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Popular scientific summary

e D-allulose promotes deacetylation of PGCla in adipocyte via the AMPK-SIRT]1 axis

e Study provides evidence that D-allulose supplements effectively reduced high fat diet-induced
adiposity by regulating metabolism in WAT.

Abstract

Background: Adiposity is a major health-risk factor, and D-allulose has beneficial effects on adiposity-related
metabolic disturbances. However, the modes of action underlying anti-hyperglycemic and hypolipidemic ac-
tivity are partly understood.

Objective: This study investigated the in vivo and in vitro effects of D-allulose involved in adipogenesis and
activation of the AMPK/SIRT1/PGC-1a pathway in high-fat diet (HFD)-fed rats.

Design: In this study, 8-week-old male SD (Sprague Dawley) rats were divided into five groups (n = 8/group),
(1) Control (chow diet, 3.5%); (2) 60% HFD; (3) 60% HFD supplemented with allulose powder (AP) at 0.4 g/
kg; (4) 60% HFD supplemented with allulose liquid (AL) at 0.4 g/kg; (5) 60% HFD supplemented with glucose
(AL) at 0.4 g/kg. All the group received the product through oral gavage for 6 weeks. Control and HFD groups
were gavaged with double-distilled water.

Results: Rats receiving AP and AL showed reduced body weight gain and fat accumulation in HFD-fed rats.
Also, supplementation of AL/AP regulated the cytokine secretion and recovered biochemical parameters
to alleviate metabolic dysfunction and hepatic injury. Additionally, AL/AP administration improved adipo-
cyte differentiation via regulation of the PPARy and C/EBPa signaling pathway and adipogenesis-related
genes owing to the combined effect of the AMPK/SIRT1 pathway. Furthermore, AL/AP treatment mediated
PGC-1a expression triggering mitochondrial genesis via activating the AMPK phosphorylation and SIRT1
deacetylation activity in adipose tissue.

Conclusion: The anti-adiposity activity of D-allulose is observed on a marked alleviation in adipogenesis and
AMPK/SIRT1/PGC-1a deacetylation in the adipose tissue of HFD-fed rat.
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diposity is advancing at an extreme velocity (1),
Ainitiated by an excess energy uptake and a deficit

of energy expenditure, and involved in develop-
ing metabolic syndrome (2). Multiple defects in glucose
and energy metabolism, high blood pressure, dyslipid-
emia, intra-abdominal accumulation, and the pro-inflam-
matory state define the metabolic syndrome (3). Adiposity
and its associated metabolic disorders are linked to high
morbidity and mortality throughout the world. Still, the
cellular and molecular mechanisms that lead to the devel-
opment of adiposity remain elusive.

Adipocytes possess the feature that affects metabolic
homeostasis, and it is a viable therapeutic target for adi-
posity and diabetes (4). Abnormal lipid droplet accumu-
lation in adipocytes is one of the factors responsible for
metabolic dysfunction. Disruptions in energy homeostasis
result in impaired adipocyte differentiation, leading to hy-
perplasia (increased number) and hypertrophy (increased
size) of adipocytes (5). D-allulose, also known as D-psi-
cose, is a C-3 epimer of D-fructose and contains a keto
group. It is generally present in the commercial mixture of
D-glucose, fructose, steam-treated coffee, and processed
fruits. However, its availability is limited and contents in
food products depend on temperature and heating time
during manufacturing processes (6, 7). D-allulose is natu-
rally available in a few plants and bacteria. Commercially
available D-allulose is mainly produced either from corn
or beetroot (8-11). Previous reports demonstrate that
sucrose and allulose do not influence blood oxygen lev-
els and dependent signaling or network connectivity (9).
Furthermore, D-allulose alleviates metabolic disturbance
and cognitive decline in prediabetic rats, inhibits intesti-
nal a-glucosidase in rats, and induces changes in the mi-
crobial community in mice (10, 11). Moreover, D-allulose
has anti-cancer and anti-tumor effects. Thus, it is unique
compared to other sugars like fructose, erythritol, glu-
cose, and sucrose (7, 12). Previous studies have indicated
that only 70% of D-allulose is absorbed in small intes-
tine and the rest is excreted through feces. The absorbed
allulose excreted via urine, suggesting that D-allulose is
unlikely to be stored in the body (13). D-allulose does
not contribute to hepatic energy production as it is me-
tabolized in the liver. Strikingly, sugar syrup containing
D-allulose is reported to improve glucose tolerance and
insulin sensitivity via hepatic glucokinase translocation
relative to other sweet additives (14). Consequently, D-al-
lulose as a zero-calorie sweetener potentially substitutes
other natural sugars such as sucrose to reduce the absorp-
tion of sugar and weight gain, and also to improve insulin
sensitivity and glucose metabolism in obese and diabetic
patients (14).

