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SHORT
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Leucrose, a Sucrose Isomer, Suppresses Hepatic
Fat Accumulation by Regulating Hepatic
Lipogenesis and Fat Oxidation in High-fat
Diet-induced Obese Mice

Jihye Lee', Eunju Kim', Yuri Kim', Sang-Ho Yoo®

"Department of Nutritional Science and Food Management, Ewha Womans University, “Department of Food Science and Biotechnology, and
Carbohydrate Bioproduct Research Center, Sejong University, Seoul, Korea

Obesity is currently one of the most serious public health problems and it can lead to numerous metabolic diseases. Leucrose,
D-glucopyranosyl-a-(1-5)-D-fructopyranose, is an isoform of sucrose and it is naturally found in pollen and honey. The aim of this study
was to investigate the effect of leucrose on metabolic changes induced by a high-fat diet (HFD) that lead to obesity. C57BL/6 mice
were fed a 60% HFD or a HFD with 25% (L25) or 50% (L50) of its total sucrose content replaced with leucrose for 12 weeks. Leucrose
supplementation improved fasting blood glucose levels and hepatic triglyceride content. In addition, leucrose supplementation reduced
mRNA levels of lipogenesis-related genes, including peroxisome proliferator-activated receptor y, sterol regulatory element binding protein
1C, and fatty acid synthase in HFD mice. Conversely, mRNA levels of B oxidation-related genes, such as carnitine palmitoyltransferase
1A and acyl CoA oxidase, returned to control levels with leucrose supplementation. Taken together, these results demonstrated the
therapeutic potential of leucrose to prevent metabolic abnormalities by mediating regulation of plasma glucose level and hepatic triglyceride
accumulation.

(J Cancer Prev 2018;23:99-106)
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INTRODUCTION

Obesity is currently the most concerning health problem
worldwide due to its contribution to the development of chronic
diseases, such as type 2 diabetes mellitus (T2DM), insulin
resistance, cardiovascular disease, non-alcoholic fatty liver
disease (NAFLD), and dyslipidemia."” In NAFLD, more than 5% of
liver volume is infiltrated by triglycerides (TGs) in the absence of
alcohol intake, and this leads to an imbalance in lipid storage and
excretion.” Under normal physiological conditions, the liver
contains low concentrations of TG. In NAFLD, liver can

accumulate TG via uptake of free fatty acids from plasma and
from de-novo fatty acid synthesis and lipogenesis. The latter two
processes are primarily regulated at the transcriptional level.’
However, an imbalance between lipid acquisition from these two
sources and their removal (via B-oxidation and export as very low
density lipoproteins) can lead to an accumulation of TG in the
liver.*

Sterol regulatory element binding protein 1C (SREBP-1C) is an
essential membrane-bound transcription factor that contributes
to hepatic fatty acid synthesis by activating lipogenic genes.” It
has been reported that SREBP-1C plays a role in the accumulation
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of TG in the liver by regulating fatty acid synthase and acetyl Co-A
carboxylase 1.°° PPARy, a nuclear hormone receptor, is also
involved in the pathophysiology of fatty liver by mediating
up-regulation of CD36, a downstream target of PPARy in high-fat
diet (HFD)- induced mice.” Hepatic steatosis induced by HFD in
mice was found to be improved when hepatocyte-specific
deletion of PPARy was achieved, and this was accompanied by a
down-regulation of genes involved in lipogenesis and
B-oxidation.” PPARa. is also major regulator to maintain the
balance of liver TG by activating B-oxidation genes.” Carnitine
palmitoyltransferase 1A and acyl CoA oxidase contribute to
B-oxidation in the liver and they both have the major roles in
maintaining the hepatic balance of TG.'*"

In recent years, the increased intake of sugar-sweetened
beverages and food has been shown to predispose individuals to
metabolic diseases, including NAFLD."”"” Due to the rapid
absorption of sugar in the small intestine, sugar represents a
quick energy source. However, high consumption of sugar can
lead to excess weight gain, T2DM, cardiovascular disease, and
liver fat accumulation.'® In more recent years, zero calorie and
low-calorie sweeteners have been developed to prevent the high
intake of sugar. However, the sweeteners are associated with side
effects, such as gastrointestinal discomfort and increased glucose
intolerance."”

