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D-Psicose, a rare sugar, not only has very low caloric value but possesses anti-adipogenic properties. Here,
we identified target genes in adipose tissue affected by D-psicose by transcriptomic analysis and provided
mechanistic explanations for the anti-adipogenic effect. C57BL/6J ob/ob mice were fed with a control or
5% D-psicose diet for 12 weeks. D-Psicose decreased final body weight, adipose tissue mass, adipocyte size,
and serum total cholesterol levels. We identified 103 differentially expressed genes involved in inflam-
matory response, molecular transport, and lipid metabolism consequent to D-psicose administration.
Genes related to inflammation and adipo/lipogenesis were significantly down-regulated, whereas those
associated with b-oxidation were up-regulated by D-psicose. Our data suggest that Fos, Mmp3, Fgf21, and
Abcd2 might be key target genes associated with D-psicose-induced changes in lipid metabolism and
subsequent chronic inflammatory responses. D-psicose is thus a promising sugar substitute possessing
a direct gene-regulatory function related to the suppression of body fat deposition.

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction the expression of adipogenic genes including peroxisome
The increasing prevalence of obesity represents a serious public
health concern in both developed and developing countries
(Ogden, Carroll, Fryar, & Flegal, 2015; Prentice, 2006). Obesity is
characterized by the expansion of adipose tissue mass resulting
from an increase in the size and, to a lesser extent, in the number
of adipocytes (Bluher, 2009). Adipocyte size is positively related to
proliferator-activated receptor-gamma (PPAR-c) and CCAAT/
enhancer-binding proteins (C/EBPs) (Farnier et al., 2003; Jernas
et al., 2006). Increased adipocyte size is also associated with
susceptibility to inflammation, which, in turn, may impair insulin
sensitivity and increase lipolysis in adipocytes (Hotamisligil,
Shargill, & Spiegelman, 1993; Masoodi, Kuda, Rossmeisl, Flachs, &
Kopecky, 2015; Pietilainen et al., 2011; Weisberg et al., 2003;
Zhang, Halbleib, Ahmad, Manganiello, & Greenberg, 2002).
Obesity-associated chronic low-grade inflammation of adipose tis-
sue leads to abnormal intermediate conditions including hyperin-
sulinemia, hyperglycemia, and dyslipidemia, resulting in the
development of obesity-related metabolic complications
(Masoodi et al., 2015; Tchernof & Despres, 2013).

Excess intake of added sugar has been shown to increase vis-
ceral fat content and the risk of obesity, metabolic changes, and
type II diabetes (Forshee, Anderson, & Storey, 2008; Malik et al.,
2010; Stanhope et al., 2009). In an attempt to decrease sugar
intake, rare sugars, i.e., monosaccharides and their derivatives that
exist in limited quantities in nature, have been recently developed
as sugar substitutes. D-Psicose, a C-3 epimer of D-fructose, is
approximately 70% as sweet as sucrose but has no calories, and
its mass production is possible using immobilized D-tagatose-3-
epimerase (Takeshita, Suga, Takada, & Izumori, 2000). D-Psicose is
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Table 1
Composition of the experimental diets (g/kg)a.

Ingredients Control D-Psicose

Cornstarch 397.5 445
Dextrin 132 132
Sucrose 100 50

D-Psicose – 50

Fiber 50 2.5
Casein 200 200

L-Cysteine 3 3

Corn oil 70 70
Mineral mix b 35 35
Vitamin mix b 10 10
Choline bitartrate 2.5 2.5
t-butylhydroquinone 0.014 0.014
Total (g) 1000 1000
Carbohydrates, % energy 64.9 64.9
Protein, % energy 18.8 18.8
Fat, % energy 16.4 16.4
Total energy, kcal/kg 3896 3896

a Diets were prepared according to the AIN-93G diet.
b Mineral and vitamin mixtures were prepared according to the AIN-93G diet.
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absorbed in the small intestine without being metabolized into
energy and is not easily fermented in the colon (Iida et al., 2010).
Notably, it has been shown that D-psicose possesses hypoglycemic,
hypolipidemic, and antioxidant effects (Chung, Oh, & Lee, 2012). In
addition, growing evidence from animal and clinical studies sug-
gests that D-psicose contributes to a reduction in body weight
and fat accumulation (Chung, Hyun Lee, et al., 2012; Hayashi
et al., 2014; Iida et al., 2013; Matsuo et al., 2001b; Ochiai,
Nakanishi, Yamada, Iida, & Matsuo, 2013). Furthermore, D-psicose
supplementation is reported to lower hepatic lipogenic enzyme
activities and abdominal fat accumulation in Wistar rats (Matsuo
et al., 2001a). Additionally, a recent study showed that D-psicose
favorably influences lipid metabolism and increases 24-h energy
expenditure in Sprague-Dawley rats (Nagata, Kanasaki, Tamaru,
& Tanaka, 2015). Accordingly, D-psicose appears to be beneficial
in controlling body weight and preventing fat accumulation, espe-
cially in people with obesity and obesity-related diseases. How-
ever, the mechanisms of the anti-obesity and anti-adipogenic
effects of D-psicose remain poorly understood.

In the present study, we investigated the effect of dietary
D-psicose substitution for sucrose on adipose tissue fat deposition
in C57BL/6J-ob/ob mice, an accepted model of obesity and related
syndromes (Montague et al., 1997). To better elucidate the molec-
ular mechanisms mediated by D-psicose in adipose tissue, we fur-
ther identified target genes associated with the anti-adipogenic
activity of D-psicose using transcriptomics.