Moreover, the mechanism underlying the anti-hypergly-
cemic and hypolipidemic activity of D-allulose is partly
understood. In one of the in vivo studies, D-Allulose was
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quickly metabolized and excreted after the ingestion,
demonstrating its influence on lipid metabolism in rats (15).
AMP-activated protein kinase (AMPK) is a conservative
metabolic sensor of an energy indicator during evolution-
ary progress in eukaryotes (16). It plays an essential role in
maintaining energy homeostasis, triggering catabolic path-
ways that produce ATP (Adenosine triphosphate) while
shutting down anabolic pathways that consume ATP upon
activation of AMPK (17). Therefore, D-allulose admin-
istration contributes to the calorie deficiency and further
alters the AMP/ATP ratio in the intracellular triglyceride
contents that turn on the activation switch of AMPK ac-
tion by phosphorylation (16). The NAD*-dependent type
IIT deacetylase SIRT1 deacetylates PGC-1a, activated by
AMPK-mediated increase in NAD*. The AMPK-induced
SIRT1-mediated deacetylation of its targets explains sev-
eral converging biological effects of AMPK and SIRT1
on energy metabolism (16). Interestingly, massive findings
explain that SIRTI-mediated deacetylation of PGC-la
occurs during the energy demand period, such as fasting
and physical activity (18). It has been identified that adi-
posity has an intimate relationship with the altered number
or size of mature adipocytes through adipogenesis (19).
Adipogenesis regulates cell differentiation that causes the
conversion of preadipocytes or mesenchymal stem cells
into mature adipocytes. This conversion is controlled by
the sequential activation of many transcription factors
(20, 21). Adipogenesis requires upregulation of vari-
ous transcription factors, including the C/EBP (CCAAT
(Cytidine-Cytidine-Adenosine-Adenosine)/enhancer-bind-
ing protein) family members and PPARY (peroxisome pro-
liferator-activated receptor y) (22). C/EBPB and C/EBPS
activation is induced at the early stage of differentiation,
which then further activates the expression of PPARy and
C/EBPa that are recognized as vital adipogenic regulators
and are considered as the central positive modulators of
adipogenesis (20, 23). They together/collectively affect the
induction of adipogenesis-related factors expression that
continuously and interactively accomplishes adipocyte dif-
ferentiation and accumulation of lipid droplets (24).
Therefore, PPARy and C/EBPa interactively adjust
each other and control the entire adipogenesis process
(20). Moreover, the late differentiation stage involves
the addition of lipogenesis and a diversity alteration of
lipogenic genes, such as ACC (acetyl CoA carboxylase),
FAS (fatty acid synthase), and aP2 (adipocyte-binding
protein 2) (25). Previous studies demonstrated PPARY as
a crucial transcription regulator implicated in the gener-
ation of adipocyte differentiation (20, 26). As known, it
is essential for the formation of adipocytes: a deficit of
PPARY in preadipocytes fails to differentiate into mature
adipocytes. Nevertheless, other adipogenic factors are
overexpressed. Additionally, other adipogenesis-related
transcriptional regulators like SREBP1c (sterol regulatory
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element-binding protein-1c) and CREB (cyclic AMP
response binding element) are necessary for converting
preadipocytes into mature adipocytes during the differen-
tiation. This conversion accelerates fatty acid metabolism
by inducing the expression of PPARYy (23). Hence, PPARY
and C/EBPa are broadly considered for drug develop-
ment to prevent adiposity.

Together, it can be assumed that activation of catabol-
ic-related genes and regulation of transcription factors
that downregulate or repress genes implicated in lipogenic
anabolism pathways are the potential strategies to prevent
adiposity. In the present study, we examined the in vivo
and in vitro effects of D-allulose involved in adipogene-
sis and activation of the AMPK/SIRT1/PGC-la axis in
high-fat diet (HFD)-fed rats.