There are several sucrose isoforms, including isomaltulose
(palatinose), trehalulose, maltulose, turanose, and leucrose.’®
Isomaltulose is characterized by a reduced digestive rate in the
small intestine compared with sucrose and an ability to slowly
increase blood glucose level and reduce visceral fat accumulation,'*'”
Meanwhile, turanose has been shown to down-regulate
adipogenesis-related gene expression in 3T3L1 adipocytes and to
suppress inflammatory cytokines in Raw 264.7 macrophages.'®"

Leucrose, D-glucopyranosyl-a-(1-5)-D-fructopyranose, naturally
exists in pollen and honey and was first discovered in studies of
the fermentation process of dextran from sucrose in the bacteria,
Leuconostoc mesenteroides’*”' Leucrose is hydrolyzed into
glucose and fructose by a-glucosidase in the small intestine and
its rate of hydrolyzation is slower than that of sucrose.” Recently,
it was reported that leucrose inhibited intracellular lipid
accumulation and regulated adipogenic genes in 3T3-L1 adipocytes.”
Therefore, in this study, we investigated whether leucrose
supplementation could affect obesity-related lipid accumulation
in the liver of HFD-induced obese mice.

MATERIALS AND METHODS

1. Materials

Leucrose was purchased from Carbosynth Limited (Berkshire,
UK) and kept in an auto-desiccator (Sanpla Dry Keeper; Sanplatec
Corp, Osaka, Japan).

2. Animals and diet

Five-week-old male C57BL/6 mice (18-20 g) were purchased
from Central Lab Animal Inc. (Seoul, Korea) and adapted to
controlled conditions (22°C + 2°C, 50% + 5% humidity, 12-hour
light-dark cycle) for one week. The mice were provided American
Institute of Nutrition 93G (AIN93G) diet and water ad libitum.
After one week, total of 40 mice were randomized into four
groups as follows: (a) a control group (Ctrl, n = 10) which received
AINO3G diet; (b) a HFD-induced obese control group (HF, n = 10)
which received a HFD (60% of total calories from fat); (c) a leucrose
25% group (L25, n = 10) which received a HFD with 25% of its total
sucrose content replaced with leucrose, and (d) a leucrose 50%
group (L50, n = 10) which received a HFD with 50% of its total
sucrose content replaced with leucrose. Experiments diets were
purchased from Unifaith (Seoul, Korea) and provided for 12
weeks before sacrifice. Diet intake and body weight were
monitored twice a week. The experimental protocol for this study
was approved by the Institutional Animal Care and Use
Committee of Ewha Womans University (IACUC approval no:
17-021).

3. Biochemical analysis of blood samples

Fasting blood glucose was measured prior to sacrifice of the
mice. Briefly, after 12 hours of fasting, blood samples were
collected from the tail vein and were analyzed by using a portable
glucometer (Roche Diagnostics GmbH, Mannheim, Germany).
Next, the mice were anesthetized with isoflurane (Piramal
Critical Care, Bethlehem, PA, USA) for collection of whole blood
from the inferior vena cava. The samples were immediately
centrifugated at 3,000 rpm at 4°C for 15 minutes to obtain serum.
The serum samples were immediately stored at —80°C. Serum
levels of TG, total cholesterol (TC), and high-density lipoprotein
cholesterol (HDL-C) were measured with a commercially available
kit (Asan Pharmaceutical Co., Seoul, Korea). Low-density
lipoprotein cholesterol (LDL-C) levels were calculated as follows:
LDL-C = TC — HDL-C — (TG/5). Serum levels of insulin were
determined with a commercially available ELISA kit (Crystal;
Downers Grove, IL, USA).



4. Histological and triglyceride analysis in liver tissues

For H&E staining, liver tissues were fixed in 10% formaldehyde
and then embedded in paraffin wax. The paraffin blocks were
sectioned (3-4 pmyslice) and stained with H&E followed by
deparaffinized with xylene. Stained sections were photographed
with a Nikon microscope (Nikon, Tokyo, Japan) at 100X
magnification.

Concentration of hepatic was analyzed as previously described.**
Briefly, frozen liver tissues (100 =+ 20 mg) were incubated with
ethanolic potassium hydroxide solution (KOH) (1:2 v/v of 30%
KOH and 100% ethanol) at 55°C overnight. A solution of 50%
ethanol was then added prior to centrifugation of the
decomposed tissues at 8,000 rpm for 5 minutes. The obtained
supernatant was incubated on ice for 10 minutes after addition of
50% ethanol and 1 M MgCl,. And the TG content was measured by
TG reagent, free glycerol reagent (Sigma-Aldrich, St. Louis, MO,
USA) after centrifugation at 8000 rpm for 5 minutes.
Quantification was done by comparing to glycerol standard curve.