2. Materials and methods

2.1. Animals and study design

Six-week-old male C57BL/6J-ob/ob mice were purchased from
Central Laboratory Animal, Inc. (Seoul, Republic of Korea) and
maintained in air-conditioned quarters with a 12-h light/dark
cycle. After acclimatization to a chow diet for one week, the mice
were randomly assigned to receive either the AIN-93G diet (Con-
trol) or the 5% D-psicose diet (D-Psicose) (n = 15 per dietary group).
The D-psicose diet was prepared by replacing sucrose in the control
diet with powdered D-psicose of 99.83% purity (Samyang Genex
Corporation, Daejeon, Republic of Korea). The detailed composi-
tions of the diets are presented in Table 1. The diets used in this
study were designed to be isocaloric to demonstrate anti-
adipogenic effects of D-psicose. Both diets contained 3896 kcal
(64.9% w/w carbohydrate, 18.8% w/w protein, and 16.4% w/w
fat), and the missing caloric content in the D-psicose group was
adjusted by substituting corn starch with fiber in the control group.
The experimental diets and water were provided ad libitum for
12 weeks. Body weight and food intake were recorded twice a
week. All care, maintenance, and treatment protocols were
approved by the Institutional Animal Care and Use Committee of
Sookmyung Women’s University (SM-IAUC-2013-0917-033). Dur-
ing the experiment, 9 mice (n = 7 for the control group; n = 2 for
the D-Psicose group) were lost owing to the onset of diabetic com-
plications. At necropsy, blood and white adipose tissue samples
(n = 8 for the control group; n = 13 for the D-Psicose group) were
collected. Serum was separated by centrifuging whole blood at
650g for 20 min and stored at �80 �C until analysis. The white adi-
pose tissues (mesenteric, perirenal, and epididymal) were excised
immediately, rinsed, weighed, frozen on dry ice, and stored at
�80 �C until analysis.

2.2. Serum lipid profile measurements

Serum concentrations of triacylglycerol, non-esterified fatty
acids, and total cholesterol were determined using commercial
assay kits (Wako Pure Chemical Industries, Ltd., Osaka, Japan)
according to the manufacture’s protocols. The serum concentra-
tions of high-density lipoprotein (HDL)-cholesterol and low-
density lipoprotein (LDL)-cholesterol and HDL/LDL-cholesterol
ratio were measured using a colorimetric/fluorometric assay kit
(BioVision, Inc., Milpitas, CA, USA).

2.3. Histological and immunohistological analyses

Following the fixation of adipose tissue with 10% buffered for-
malin solution, tissues were dehydrated in ethanol and then
embedded in paraffin wax, sectioned, and stained with
hematoxylin and eosin for histologic analysis. For adipocyte size
measurements, the H&E stained sections were scanned on an
Aperio ScanScope AT and viewed on Aperio Image Scope (Leica
Biosystems, Buffalo Grove, IL, USA). The longest diameter of each
fat cell was measured from four mice per dietary group and the
adipocyte volume was determined as the cube of the diameter.
For immunofluorescence analysis, adipose tissue sections were
deparaffinized, rehydrated, and labeled with rat monoclonal anti-
F4/80 antibody (1:200, Bio-Rad Laboratories, Inc., Hercules, CA,
USA) followed by incubation with FITC-conjugated goat anti-rat
IgG antibody (1:250, Abcam, Cambridge, MA, USA). All images
were obtained with an INFINITY3-3UR camera (Lumenera, Ottawa,
ON, Canada) on a BX43 microscope (Olympus, Tokyo, Japan).

2.4. Microarray analysis

Total RNA from adipose tissue samples was isolated using TRI-
zol (Invitrogen Life Technologies, Carlsbad, CA, USA) and purified
using RNeasy columns (Qiagen, Valencia, CA, USA) according to
the manufacturers’ protocols. After processing with DNase diges-
tion, RNA was analyzed on a Agilent 2100 Bioanalyzer (Agilent
Technologies, Palo Alto, CA, USA), a microfluidics-based platform,
for sizing, quantification, and quality assessment of the RNA. The
RNA Integrity Number (RIN) score was generated using Agilent
software. For microarray analysis, the RIN scores for all of the sam-
ples were P7. The Illumina TotalPrepTM-96 RNA Amplification Kit
(Ambion, Austin, TX, USA) was used to yield biotinylated, amplified
cRNA according to the manufacturer’s protocol. The cRNA yield
was quantified using an ND-1000 Spectrophotometer (NanoDrop
Technologies, Wilmington, DE, USA).

A total of 750 ng of purified biotinylated cRNA for each sample
was hybridized onto the Illumina MouseRef-8 v2 Expression
BeadChip (Illumina, Inc., San Diego, CA, USA) which targets



Table 2
Food intake, body weight, serum lipid concentrations, and white adipose tissue
weights in C57BL/6J-ob/ob mice fed a control or 5% D-psicose-supplemented diet for
12 weeks.

Control D-Psicose

Food intake (g/day) 4.74 ± 0.39 4.17 ± 0.40
Body weight (g)
Initial body weight 39.67 ± 1.40 38.06 ± 1.26
Final body weight 55.77 ± 1.48 50.99 ± 1.01*

Serum lipid concentrations
Triacylglycerol (mg/dL) 108.13 ± 3.65 111.78 ± 5.84
Non-esterified fatty acids (mEq/L) 1.03 ± 0.10 0.90 ± 0.10
Total cholesterol (mg/dL) 376.93 ± 29.46 293.41 ± 22.18*

HDL-cholesterol (mg/dL) 118.16 ± 13.14 113.49 ± 3.94
LDL-cholesterol (mg/dL) 247.39 ± 39.65 168.45 ± 17.33
HDL/LDL-cholesterol 0.56 ± 0.09 0.73 ± 0.06*

White adipose tissue weight (% of body weight)
Mesenteric fat 3.06 ± 0.10 2.60 ± 0.11*

Perirenal fat 7.01 ± 0.25 6.16 ± 0.20*

Epididymal fat 5.25 ± 0.18 5.15 ± 0.18
Total 15.31 ± 0.33 13.91 ± 0.28*

Data are expressed as the mean ± SEM (n = 8 for the control diet group; n = 13 for
the D-psicose diet group).