Materials and methods

D-allulose products

D-allulose powder (AP, purity, >98%) and syrup (AL, pu-
rity, >95%) were purchased from Samyang Corporation,
Republic of Korea. These D-allulose products were pre-
pared from Microbacterium foliorum (non-GMO).

Culture and differentiation of 3T3-L| preadipocytes

3T3-L1 preadipocytes were purchased from the American
Type Culture Collection (ATCC). Preadipocyte cell dif-
ferentiation was performed using the adipogenesis assay
kit according to the manufacturer’s instructions (Cay-
man Chemical, USA, Item No. 10006908). Preadipocytes
were maintained and cultured in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% fetal
bovine serum (FBS) and 100 units/mL penicillin/strepto-
mycin. The cells were cultured at 37°C in the incubator
until they reached 100% confluency (0 day). Then, me-
dium was replaced with a fresh induction medium (10%
FBS, 1% penicillin/streptomycin, 5 pg/mL insulin, 1 pM
dexamethasone, 0.5 mM 3-isobutyl-1-methylxanthine)
in the treatment group or fresh medium alone (control
group) for 3 days. Three days after induction, the me-
dium was substituted by a differentiation medium (DM)
with 5 pg/mL insulin to promote differentiation in adi-
pocytes every day until the cells were fully differentiated
for harvesting. The D-allulose treatment groups treated
at concentrations of 10, 20, and 40 mM, respectively,
were treated with either phosphate-buffered saline (PBS)
or D-allulose for 8 days during adipogenesis. To clarify
the anti-adipogenesis effect of D-allulose, D-allulose was
added in the DM. Intracellular triglyceride (TG) contents
were determined using a TG quantification kit according
to the manufacturer’s instructions (Asan Pharmaceuti-
cal, Seoul, South Korea). Absorbance was measured by
an enzyme-linked immunosorbent assay (ELISA) reader
at 510 nm.
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Oil Red O staining

Intracellular lipid accumulation was measured using Oil
Red O (ORO) staining. The mature 3T3-L1 adipocytes
were washed with PBS and fixed with neutral formalin
(10%, pH 7.4) for 10 min. After removing the formalin
and washing with PBS, the fat components accumulated
in the cells were sufficiently dyed with the ORO solution
prepared in advance and then washed with distilled water.
The lipid droplets in 3T3-L1 adipocytes were observed
under a microscope. The ORO dye was extracted from
stained cells using 100% isopropanol and quantified spec-
trophotometrically at 490 nm.

Animal grouping and experimental protocol

40 male SD rats (8-weeks old) were purchased from Ori-
ent Science Co. (Seongnam, Korea). All the rats were
housed under standard laboratory conditions (55 to 60%
relative humidity, 22 + 2°C, 12-h light/dark circadian
cycle) in the laboratory animal care facilities of Jeonbuk
National University Hospital. After acclimatization, rats
were randomly divided into five groups: 1) Control (chow
diet, Sp-10, 3.5% fat); 2) 60% HFD; 3) 60% HFD supple-
mented with AP at 0.4 g/kg; 4) 60% HFD supplemented
with allulose liquid (AL) at 0.4 g/kg; and 5) 60% HFD sup-
plemented with glucose (AL) at 0.4 g/kg. All the groups
received the product through oral gavage for 6 weeks. Con-
trol and HFD groups were gavaged with double-distilled
water. HFD groups were fed with a calorie-rich diet of 40%
sucrose, 19% casein, 18% lipid (lard), 1% cholesterol, and
1% AIN-93G vitamins with the identical quantity of min-
erals and fiber as the control group’s diet.

Biochemical analysis

Biochemical indicators of metabolism like alanine amino-
transferases (ALT), triglycerides (TG), aspartate amino-
transferase (AST), and total cholesterol (TC) levels of each
group were determined using commercially available kits
(Asan Pharmaceutical, Seoul, South Korea). High-den-
sity lipoprotein (HDL), low-density lipoprotein (LDL),
and cholesterol were measured using kits from BioVision,
Milpitas, CA, USA. Adiponectin and leptin were mea-
sured in serum using the Rat Adiponectin (ADP) ELISA
kit (CUSABIO, CSB-E07271r) and the LEP ELISA kit
(CUSABIO, CSB-E07433r), respectively. All the tests were
performed according to the manufacturer’s instructions.
The blood test (biochemical test) was analyzed according
to the guidelines of the in vitro assay SOP (Standard Op-
erating Procedure) of the Non-Clinical Evaluation Center
of Jeonbuk National University Hospital. The rats were
fasted overnight before the collection of tissue and serum.