5. RNA extraction and reverse transcription-PCR

Total RNA was isolated by homogenizing liver tissues in TRIzol
reagent (Invitrogen, Carlsbad, CA, USA). Concentration and
integrity of each total RNA sample was measured with a
NanoDrop 2000 system (Thermo Scientific, Wilmington, DE,
USA) and cDNA was synthesized from 2 pg of each RNA samples
with a RevertAid First Strand cDNA synthesis kit (Thermo Fisher
Scientific). Amplification of cDNA was performed with Taq
polymerase (TAKARA, Tokyo, Japan) and the conditions of
amplification were as follows: an initial incubation at 94°C for 5
minutes was followed by denaturation at 94°C for 30 seconds, an
annealing step at 56°C for 30 seconds, and an extension step at
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72°C for 2 minutes. The resulting PCR products were separated in
2% agarose gels by electrophoresis and visualized with UV light.
The primers are as follows: mouse Acox1, 5-TTGGAAACCAC
TGCCACATA-3 (forward) and 5-AGGCATGTAACCCGTAGCAC-3
(reverse); mouse Cptla, 5-AACCCAGTGCCTTAACGATG-3
(forward) and 5-GAACTGGTGGCCAATGAGAT-3" (reverse);
mouse Fasn, 5-TGTGAGTGGTTCAGAGGCAT-3’ (forward) and 5
TTCTGTAGTGCC AGCAAGCT-3 (reverse); mouse Ppara, 5-CCAA
CATGGTGGACACAGAG-3 (forward) and 5-GCAAAACCAAAGCT
TCCAGA-3" (reverse); mouse Pparg, 5-GAGCACTTCACA AGAA
ATTACC-3" (forward) and 5-GAACTCCATAGTGGAAGCCT-3'
(reverse); mouse Srebf1, 5-TAGAGCATATCCCCCAGGIG-3’ (forward)
and 5-GGTACGGGCCACAAGAAGTA-3’ (reverse); mouse Actb, 5
CGCCACCAGTTCGCCATGGA-3" (forward) and 5-TACAGCCCGG
GGAGCATCGT-3 (reverse). The relative expression of mRNA was
normalized to a house keeping gene, B-actin. And all PCR results
were analyzed from 10 mice from each group and the PCR blots
were quantified using Image ] software (National Institutes of
Health, USA).

6. Statistical analysis

Data were analyzed with GraphPad Prism (GraphPad Software,
Inc., LaJolla, CA, USA) and presented as the mean + SEM. Data
were analyzed by one-way ANOVA followed by Newman-Keuls's
post-hoc test. A Pvalue less than 0.05 was considered to indicate
statistical significance.

Table 1. Body weight, liver weight, levels of fasting blood glucose, serum insulin, and serum lipid profiles after 12 weeks of experiment

Variable Ctrl HF L25 L50
Final body weight (g 38.11 * 0.66° 4443 * 113" 44.43 + 081" 4431 = 0.80°
Liver tissue weight (g) 1.48 * 0.06" 239 + 0.16° 2.15 + 0.16° 2.06 = 0.16°
Liver/body weight ratio (%) 3.87 + 0.11° 534 + 0.25" 481 + 0.27° 462 + 028
Fasting blood glucose (mg/dL) 108.50 * 3.24° 184.80 = 6.72° 141.10 = 11.47° 133.20 * 7.48°
Serum insulin (ng/mL) 0.86 + 0.09° 245 + 0.21° 2.73 + 0.28° 250 + 0.25°
TG (mg/dL) 122,62 + 2.56° 138.73 = 4.56° 135.59 + 3.82° 127.99 + 2.54°
TC (mg/dL) 12037 = 3.41° 157.87 + 3.74° 161.40 = 6.75° 151.87 = 5.30°
HDL-cholesterol (mg/dL) 85.97 * 1.71° 73.19 = 0.93° 69.95 =+ 2.01° 59.58 + 1.51°
LDL-cholesterol (mg/dL) 9.88 + 3.04° 56.93 + 3.70° 64.33 + 7.96 66.69 + 5.61°

Values are presented as mean + SEM. The different superscript of a, b, and ¢ indicate significant differences. Ctrl, control mice that received
the AINO3G diet; HF, obesity control mice that received a high-fat diet (HFD); L25, mice that received a HFD with 25% of the total sucrose
replaced with leucrose; L50, mice that received a HFD with 50% of the total sucrose replaced with leucrose; TG, triglyceride; TC, total cholester-

ol; HDL, high-density lipoprotein; LDL, low-density lipoprotein.
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RESULTS

1. Effect of leucrose on body weight, liver weight,
fasting blood glucose level, and blood lipid profiles

After 12 weeks of receiving HFD, the HF group exhibited a
significant increase in body weight compared to the Ctrl group (P <
0.001). However, body weights did not significantly differ
between the HF and leucrose supplementation groups (Table 1).
While leucrose supplementation also did not affect adipose
tissue weight (data not shown), absolute liver tissue weight and
relative liver weight to body weight tended to be lower with
leucrose supplementation, although differences were not
significant.