* p < 0.05, statistically significant compared with the control diet.
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approximately 25,600 annotated RefSeq transcripts over 19,100
genes. After washing and staining, each BeadChip was scanned
with the Illumina BeadArray Reader according to the manufac-
turer’s instructions. All data analysis and visualization of differen-
tially expressed genes were conducted using R version 2.15.3
(www.r-project.org). Raw data were extracted using GenomeStu-
dio version 2011.1 (Illumina, Gene Expression Module version
1.9.0), and probe signal values were transformed logarithmically
and normalized by the quantile method. For comparison between
the two dietary groups, an independent t-test using a false discov-
ery rate Benjamini and Hochberg multiple testing correction with a
p-value cut-off of 0.05 was performed.

2.5. Network analysis

The gene expression network analysis was generated using QIA-
GEN’s Ingenuity Pathway Analysis (IPA, QIAGEN Redwood City,
www.qiagen.com/ingenuity) to identify regulatory relationships
between differentially expressed genes in response to D-psicose
supplementation. Genes with a fold change (FC) of >1.5 or <�1.5
and p < 0.05 were compared with the Ingenuity Knowledge Base
including biological interaction data on more than 19,600 human
and 15,100 mouse genes. The right-tailed Fisher’s exact test was
used to calculate the p-value in determining the probability that
each biological function and/or disease assigned to a specific net-
work was due to chance alone.

2.6. Real-time quantitative polymerase chain reaction (qPCR) analysis

Template RNA isolated from adipose tissue was reverse-
transcribed using a cDNA Synthesis kit (PhileKorea Technology,
Seoul, Republic of Korea). Real-time qPCR was performed on a
7500 Fast Real Time PCR system (Applied Biosystems, Foster City,
CA, USA) using a QuantiMix SYBR kit (PhileKorea Technology).
The primer sequences for the selected genes are presented in
Table S1. The PCR conditions were 10 min at 95 �C followed by
40 cycles of 15 s at 95 �C and 1 min at 60 �C. All signals were nor-
malized to mRNA levels of b-actin as an internal control. Relative
gene expression data were analyzed using the comparative thresh-
old (Ct) method (Livak & Schmittgen, 2001).

2.7. Statistical analysis

Differences between the two dietary groups were analyzed
using the Student’s t-test function of SAS 9.4 (SAS Institute, Inc.,
Cary, NC, USA). For adipocyte size, comparison between the two
dietary groups was performed using the Wilcoxon rank-sum test.
The results were considered statistically significant when two-
tailed p < 0.05.
3. Results

3.1. Food intake, body weight, and serum lipid concentrations

The food intake and initial body weight did not significantly dif-
fer between the two dietary groups, whereas the final body weight
of obese mice fed the D-psicose-supplemented diet was lower com-
pared with that of the control group (p = 0.019) (Table 2). The
obese mice fed a diet supplemented with 5% D-psicose exhibited
lower total cholesterol (p = 0.039) and LDL-cholesterol (p = 0.050)
concentrations and higher HDL/LDL-cholesterol ratio (p = 0.042)
compared with those of the control group (Table 2). Serum concen-
trations of triacylglycerol, non-esterified fatty acids, and HDL-
cholesterol were not significantly different between groups
(Table 2).
3.2. Adipose tissue weight and adipocyte size

D-Psicose supplementation significantly decreased the weight
of white adipose tissues including mesenteric, perirenal, and epi-
didymal fat compared with those of the control group (p = 0.006)
(Table 2). The D-psicose-supplemented diet group also showed
lower weights of mesenteric (p = 0.008) and perirenal (p = 0.021)
fat compared with the control group, whereas epididymal fat
weight did not significantly differ between groups (Table 2).
Furthermore, adipocyte size was significantly reduced in obese
mice fed the D-psicose-supplemented diet (p < 0.001) (Fig. 1).
3.3. Effect of D-psicose on genome-wide gene expression profiles in the
adipose tissue of obese mice

To better understand the altered serum lipid profile and
decreased adipose tissue weight and adipocyte size in response
to D-psicose supplementation, we next performed genome-wide
analysis of gene expression in the adipose tissue of C57BL/6J-ob/
ob mice using the Illumina MouseRef-8 platform. We identified
64 down-regulated and 39 up-regulated genes affected by D-
psicose supplementation. The list of genes differentially expressed
in response to D-psicose supplementation is presented in Table S2.
From these genes, we further analyzed 103 differentially expressed
genes using IPA for network analysis to identify significant net-
works and functions associated with D-psicose supplementation.
The top 5 networks with the highest scores and their associated
top functions are shown in Table 3. These networks were associ-
ated with inflammatory response (Network 1), molecular transport
(Network 2), and lipid metabolism (Networks 3 and 4). The list of

D-psicose-responsive genes associated with inflammatory
response, molecular transport, and lipid metabolism is presented
in Table S3.