Histological staining

Adipose tissues were fixed with 4% formaldehyde and em-
bedded in paraffin and sectioned at 4-um. For histological
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examination, slides were deparaffinized with xylene, and
rehydrated using an alcohol gradient before staining with
H&E (Hematoxylin and Eosin). To measure the adipocyte
size, eight rats per group were used, and the diameter of 100
cells from four sections per group was analyzed using ImageJ
software (National Institutes of Health, Bethesda, MD).

Western blotting

3T3-L1 adipocytes and adipose tissue are lysed with RIPA
lysate. Specifically, adipose tissue is homogenized on ice
using a homogenizer with three times the lysate, followed
by centrifugation at 14,000 rpm for 10 min at room tem-
perature. Protein samples were separated by 4-12% so-
dium dodecyl sulfate-polyacrylamide gel electrophoresis
and transferred to a PVDF (Polyvinylidene difluoride)
membrane. After blockade of non-specific protein binding
with 5% BSA (Bovine serum albumin) or 5% non-fat dry
milk, membranes were probed with primary antibodies
against anti-PPARy, anti-C/EBPla, anti-aP2, anti-FAS,
anti-SERBPI1c, P-AMPK, AMPK (Cell Signaling Tech-
nology, Inc., Danvers, MA, USA), and SIRT1, PGC-lo,
and B-actin (Santa Cruz Biotechnology, CA, USA). Mem-
branes were visualized using the enhanced chemilumi-
nescence (ECL) system (Bio-Rad, Hercules, CA, USA),
and band intensity was quantified using ImagelJ software
(National Institutes of Health, Bethesda, MD).

Protein acetylation measurements and sirtuin activity
Immunoprecipitation was performed to isolate PGCla
and quantify its acetylation status selectively. Protein
concentrations in samples were assessed by the Brad-
ford method using lysates. In total, 500 pg of protein was
added to 2 pg of rabbit IgG control and 20 pL of protein
agarose for preclearance, blended at 4°C for 1 h, and then
centrifuged at 12,000 g for 10 min at 4°C. The superna-
tant is collected and incubated overnight at 4°C with 10
pL of PGCla immunoprecipitating antibody with gentle
stirring. Furthermore, 20 uL of Protein A/G-Sepharose
is added and incubated in a shaking incubator at 4°C
overnight. Centrifuge the immunoprecipitated mixture
at 12,000 g for 15 min at 4°C, retrieve the supernatant,
and store at 4°C for further analysis. For immunoblot-
ting, immunoprecipitated proteins in the particles and the
remaining proteins in the supernatants were run on pre-
fabricated 4-15% sodium dodecyl sulfate-polyacrylamide
gradient gels for electrophoresis against SIRT1 (Santa
Cruz Biotechnologies, Inc., Santa Cruz, CA, USA) and
anti-acetylated lysine (Cell Signaling Technologies, Inc.,
Danvers, MA, USA). Sirtuin deacetylase activity was
measured using the fluorometric sirtuin activity assay kit
(K324, BioVision, Milpitas, CA, USA) according to the
manufacturer’s instructions. Fluorescence intensity at 505
nm (excitation 400 nm) was recorded and normalized to
micrograms of protein.
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Reverse transcription polymerase chain reaction

Total RNA from adipose tissue and 3T3-L1 cells were
isolated using Trizol solution (Invitrogen, Carlsbad, CA,
USA). The isolated total RNA was quantified, and the
first-strand cDNA was synthesized from 2 pug of RNA.
The primers used in this study are listed in Supplemen-
tary Table 1. The reaction was carried out using the ABI
7500 Real-Time PCR system (Applied Biosystems, Foster
City, CA, USA) and analyzed using ABI 7500 software.
The products amplified by real-time polymerase chain re-
action (PCR) were quantified using a comparative cycle
threshold (Ct) method, and each sample was corrected for
the amount of B-actin expression.

Statistical analysis

All experimental data were statistically analyzed with
GraphPad Prism 5.01. Data were expressed as the mean
+ SEM (standard error of mean), and differences among
groups were calculated using one-way analysis of variance
(ANOVA) followed by #-test. A P-value of <0.05 was con-
sidered statistically significant.

