of the main reasons for the
decrease of body weight and fat. Furthermore, co-
consumption of both stachyose and isoflavones in
mice could maximumly reduce the fat weight and
fat index when compared to that of individual sta-
chyose- or isoflavones-fed mice, respectively (Table
1, p > 0.05, p < 0.05). These results indicated that
stachyose had the capacity of enhancing the efficacy
of isoflavones in controlling body weight gain
through suppressing the accumulation of fat.

3.3. Effects of combined consumption of stachyose
and isoflavones on lipid metabolism

Studies have reported that abnormal lipid accu-
mulation lead to metabolic disorders in mice, which
is a key factor of hyperlipidemia in the progress of
obesity [11]. It is well known that the HFD-induced
hyperlipidemia is not only associated with the
increased serum TC, TG and LDL-C levels, but is
also relevant to the decrease of HDL-C levels [23]. As
shown in Table 2, consumption of HFD in mice
caused a severe increase in the serum TC, TG and
LDL levels from 2.43, 5.79 and 1.76 mmol/L of ND-
fed mice to 2.82, 7.17 and 2.77 mmol/L, respectively
(p < 0.05), indicating that obvious lipid metabolism
disorder of HFD-fed mice for 12 weeks occurred.
Interestingly, the decreased trend of serum TC, TG
and LDL levels was observed for all the mice

Table 1. Food intake, water intake, body weight, fat weight and fat index at the end of 12th week.

ND HFD HFD/STA HFD/ISO HFD/STA + ISO

Food intake (g/d) 4.40 + 0.39a 297 +033 b 3.02+034Db 339+ 048 b 322 +034b
Water intake (mL/d) 3.34 + 0.22a 229 + 094 b 245 +1.03b 2.34 + 0.96 b 242 +1.03 b
Initial body weight(g) 20.63 + 0.75a 20.97 + 0.63a 20.59 + 0.58a 20.54 + 0.66a 20.36 + 0.69a
Final body weight(g) 2725 +1.14d 3293 + 1.84a 31.69 + 1.35ab 30.64 + 0.82 b 29.19 + 1.49¢
Body weight gain(g) 6.62 + 1.28¢ 11.96 + 1.86 a 11.10 + 1.50 ab 10.10 + 0.96 b 883 +1.86b
Abdominal fat weight (g) 0.59 + 0.15¢ 2.29 + 041a 1.89 + 0.28ab 153 + 0.39 b 128 + 022 b
Fat index (%) 216 + 052 d 7.01 + 1.36a 5.97 + 0.79ab 501 +134Db 4.36 + 0.57c

ND, normal diet group; HFD, high fat diet group; HFD/STA, stachyose group; HFD/ISO, soy isoflavones group; HFD/STA + ISO,
combined stachyose and isoflavones group. Fat index = abdominal fat weight/body weight x 100%; Mean values are expressed as mean
+ SD for 8 mice. > Values having different significantly differences among all the groups, p < 0.05.
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Table 2. The effects of STA, ISO or STA + 15O on serum TC, TG, HDL, LDL, and on hepatic FAS and ACC in HFD-fed mice.

ND HFD HFD/STA HFD/ISO HFD/STA + ISO
TC (mmol/L) 243 +0.13 b 2.82 + 0.17a 2.75 + 0.16a 2.71 + 0.12a 245 +012b
TG (mmol/L) 5.79 + 0.89bc 717 + 0.77a 6.21 + 048 b 5.49 + 0.71c 4.08 + 0.64 d
HDL (mmol/L) 0.89 + 0.08a 0.93 + 0.08a 0.88 + 0.07a 0.89 + 0.08a 0.86 + 0.04a
LDL (mmol/L) 1.76 + 0.25c 2.77 + 0.20a 2.74 + 0.16a 2.61 + 0.20a 227 +0.11b
FAS (mmol/L) 9.90 + 1.54 d 14.6 + 1.45a 128 +1.09 b 11.5 + 1.45bc 10.6 + 1.35 c¢d
ACC (mmol/L) 24.6 +3.28 b 29.3 + 4.28a 28.5 + 4.19ab 28.2 + 2.02ab 24.6 +3.98 b

ND, normal diet group; HFD, high fat diet group; HFD/STA, stachyose group; HFD/ISO, soy isoflavones group; HFD/STA + ISO,
combined stachyose and isoflavones group. Mean values are presented as means + SD for 8 mice. >4 Means with different letters are

significantly different, p < 0.05.

supplemented with different preventive diets (HFD/
STA, HFD/ISO and HFD/STA + ISO), and the more
significant changes in TC, TG and LDL levels were
observed in the mice fed with both stachyose and
isoflavones when compared to HFD control,
respectively (Table 2, p < 0.05). HFD is well known to
enhance lipid synthesis in the liver by up-regulation
of FAS and ACC expression [27,28]. The present re-
sults showed that HFD markedly increased the ex-
pressions of FAS and ACC by 47.5% and 19.1% in the
liver, respectively, as compared to the ND-fed mice.
Furthermore, the supplementation of stachyose,
isoflavones, or stachyose + isoflavones in HFD
effectively protected against the increases in hepatic
FAS expression levels in HFD-fed mice (Table 2, p <
0.05). These data indicated that the co-supplemen-
tation of stachyose and isoflavones was an effective
strategy to inhibit lipid accumulation, and regulate
lipid metabolism-related enzymes in HFD-fed
obesity mice, as compared to single supplementation
of stachyose or isoflavones.