Network 1 was the most significant network with the highest
score and was mainly composed of down-regulated genes
associated with inflammatory response, cellular development,
and hematopoiesis (Table 3; Fig. 2a). The IPA upstream regulator
analysis predicted that altered expression of Cd44 would lead to
the inhibition of Adam8 (ADAM metallopeptidase domain 8),
Adgre1 (adhesion G protein-coupled receptor E1, also known as
Emr1), Cd36, Col3a1 (collagen, type III, alpha 1), Mmp3 (matrix

http://www.r-project.org
http://www.qiagen.com/ingenuity


Fig. 1. Effects of D-psicose supplementation on adipocyte morphology and size in C57BL/6J-ob/ob mice. Representative histological sections of white adipose tissue (a) and
relative adipocyte size in histological sections (b) were evaluated. Adipose tissue sections obtained at the end of 12 weeks were stained with hematoxylin and eosin
(magnification � 400). Each bar represents the mean ± SEM (n = 4 per dietary group). *p < 0.001 compared with the control diet.

Table 3
Top networks of genes differentially expressed in the adipose tissue of C57BL/6J-ob/ob mice in response to D-psicose supplementation.

No Top functions Scorea Focus
Genesb

Genes in network

1 Inflammatory Response, Cellular Development,
Hematopoiesis

39 22 Adam8⁄, Adam12, Adgre1, Akt, Alpha catenin, Atf3, Bcr (complex), Blnk, Cd3e, Cd9, Cd36,
Cd44, Col3a1, Erk, ERK1/2, Fos, IgM, Il12 (family), Il7r, Immunoglobulin, Jnk, Lat2, Lum, Lyz,
Ms4a6a⁄, Nfkb (complex), p38 MAPK, PI3K (complex), Pik3r1, Rab7b, Rgs1, Satb1, Tlr8,
Tlr13, Tpt1

2 Molecular Transport, Cellular Development,
Cellular Growth and Proliferation

25 16 Abcd2, Aldh1a1, Aqp3, Aqp8, Ar, Asap1, Cma1⁄, Cpa3⁄, Cux2, Dpp4, Ebf1, Ehd3, Fos, Gsr,
Gsta4, Gstm1, Hipk3, Hoxb4, Hsd17b10, Lgals4, Map1b, Mapk8, Mmp3⁄, Nat6, Ndst2, Nsdhl,
Ntf4, Por, Ppara, Ripk4, Slc2a3, Stat5b, Tnf, Xpa, Yy1

3 Lipid Metabolism, Small Molecule Biochemistry,
Molecular Transport

21 14 Acadvl, Acox1, Adam8⁄, Anxa8, Ces1, Col18a1, Dpp4, Ehhadh, Emp3, Esr2, Fabp3, Ffar4, G6pd,
Gsta3, H2afy, Htt, Lep, Prodh, Mki67, Ncoa6, Pawr, Ppp1r3c, Pxmp2, Qpct, Slc5a7, Sptlc2,
Srsf2, Thrsp, Timp1, Timp2, Timp3, Tp53, Tpm2, Trib3, Trpv1

4 Lipid Metabolism, Molecular Transport, Small
Molecule Biochemistry

19 13 ADRB, Apoc2, Ca3, Cd68, Cd163, Ctnnb1, Ctsk, Cycs, F2r, Gnas, Gpr137b, HK2, H2-DMb,
Hmgn3, Il13, Lilrb4⁄, Lipa, Lrp6,Mal,Mc4r,Me1,Mup1 (includes others)⁄,Myh6, Nr1h, Oma1,
Ppargc1a, Proinsulin, Ptges, Pvalb, Rbp4, Rhox5, Slc13a1, Timp4, Tlr4, Trem2

5 Hematological System Development and
Function, Tissue Morphology, Cellular
Development

15 11 Anpep, Atf4, Btla, Cd84, Cd244, CD8a, Chst8, Def6, Erap1, Fcgr1a, Fgf21, Gpnmb⁄, Gm10499,
HPX, Ifng, IgG, IgG1, Igll1, Il1r, Il17a, Il23a, Il2rg, Il36g, Itch, Lcp1, Nfat5, Nfil3, Plcd1, Plp1,
Slc6a6, Stc2, Tapbp, Tcirg1, Tnfsf13b, Traf3ip2

An asterisk (⁄) indicates that a given gene is represented in the microarray set with multiple identifiers.
a The score indicates the likelihood of the Focus Genes in a network being found together owing to random chance.
b The Focus Genes (bold) indicate the uploaded genes of interest for which information is available in the Ingenuity Knowledge Base.
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metallopeptidase 3), and Tlr8 (toll-like receptor 8) in response to D-
psicose supplementation in the adipose tissue of obese mice
(p = 5.69E�05) (Fig. 2b). Network 2 was associated with molecular
transport, cellular development, and cellular growth and prolifera-
tion, whereas genes in Networks 3 and 4 were associated with lipid
metabolism, small molecule biochemistry, and molecular transport
(Table 3). We also validated the microarray-based expression
results of selected top network genes associated with inflamma-
tion and lipid metabolism by real-time qPCR. The mRNA expres-
sion of all of the selected genes was consistent with the
microarray results; in particular, according to the array analysis,
in the D-psicose-supplemented diet group, there was a decrease
in the mRNA expression of down-regulated genes including
Adam12 (ADAM metallopeptidase domain 12, FC �1.58), Adgre1
(FC �1.54), Cd36 (FC �1.73), Cd44 (FC �1.56), Fos (FBJ murine
osteosarcoma viral oncogene homolog, FC �1.68), Il7r (interleukin
7 receptor, FC �1.64), Tlr8 (FC �1.51), Mmp3 (FC �1.84), Cd68 (FC
�1.58), and Fgf21 (fibroblast growth factor 21, FC �1.55), whereas
there was an increase in the mRNA expression of up-regulated
genes including Abcd2 (ATP-binding cassette, sub-family D (ALD),