The HF group exhibited a significant increase in fasting blood
glucose level compared to the Ctrl group (P < 0.001), while,
fasting blood glucose levels were lower in both the 125 and L50
groups compared to the HF group (P < 0.001 for both). In
contrast, serum levels of insulin were not affected by leucrose
supplementation. Serum levels of TG, TC, and LDL-cholesterol
were significantly higher in the HF group compared to the Ctrl
group (P < 0.05 for TG, P < 0.001 for TC and LDL-cholesterol).
Furthermore, levels of TG tended to be lower in the L50 group,
although the decrease was not statistically significant. The serum
level of HDL-cholesterol was significantly lower in the HF group
and in both the L25 and L50 groups (all £ < 0.001).

2. Effect of leucrose on histological changes and
concentrations of triglyceride in liver tissue

H&E staining of liver tissues revealed an increase in hepatic
lipid droplet accumulation in the HF group compared with the
Ctrl group (Fig. 14). In contrast, liver tissue from the L25 and L50
groups contained fewer lipid droplets (Fig. 14). Consistent with
this result, a significant increase in levels of TG was detected in
liver tissues from the HF group, while the levels of TG was
reduced in the L50 group (P < 0.01) (Fig. 1B).

3. Effect of leucrose on lipogenesis-related gene
expression in liver tissue

To verify the effect of leucrose on lipogenesis in the liver,
mRNA levels of Bparg, Srebf1, and Fasnwere analyzed (Fig, 2). All
three mRNA levels were higher in the HF group compared to the
Ctrl group (P < 0.001 for Pparg Srebf1 P < 0.05 for Fasn), while
all three levels were down-regulated in the L25 and L50 groups. In
particular, the mRNA expression of Pparg was significantly
down-regulated in the L25 and L50 groups compared to the HF
group (P < 0.01 and P < 0.001, respectively), and the mRNA
expression of Srebfl was down-regulated in both leucrose
supplementation groups compared to the HF group (P < 0.05 for
all) (Fig. 2B-2C). Leucrose supplementation also tended to
down-regulate expression of Fasn, although the effect was not
significant (Fig. 2D).
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Figure 1. Leucrose supplementation suppressed high-fat diet (HFD)-induced triglyceride (TG) accumulation in liver. (A) H&E staining of liver
tissues from (a) Ctrl, (b) HF, (¢) L25, and (d) L50 groups. Bar, 50 pum. (B) TG content of liver tissues (mg/g). Data are represented as the
mean * SEM. The different letters of a, b, and ¢ on the bar graph indicate significant differences. Ctrl, control mice which received the
AIN-93G diet; HF, mice which received a HFD to induce obesity; L25, mice which received a HFD with 25% of its total sucrose content replaced
with leucrose; L50, mice which received a HFD with 50% of its total sucrose content replaced with leucrose.
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Figure 2. Leucrose supplementation regulated adipogenesis-related gene expression in liver. Representative blots (A), quantified expression
levels of Pparg (B), Srebfl (C), and Fasn (D). Actb was used as a loading control. Data are represented as the mean = SEM. The different
letters of a, b, and ¢ on the bar graph indicate significant differences. Ctrl, control mice which received the AIN-93G diet; HF, mice which
received a HFD to induce obesity; L25, mice which received a HFD with 25% of its total sucrose content replaced with leucrose; L50, mice
which received a HFD with 50% of its total sucrose content replaced with leucrose; SrebflI, sterol regulatory element-binding protein 1c; Fasn,

fatty acid synthase.

4. Effect of leucrose on B-oxidation-related gene
expressions in liver tissue

To determine whether leucrose affects B-oxidation in the liver,
mRNA levels of Ppara, Cptla and AcoxI were analyzed (Fig. 3A).
For Ppara and Acoxl, their mRNA levels in the L50 group were
significantly higher compared to the HF group (P < 0.05) (Fig. 3B
and 3D). CptiamRNA was significantly down-regulated in the HF
group compared to the Ctrl group (P < 0.001) (Fig. 3Q). In
contrast, mRNA levels of Cptiawere up-regulated in both the 125
and L50 groups (all £ < 0.05).