3.4. Stachyose enhanced the effect of isoflavones in
relieving liver inflammation

The HFD-induced obesity has been previously
reported to cause metabolic endotoxemia, and low-
grade inflammation is associated with increased
intestinal permeability, as revealed by elevated
circulating LPS levels [15,29]. In accordance with
previous studies, long-term HFD feeding induced a
significant increase in the serum LPS level by 12.7%,
relative to ND-fed mice (p < 0.05). Although LPS
levels were decreased by supplementing stachyose
or isoflavones alone, there was no statistical differ-
ence, relative to HFD-fed mice. Fortunately, the
combined ingestion of both stachyose and iso-
flavones caused the significant decrease in the
serum LPS secretion in mice when compared to that
of HFD-fed mice (p < 0.05, Fig. 2A).

To further evaluate the effects of stachyose, iso-
flavones or stachyose + isoflavones on hepatic
inflammation, we measured the levels of IL-1, TNF-

o and NF-«B in the liver. HFD dramatically elevated
hepatic IL-1, TNF-o and NF-kB levels, relative to
that in ND-fed mice, respectively (Fig. 2B—D, p <
0.05), indicating that HFD caused inflammatory re-
sponses in the liver. However, individual supple-
mentation of stachyose or isoflavones slightly
prevented up-regulation of IL-1 and TNF-a levels.
Importantly, when stachyose + isoflavones was
supplemented in mice, the IL-1 and TNF-a levels
were significantly down-regulated by 8.18% and
9.88% as compared to that of HFD-fed mice,
respectively (Fig. 2B—C, p < 0.05). It is well known
that NF-kB as a classical signaling pathway can
regulate the body's chronic inflammatory responses
[30]. As seen in Fig. 2D, when the HFD-fed mice
were supplemented with stachyose alone, the he-
patic NF-kB levels were slightly decreased, but the
reduction was not significant. However, a significant
change was observed in the mice supplemented
with isoflavones or stachyose + isoflavones,
showing the clear reduction in the NF-«kB levels by
6.13% and 9.34% relative to that in the only HFD
feeding control, respectively (Fig. 2C, p < 0.05). This
result is consistent with previous studies indicating
that polyphenols, such as anthocyanin and green tea
polyphenols, can target activating NF-«B pathway to
inhibit the release of inflammatory factors [30-32].
Taken together, these results suggested that the
combined supplementation of stachyose + iso-
flavones was more effective than individual treat-
ment of stachyose or isoflavones in preventing the
hepatic inflammation in HFD-induced obese mice.

3.5. Effects of stachyose and isoflavone on
hyperglycemia and insulin resistance

As shown in Fig. 2E—G, continuous 12 weeks
ingestion of HFD in mice prominently led to an
increase in the serum fasting glucose, insulin and
leptin levels by 58.60%, 30.0% and 9.08%, respec-
tively (p < 0.05), suggesting that the significant hy-
perglycemia had happened in HFD-fed mice [8].
However, the decreased trend of serum glucose,



JOURNAL OF FOOD AND DRUG ANALYSIS 2021;29:87—97 93

A B
135+
120 _
;T -
S £
o 3
%) 1054 =
o o
4 =
90
C
610~
~ 510 =5
£ £
{@)] [@)]
g e
T 410 o
L .
zZ w
= zZ
310
E
55 8
= 3 457
g =)
S5 £
& £ 35-
S 5
> 2
5 £
25-

105+

920+

o]

N

o
1

7204

©
a
1

[o2]
a
1

~
(&)}
1

Fig. 2. Effects of stachyose, isoflavones or in combination on prevention of hepatic inflammation and hyperglycemia in HFD-fed mice. LPS (A), IL-1
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ISO, soy isoflavones group; HFD/STA + ISO, combined stachyose and isoflavones group.

insulin and leptin was observed for all the protective
treatments, whereas stachyose + isoflavones treat-
ment showed more significant reduction in these
parameters than individual treatment of stachyose
or isoflavones (Fig. 2E—G). Furthermore, after an
orally administration of glucose, the blood glucose
concentration was obviously reduced by 47.4% at 30
min in mice supplemented with stachyose +

isoflavones, compared to HFD-fed mice (Fig. 3A, p <
0.05). In addition, the AUC for glucose levels of
OGTT in the mice treated with stachyose, iso-
flavones and stachyose + isoflavones was signifi-
cantly smaller than that in HFD control mice,
respectively (p < 0.05, Fig. 3B). Overtly, a combi-
nation of stachyose and isoflavones exhibited a
prominent decrease in blood glucose levels at 15
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min, relative to HFD control, stachyose or iso-
flavones feeding mice, respectively (p < 0.05, Fig.
3A), indicating that this combination could effec-
tively suppress the glucose peak value than sta-
chyose or isoflavones alone. As shown in Fig. 3C, the
result of intraperitoneal ITT demonstrated that sta-
chyose ingestion did not cause significant difference
in the AUC for glucose levels, but feeding of iso-
flavones or stachyose + isoflavones significantly
reduced the AUC in comparison with HFD control
feeding, respectively (p < 0.05, Fig. 3D).