Fig. 2. Network analysis of genes differentially expressed in the adipose tissue in response to D-psicose supplementation in C57BL/6J-ob/ob mice. The most significant
network was associated with inflammatory response, cellular development, and hematopoiesis (a). Upstream regulator analysis predicted that the change in CD44 expression
would lead to the inhibition of several genes including Adgre1, Cd36, Mmp3, and Tlr8 in response to D-psicose supplementation (b). Genes are represented as nodes with
different shapes. The solid and dotted arrows indicate direct and indirect interactions, respectively. Genes in uncolored notes were not identified as differentially expressed in
this study. An asterisk indicates that a given gene is represented in the microarray set with multiple identifiers.
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member 2, FC 1.62) and Ffar4 (free fatty acid receptor 4, FC 1.54)
(Table 4).
3.4. Effects of D-psicose on expression of genes involved in
inflammation and lipid metabolism and macrophage infiltration in
adipose tissue of obese mice

To further investigate the molecular mechanism underlying the
effects of D-psicose in adipose tissue metabolism, we determined
the mRNA expression of genes relevant to inflammation and lipid
metabolism, which were the top networks influenced by
D-psicose supplementation, in the adipose tissue of obese mice
by real-time qPCR. Adipose tissue expression of tumor necrosis
factor-alpha (TNF-a) and interleukin-6 (IL-6), representative
cytokines in obesity-related inflammation (Fried, Bunkin, &
Greenberg, 1998; Hotamisligil et al., 1993), were reduced in obese
mice fed the D-psicose-supplemented diet compared with those in
the control group (TNF-a, p = 0.007; IL-6, p = 0.032) (Table 5).
D-Psicose supplementation also decreased the expression of mono-
cyte chemoattractant protein-1 (MCP-1), an important chemokine
for macrophage infiltration into adipose tissue (Kamei et al., 2006)
(p = 0.019) (Table 5). In addition, immunofluorescence analysis
demonstrated that expression of F4/80, a macrophage marker
encoded by Emr1, was significantly reduced in the D-psicose diet
group compared with the control diet group (Fig. 3). These results
were in parallel with the down-regulated inflammatory response
observed in the network analysis (Table 3; Fig. 2).

The mRNA expression levels of PPAR-a, PPAR-c, C/EBP-a, sterol
regulatory element-binding protein-1c (SREBP-1c), adipocyte pro-
tein 2 (aP2), and lipoprotein lipase (LPL), which are associated with
adipogenesis (adipocyte differentiation), were significantly
reduced in the D-psicose-supplemented diet group (PPAR-a,
p = 0.019; PPAR-c, p = 0.035; C/EBP-a, p = 0.029; SREBP-1c,
p = 0.033; aP2, p = 0.029; LPL, p = 0.004) (Table 5). Expression of
lipogenic gene fatty acid synthase (FAS), which is regulated by
SREBP-1c, was also significantly decreased in response to
D-psicose supplementation (p = 0.031) (Table 5), whereas expres-
sion of hormone-sensitive lipase (HSL) and carnitine
palmitoyltransferase-1 (CPT-1), which are involved in lipolysis
and b–oxidation, respectively, was significantly increased in the
D-psicose group compared with the control group (HSL, p = 0.027;
CPT-1, p = 0.030) (Table 5). These results indicated that the
D-psicose-supplemented diet was associated with decreased
adipo/lipogenesis and increased b–oxidation.
4. Discussion

In the present study, D-psicose supplementation decreased final
body weight, adipose tissue weight, and adipocyte size, even
though food intake did not differ between the groups. These results
suggest that D-psicose contributes to reduction of body weight and
fat accumulation as reported in previous studies (Chung, Lee, et al.,
2012; Hayashi et al., 2014; Iida et al., 2013; Matsuo et al., 2001a,
2001b; Ochiai et al., 2013). In addition, we demonstrated that
D-psicose supplementation improved the serum lipid profile by
reducing the concentrations of total cholesterol and LDL-
cholesterol and by increasing the HDL/LDL-cholesterol ratio, and
it decreased the expression of the macrophage marker F4/80. These
findings are consistent with previous evidence that adipocyte size
is an important predictor for abnormal intermediate conditions



Table 4
mRNA expression of selected top network genes in the adipose tissue of C57BL/6J-ob/ob mice.

Network No Gene Description Microarray
Fold change
(D-Psicose vs. Control)

Real-time qPCR
Relative fold changea

Control D-Psicose

1 Adam12 ADAM metallopeptidase domain 12 �1.58 1.00 ± 0.03 0.67 ± 0.07***

Adgre1 Adhesion G protein-coupled receptor E1 �1.54 1.28 ± 0.33 0.53 ± 0.08*

Cd36 CD36 molecule �1.73 1.01 ± 0.05 0.87 ± 0.03*

Cd44 CD44 molecule �1.56 0.97 ± 0.05 0.76 ± 0.05**

Fos FBJ murine osteosarcoma viral oncogene homolog �1.68 0.99 ± 0.07 0.65 ± 0.06**

Il7r Interleukin 7 receptor �1.64 1.21 ± 0.31 0.36 ± 0.05*

Tlr8 Toll-like receptor 8 �1.51 1.12 ± 0.22 0.40 ± 0.05*

2 Abcd2 ATP-binding cassette, sub-family D, member 2 1.62 1.03 ± 0.11 1.43 ± 0.11*

Mmp3 Matrix metallopeptidase 3 �1.84 1.03 ± 0.10 0.59 ± 0.06***

3 Ffar4 Free fatty acid receptor 4 1.54 0.92 ± 0.05 1.49 ± 0.18*

4 Cd68 CD68 molecule �1.58 1.02 ± 0.08 0.76 ± 0.03**

5 Fgf21 Fibroblast growth factor 21 �1.55 1.08 ± 0.17 0.45 ± 0.06**

Data are expressed as the mean ± SEM (n = 8 for the control diet group; n = 13 for the D-psicose diet group).
a Results were normalized to b–actin mRNA expression.
* p < 0.05 statistically significant compared with the control diet.