DISCUSSION

In this study, we demonstrated that leucrose, a natural sucrose
isomer, suppresses obesity-related hepatic lipid accumulation by

regulating hepatic lipogenesis and B-oxidation in HFD-induced
obese mice. In particular, leucrose improved the levels of fasting
blood glucose and hepatic TG. Molecular analyses of liver tissues
further demonstrated that leucrose supplementation down-
regulated genes associated with lipogenesis and up-regulated
genes associated with B-oxidation.

Dietary consumption of sugar represents intake of a high
energy resource. However, in excess, intake of sugar can lead to
obesity and related metabolic diseases, including NAFLD and
hepatic steatosis. Furthermore, when diets are high in sucrose
and fat, serum and hepatic levels of TG are increased.” Recently,
the potential for various sweeteners to serve as alternatives to
sugar to reduce blood glucose levels and fat deposition in obese
models was examined.” Leucrose is produced following the
isomerization of sucrose molecules by dextransucrase and it
possesses half the sweetness of sucrose”’ However, the
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Figure 3. Leucrose supplementation regulated the p-oxidation-related gene expression in liver. (A) Representative blots, quantified expression
levels of Ppara (B), Cptia (C), and AcoxI (D). Actb was used as a loading control. Data are represented as the mean + SEM. The different
letters of a and b on the bar graph indicate significant differences. Ctrl, control mice which received the AIN-93G diet; HF, mice which received
a HFD to induce obesity; L25, mice which received a HFD with 25% of its total sucrose content replaced with leucrose; L50, mice which
received a HFD with 50% of its total sucrose content replaced with leucrose; Cptla, carnitine palmitoyltransferase 1A; Acoxl, acyl-CoA oxidase.

physiological effects of leucrose have not been extensively
studied. It has been reported that 50%, 75%, or 100% replacement
of glucose with leucrose can suppress adipogenesis by
down-regulating genes related to adipogenesis in 3T3 L1
adipocytes.”” However, in the present study, no significant
differences in body weight or adipocyte mass were detected when
25% or 50% of dietary sucrose was replaced with leucrose. These
distinct results may be due to differences in replacement for
glucose in vitro cell study and for sucrose in vivo animal study.
When 100% of sucrose was replaced with isomaltulose, no
significant changes in body weight or energy intake were
observed compared with a sucrose diet group. However, plasma
levels of glucose and hepatic TG were suppressed with
isomaltulose supplementation.” Sucrose has been shown to
rapidly increase blood glucose level, whereas isomaltulose delays
increases in blood glucose and leucrose is slowly degraded into
glucose and fructose by o-glucosidases.”**” Additional studies are

needed to elucidate the mechanistic details regarding the effects
of leucrose on obesity-related metabolic abnormalities.

The liver is a major site for regulation of glucose and lipid
homeostasis. A diet rich in fats or carbohydrates can lead to an
accumulation of fat in the liver, and excessive accumulation of TG
in the liver is associated with alteration in glucose. In the present
study, leucrose supplementation reduced the accumulation of
lipids and TG in the liver by regulating expression of the lipogenic
genes, Pparg, Srebf1, and Fasn. PPARy is predominantly expressed
in adipose tissue, and is expressed at higher levels under
condition of insulin resistance and fatty liver. Fat accumulation in
liver has been linked to impaired B-oxidation, and inhibition of
B-oxidation can lead to TG accumulation.”® PPARy is a key
regulator to maintain lipid homeostasis and its agonist inhibited

P . : 2
statosis in obesie mice model.”’

CPT1A regulates peroxisomal
mitochondrial B-oxidation by inducing transportation of

acyl-carnitine to the inner mitochondrial membrane. In the



present study, leucrose supplementation recovered expression of
Cptlawhich was down-regulated by a HFD. Consistent with this
result, Matsuo et al.”® reported that & weeks of a 55.7%
isomaltulose diet resulted in higher mRNA level of hepatic Cptia
and AcoxI in rats. Taken together, these results suggest that a
benefit of alternative sweeteners may be up-regulation of fatty
acid B-oxidation. A possible model would involve suppression of
plasma glucose by leucrose, blocking of de novo lipogenesis in the
liver, and increased fatty acid oxidation.

In conclusion, the results of this study indicate that leucrose
represents a sugar substitute with the potential to reduce hepatic
lipid accumulation and improve blood glucose level by regulating
hepatic lipogenesis and B-oxidation. It remains for lecurose-
related signaling mechanisms and the effect of leucrose on other
organs, including the effects of leurose on muscle for
obesity-related metabolic abnormalities to be investigated in
future studies.
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