It is widely recognized that a persistent inflam-
matory response can promote glucose synthesis in
the liver of mice, leading to elevated fasting
glucose and insulin levels [33]. Leptin plays an
important role in maintaining normal energy
metabolism balance [18,34]. Normally, insulin
stimulates the secretion of leptin, while the

pancreas inhibits insulin secretion by binding to
receptors on insulin cells [35,36]. With regard to
the interaction between stachyose and isoflavones,
our finding demonstrated that a combination of
the two nutrients could preferably regulate the
imbalance of leptin metabolism caused by HFD
intake in mice (Fig. 2). Conformably, the oral
glucose tolerance test and intraperitoneal insulin
tolerance test indicated that stachyose enhanced
the regulatory effects of isoflavones on the glucose
and insulin resistance in HFD-fed mice (Fig. 3).
These results demonstrated that co-supplementa-
tion of stachyose and isoflavones was more effec-
tive to regulate the glucose levels and insulin
resistance than consumption of stachyose or iso-
flavones separately.
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3.6. Stachyose improved the protection of
isoflavones against hepatic injury in mice

It is well known that inflammatory response and
insulin resistance are highly correlated with the
formation of liver injury [9,13,36], and serum
enzyme of GOT and GPT are considered as effective
biochemical markers to reflect the liver functional
condition [4,27]. Elevated GPT activity is a sign of
cell membrane damage and the increased GOT ac-
tivity is another indicator of mitochondrial damage
[4,27]. In our work, the serum GOT and GPT activ-
ities of HFD-treated mice were dramatically boosted
by 13.8% and 4.81% in comparison with ND-fed
mice, respectively (Fig. 4A—B, p < 0.05). The serum
GOT activity was slightly inhibited in the mice
treated with stachyose or isoflavones than HFD-fed
mice. Importantly, it was found that when simulta-
neous intake of stachyose and isoflavones in HFD-
fed mice, the serum GOT activities manifested
prominent inhibition (p < 0.05, Fig. 4B). As ex-
pected, the significant reduced trend of serum GPT
activities was observed for all the protective treat-
ments (p < 0.05), and more marked inhibitory effect
of GPT activities were observed in the mixed sta-
chyose and isoflavones feeding mice (p < 0.01, Fig.
4A).

3.7. Histopathological observations of mouse
epididymis fat and liver damage

As shown in Fig. 4C/a and Fig. 4F, the adipocyte in
adipose tissue of ND-fed mice showed a small
diameter. However, when mice were fed with HFD,
a marked increase in adipocyte size was observed
by H&E staining in the adipose tissue, relative to
that of ND-fed mice (Fig. 4C/b and Fig. 4F). Inter-
estingly, a combination of stachyose together with
isoflavones observably reduced adipocyte size than
the supplementation of individual stachyose or
isoflavones (Fig. 4C/c—f and Fig. 4F).

Fig. 4D shows photomicrographs of H&E-stained
liver specimens, and the liver slices of HFD-fed mice
showed the cell gap grew bigger and the loss of
cellular boundaries. However, protective treatments
of stachyose or isoflavones alone remitted the he-
patic lesions caused by HFD (Fig. 4D/c-d). Interest-
ingly, the liver of mice treated with stachyose +
isoflavones showed near normal appearance with
clear cell boundaries and complete cell structure
(Fig. 4D/e), demonstrating the effective protection of
combined treatment. As depicted in Fig. 4E/a-b, a
widespread fat accumulation inside the parenchyma
was perceived through the liver sections in HFD-
Fed mice cells when compared to Oil Red O staining

of liver sections from ND-fed mice. However, as
shown in Fig. 4E/c-d and Fig. 4G, the livers of in-
dividual stachyose- or isoflavones-treated mice
significantly improved the effect of fat deposition
relative to that in HFD-fed mice. It was worth noting
that the situation of hepatic fat accumulation was
more obvious improvement by supplementation of
both stachyose and isoflavones than individual sta-
chyose or isoflavones (Fig. 4E/e and Fig. 4G).

4. Conclusion

The present results confirmed that stachyose
significantly enhanced the bioavailability of soybean
isoflavones. Furthermore, we report that stachyose
effectively improved the preventive effects of iso-
flavones against metabolic syndrome in HFD-fed
mice via mitigating the disturbance of hepatic lipid
metabolism, hyperinsulinemia and inflammation.
These findings suggest that the combined treatment
of stachyose and isoflavones is a promising strategy
to alleviate or prevent hyperlipidemia, hyperglyce-
mia and liver injury. Finally, our study would lead to
new knowledge on whole soybean and establish the
mode of interaction between key fractions of soy-
bean in promoting metabolic health.
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