** p < 0.01 statistically significant compared with the control diet.
*** p < 0.001 statistically significant compared with the control diet.

Table 5
Effects of D-psicose supplementation on adipose tissue mRNA expression of genes
associated with inflammation and lipid metabolism in C57BL/6J-ob/ob mice.

Pathway Gene Relative fold changea

Control D-Psicose

Inflammation TNF-a 1.04 ± 0.12 0.56 ± 0.04**

IL-6 1.15 ± 0.24 0.59 ± 0.11*

MCP-1 1.05 ± 0.13 0.72 ± 0.06*

Adipogenesis PPAR-a 1.11 ± 0.09 0.81 ± 0.05*

PPAR-c 1.03 ± 0.08 0.78 ± 0.07*

C/EBP-a 0.85 ± 0.13 0.44 ± 0.11*

SREBP-1c 1.07 ± 0.16 0.69 ± 0.08*

aP2 1.06 ± 0.14 0.64 ± 0.08*

LPL 1.21 ± 0.27 0.52 ± 0.05**

Lipogenesis FAS 1.07 ± 0.14 0.77 ± 0.12*

Lipolysis HSL 1.00 ± 0.07 1.36 ± 0.11*

b–Oxidation CPT-1 0.81 ± 0.05 0.97 ± 0.03*

Data are expressed as the mean ± SEM (n = 8 for the control diet group; n = 13 for
the D-psicose diet group).

a Results were normalized to b–actin mRNA expression.
* p < 0.05 statistically significant compared with the control diet.

** p < 0.01 statistically significant compared with the control diet.

270 S.-E. Kim et al. / Journal of Functional Foods 28 (2017) 265–274
including dyslipidemia, which might result from macrophage
accumulation in proportion to adipocyte size (Arner et al., 2010;
Veilleux, Caron-Jobin, Noel, Laberge, & Tchernof, 2011; Weisberg
et al., 2003).

Our results demonstrated that D-psicose likely exerted its anti-
adipogenic activity in C57BL/6J-ob/ob mice by suppressing the
expression of genes associated with inflammation and adipo/lipo-
genesis and increasing b-oxidation-related gene expression. Obe-
sity leads to changes in adipose tissue metabolism and endocrine
function, resulting in the increased production of pro-
inflammatory molecules associated with the development of
obesity-related metabolic complications (Weisberg et al., 2003).
In the current study, D-psicose supplementation decreased the
mRNA expression of pro-inflammatory genes including TNF-a,
IL-6, and MCP-1, which agrees with the reduced expression of
F4/80. Adipose tissue expression levels of TNF-a and IL-6 have
been found to be associated with insulin resistance followed by
development of diabetes (Fried et al., 1998; Hotamisligil et al.,
1993; Xu et al., 2003). MCP-1 overexpression in the adipose tissue
of obese mice also leads to macrophage recruitment and insulin
resistance (Kamei et al., 2006; Sartipy & Loskutoff, 2003). There-
fore, the results from this study suggest that D-psicose reduces
the expression of adipose tissue-derived pro-inflammatory pro-
teins, possibly improving insulin sensitivity and metabolic
homeostasis.

To identify systematic molecular mechanisms involved in the
anti-adipogenic activity of D-psicose, we performed a genome-
wide functional analysis of the adipose tissue of C57BL/6J-ob/ob
mice in response to different diets. Our transcriptional profiling
of adipose tissue followed by network function analysis revealed
that D-psicose-responsive genes were associated with inflamma-
tory response, molecular transport, and lipid metabolism. Network
1, the most significant network in response to D-psicose supple-
mentation, consisted primarily of down-regulated genes including
Adam12, Adgre1, Cd36, Cd44, Fos, Il7r, and Tlr8 that were associated
with inflammatory response. Adam12 (ADAM metallopeptidase
domain 12), which encodes disintegrin, is involved in the develop-
ment of adipose tissue. Decreased expression of Adam12 is associ-
ated with resistance to weight gain, primarily owing to an
impaired ability to increase adipocyte numbers, indicating defects
in adipocyte differentiation (Masaki, Kurisaki, Shirakawa, &
Sehara-Fujisawa, 2005). Adgre1 (adhesion G protein-coupled
receptor E1) encodes EMR1 (EGF-like module-containing mucin-
like hormone receptor-like 1, also known as F4/80) and is a marker
for mature macrophages. Its expression is positively correlated
with adipocyte size and body mass (Weisberg et al., 2003), as
observed in this study. CD36 promotes the uptake of long-chain
fatty acids and contributes to inflammatory responses by enhanc-
ing macrophage infiltration into adipose tissue and pro-
inflammatory cytokine production (Kuda et al., 2011). Cd36 knock-
out mice show impaired fatty acid uptake by adipose tissue,
improved insulin sensitivity, and reduced inflammation in adipose
tissue (Coburn et al., 2000; Kennedy et al., 2011). In addition, Cd44
encodes an immune cell receptor that regulates inflammatory
responses including the expression of pro-inflammatory cytokines
(McKee et al., 1996). CD44 participates in the development of adi-
pose tissue inflammation and insulin resistance in both rodents
and humans, and CD44 deficiency improves these symptoms
(Kodama et al., 2012). A recent study reported that CD44 expres-
sion was positively correlated with the expression of CD68 and
IL-6 in human adipose tissue (Liu et al., 2015), similar to the pre-
sent findings. FOS (FBJ murine osteosarcoma viral oncogene homo-
log) is an important transcription factor for adipocyte
differentiation, and reduced FOS expression inhibits adipocyte
development (Knebel et al., 2013; Xiao et al., 2011). IL7R (inter-
leukin 7 receptor) plays a critical role in T cell lymphopoiesis and



Fig. 3. Effects of D-psicose supplementation on adipose tissue macrophages in C57BL/6J-ob/ob mice. Representative F4/80 staining of white adipose tissue (a) and F4/80-
positive cell numbers (b) were evaluated (magnification � 200). Each bar represents the mean ± SEM (n = 3 for the control diet group; n = 4 for the D-psicose diet group).
*p < 0.05 compared with the control diet.
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homeostasis (Fry & Mackall, 2005). Notably, IL7R is up-regulated in
the adipose tissue of obese men (Maury et al., 2007), whereas Il7r
knockout mice show reduced body weight gain and visceral adi-
posity, decreased expression of genes associated with adipogene-
sis, and reduced pro-inflammatory cytokine production and
macrophage infiltration (Lee, Song, Choi, Yu, & Park, 2015). It has
been reported that toll-like receptors (TLRs) including TLR8 and
pro-inflammatory signaling molecules are increased in the adipose
tissue of mice with obesity induced by diet or leptin deficiency
(Kim, Choi, Choi, & Park, 2012). The down-regulation of these genes
involved in Network 1 agrees with the reduced final body weight,
adipose tissue weight, and adipocyte size in obese mice fed the
D-psicose diet observed in the present study.

In comparison, genes in Network 2 including Abcd2 and Mmp3
were associated with molecular transport, cellular development,
and cellular growth and proliferation. ABCD2 (ATP-binding cas-
sette, sub-family D, member 2) is a peroxisomal ABC transporter
that facilitates the transport of very long-chain fatty acyl-CoA into
peroxisomes for b–oxidation and is highly abundant in the adipose
tissue of mice (Liu et al., 2010; Morita & Imanaka, 2012). A recent
study demonstrated that ABCD2 is located in a subclass of peroxi-
somes associated with mitochondria and the endoplasmic reticu-
lum in mouse adipose tissue (X. Liu, Liu, Lester, Pijut, & Graf,
2015). Abcd2 knockout mice fed eruic acid (22:1 x9) show rapid
expansion of adipose tissue, increased adipocyte size, and insulin
resistance (J. Liu et al., 2012). Thus, the up-regulation of Abcd2 in
response to D-psicose supplementation might be associated with
positive regulation of b-oxidation. In addition, matrix metallopep-
tidases (MMPs) are known to play a role in adipose tissue remod-
eling and inflammatory responses in obesity (Chavey et al., 2003;
Maquoi, Munaut, Colige, Collen, & Lijnen, 2002). An MMP inhibitor
reduced adipogenesis in vitro, indicating that MMPs affect adipo-
cyte differentiation (Chavey et al., 2003; Maquoi et al., 2002).
Specifically,Mmp3 has been reported to be up-regulated in the adi-
pose tissue of obese mice (Chavey et al., 2003; Maquoi et al., 2002).
It has been shown that FOS induces transcription of MMP3, which
in turn activates MMP1, an interstitial collagenase (Vincenti,
White, Schroen, Benbow, & Brinckerhoff, 1996). Recently,
macrophage-secreted cytokines such as TNF-a and IL-1b have also
been found to stimulate the expression of MMP1 and MMP3 in adi-
pocytes, resulting in enhancement of adipose tissue remodeling
(Gao & Bing, 2011; O’Hara, Lim, Mazzatti, & Trayhurn, 2009). Con-
sistent with these findings, we identified decreased mRNA expres-
sion of Fos (Table 4), Mmp3 (Table 4), Mmp1 (Fig. S1), and TNF-a
(Table 5) in the D-psicose-supplemented diet group, suggesting
that D-psicose contributes to the decreased inflammation and adi-
pogenesis observed in these animals.

We also identified up-regulation of Ffar4 in Network 3 and
down-regulation of Cd68 in Network 4, both of which are involved
in lipid metabolism and molecular transport. FFAR4 (free fatty acid
receptor 4) functions as a receptor for long-chain fatty acids and
regulates anti-inflammation and insulin sensitization (Oh et al.,
2010). FFAR4 is also known to modulate body weight gain, adipo-
cyte differentiation, and obesity (Ichimura et al., 2012). In turn,
FFAR4 deficiency is associated with increases in body weight,
obesity-related inflammation, adipogenesis, and fat accumulation
(Ichimura et al., 2012; Li et al., 2015; Oh et al., 2010), whereas a
FFAR4 agonist improves insulin resistance and chronic inflamma-
tion in obese mice by inhibiting the expression of proinflammatory
cytokines such as TNF-a, IL-6, and MCP-1 (Oh da et al., 2014). Thus,
the up-regulation of Ffar4 might account for the deceased final
body weight, adipogenesis, and inflammation in response to D-
psicose supplementation observed in this study. Expression of
CD68, a monocyte/macrophage marker, is positively correlated
with adipocyte size, body mass, and fat accumulation (Michaud
et al., 2014; Weisberg et al., 2003), which is also in line with our
results. In addition, Fgf21 (fibroblast growth factor 21) in Network
5 was down-regulated in the D-psicose-supplemented diet group.
FGF21 functions as a hormone to regulate glucose and lipid meta-
bolism. It has been recently reported that Fgf21 knockout mice
show reduced PPAR-c activity and PPAR-c-dependent gene expres-
sion in adipose tissue, resulting in a decrease in adipose tissue
mass and adipocyte size (Dutchak et al., 2012), which is consistent
with our observations. Overall, the primary involvement of the
D-psicose-mediated gene expression profile in inflammation
response and lipid metabolism supports our findings that



Fig. 4. Schematic diagram of the effect of D-psicose supplementation on adipose tissue metabolism. D-Psicose exerts anti-adipogenic activity in C57BL/6J-ob/ob mice by
suppressing the expression of genes associated with inflammation and adipo/lipogenesis and increasing b-oxidation-related gene expression. Open circles represent genes
detected by microarray analysis and confirmed by real-time qPCR. Open squares indicate genes determined by real-time qPCR.
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D-psicose decreases body weight gain, adipocyte size, and adipoge-
nesis and alleviates inflammation.

Given that obesity-associated chronic low-grade inflammation
is associated with lipid accumulation (Liu, Mei, Yang, & Li, 2014),
we further determined the expression of genes associated with
lipid metabolism in our models. In particular, we identified
decreased expression of adipo/lipogenesis-related genes encoding
PPAR-a, PPAR-c, C/EBP-a, SREBP-1c, aP2, LPL, and FAS in the adi-
pose tissue of obese mice fed the D-psicose diet, whereas expres-
sion of b-oxidation-related genes including HSL and CPT-1 was
increased. PPAR-a activation in adipose tissue stimulates adipo-
cyte differentiation as well as b-oxidation, suggesting that both
PPAR-a and PPAR-c are involved in adipogenesis (Goto et al.,
2011). It has been also reported that PPAR-a deficiency reduces
epididymal adipose tissue mass (Islam, Knight, Frayn, Patel, &
Gibbons, 2005). PPAR-c and C/EBP-a, important transcription fac-
tors in adipogenesis, synergistically activate adipogenic gene
expression (Madsen, Siersbaek, Boergesen, Nielsen, & Mandrup,
2014). In addition, SREBP-1c is a pro-adipogenic transcription fac-
tor that is regulated by C/EBP-a and stimulates the expression of
lipogenic genes including FAS (Eberle, Hegarty, Bossard, Ferre, &
Foufelle, 2004; Payne et al., 2010). aP2, also known as fatty acid
binding protein 4 (FABP4), is abundant in adipose tissue and
macrophages, and decreased levels of aP2 are associated with
metabolic improvement (Erbay et al., 2009; Maeda et al., 2005).
Similar to CD36, LPL is involved in fatty acid uptake and storage
in adipose tissue (Goldberg, Eckel, & Abumrad, 2009). Accordingly,
LPL deficiency results in reduced weight and fat mass in obese mice
(Weinstock et al., 1997). Furthermore, HSL and CPT-1 are responsi-
ble for the hydrolysis of tri- and di-glycerides andmitochondrial b–
oxidation, whereas adipose dysfunction leads to reduced lipolysis
and increased fat mass. Together, these results highlight that the
down-regulation of Fos, Mmp3, and Fgf21 and up-regulation of
Abcd2 as identified by transcriptomic analysis have the potential
to influence the expression of genes involved in adipo/lipogenesis
and b-oxidation, which in turn are considered to likely be
responsible for the anti-adipogenic activity of D-psicose (Fig. 4).
Recent studies have also suggested that D-psicose supplementa-
tion contributes to normalization of body weight and fat-pad mass
in high-fat diet-fed obese mice by regulating lipid metabolism
(Han et al., 2016). Expression of hepatic genes related to lipogene-
sis and b–oxidation is down-regulated, whereas that of white adi-
pose tissue genes associated with b–oxidation is increased (Han
et al., 2016), which is in agreement with our results. The same
study also suggested that D-psicose inhibits intestinal lipid absorp-
tion, which might account for the increases in fecal lipid excretion
and improvement in plasma lipid profile. In another study using
Wistar rats fed an isocaloric high-sucrose diet, D-psicose decreases
the activity of lipogenic enzymes including FAS and glucose-6-
phosphate dehydrogenase in the liver and adipose tissue, thereby
suppressing fat accumulation and body weight gain (Ochiai,
Onishi, Yamada, Iida, & Matsuo, 2014). Levels of liver lipogenic
enzymes are also found to be decreased in response to D-psicose
supplementation in Sprague-Dawley rats (Nagata et al., 2015). In
the present study, hepatic expression of genes involved in adipo/
lipogenesis did not differ between dietary groups in C57BL/6J-ob/
ob mice (data not shown), which might be associated with the lack
of significant difference in serum triacylglycerol and non-esterified
fatty acids concentrations. This is the first study, to our knowledge,
to elucidate the molecular mechanisms underlying the anti-obesity
and anti-adipogenic activities of D-psicose in ob/obmice using tran-
scriptomic techniques.

5. Conclusions

In conclusion, we provide evidence that D-psicose supplementa-
tion ameliorated body weight gain and improved adipose tissue
weight, adipocyte size, and serum lipid profile in C57BL/6J-ob/ob
mice. The beneficial metabolic effects appear to be associated with
the reduced inflammation and alterations in lipid metabolism
observed in adipose tissue in response to D-psicose supplementa-
tion. Therefore, our data suggest that D-psicose represents a
promising sugar substitute possessing a direct gene-regulatory
function related to the suppression of body fat deposition.
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