Results

Anti-adipogenic effects of D-allulose in 3T3-L1 cells

To investigate the anti-adipogenic effect in adipocytes sup-
plemented with AL and AP, we performed a series of con-
firmatory tests. Figure la shows a schematic diagram of
the study design 3T3-L1. To clarify the inhibitory effect of
D-allulose on the differentiation of 3T3-L1 preadipocytes
into mature adipocytes, we examined the level of differenti-
ation and lipid accumulation using ORO staining (Fig. 1b).
After treating 3T3-L1 preadipocytes with the DM, they
differentiated into adipocytes and eventually triggered
the marked accumulation of lipid droplets. As shown in
Fig. Ic, D-allulose markedly alleviates lipid accumulation
on 3T3-L1 adipocytes, displaying dose-dependent dif-
ferentiation in comparison with complete differentiation
cells. Conversely, the glucose-administered group did not
show any effective improvement on advanced adipocyte
differentiation. Triglyceride is the chief component of
the lipid droplet; thus, considering TG’s importance, TG
contents in cells were examined. Furthermore, high dose
of D-allulose administration significantly decreased intra-
cellular TG content compared to other groups (Fig. 1d).
Also, cytotoxicity of D-allulose was not observed in all
the concentrations (data not shown). Collectively, MDI
(methylisobutylxanthine, dexamethasone, insulin)-induced
preadipocyte differentiation decreased with supplementa-
tion of D-allulose in a dose-dependent manner.

D-allulose alters fat accumulation-related protein expression
AP and AL treatment markedly alleviates lipid accu-

mulation on 3T3-L1 adipocytes relative to completely
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Fig. 1. Anti-adipogenic effects of D-allulose in 3T3-L1 adipocytes. (a) Schematic diagram of the differentiation protocol for
3T3-L1 differentiation. (b, c) Effects of D-allulose on the differentiation of 3T3-L1 cells. 3T3-L1 cells were cultured in adipocyte
differentiation cocktail media with or without the treatment of D-allulose. After 7 days of culture, the cells were stained with
ORO and then photographed under the microscope (magnification 40X). Measurement of relative lipid content in different treat-
ment groups. 3T3-L1 cells were cultured in adipogenic cocktail media with or without the D-allulose treatment (Right). (d) Effect
of D-allulose on the triglyceride deposition in differentiated 3T3-L1 cells. 3T3-L1 cells were cultured in adipocyte differentiation
cocktail media with or without the treatment of D-allulose. Results are means = SEM from three separate experiments. (n = 3,
*P < 0.05 vs. Non-DM group, #P < 0.05 vs. DM group). DM, differentiated medium; Non-DM group, undifferentiated group;
DM group, differentiated group; AP, Powdery D-allulose; AL, Liquid D-allulose; Glu, glucose.

differentiated cells (Fig. 2a, b). Also, allulose supplementa-
tion significantly decreased intracellular TG content com-
pared to MDI-induced fully differentiated cells (Fig. 2c).
Previous studies show that PPARy and C/EBPa are the
main transcription factors affecting adipogenesis and are
abundantly expressed in adipose tissue (27). To elucidate
the effect of D-allulose on the expression of crucial adi-
pogenesis-related genes and the expression of PPARy,
C/EBPa, FAS, and SREBP-1c were analyzed via immuno-
blotting. Allulose supplementation markedly decreased the
PPARy and C/EBPa expression compared to completely
differentiated and glucose-treated 3T3-L1 adipocytes
(Fig. 2d). Further examination on the expression of adi-
pogenic genes, such as SREBP-1c, and FAS, we observed
that D-allulose treatment markedly reduced the expression
of SREBP-1c and FAS relative to the differentiated cells.

D-allulose promotes deacetylation of PGClain 3T3-LI adipocyte
via AMPK-SIRT | axis

Interestingly, D-allulose treatment increased protein ex-
pression related to thermogenesis, PGC-1a in adipocytes
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compared to differentiated 3T3-L1 cells (Fig. 2e). Next,
we investigated whether D-allulose activates the meta-
bolic shift-associated signal transduction ‘SIRT1-AMPK
signaling axis’. D-allulose recovered SIRTI1, PGC-la,
and P-AMPK protein expression and SIRT1 activity in
differentiated 3T3-L1 cells (Fig. 2e, f). In differentiated
3T3-L1 cells, an augment in acetyl-lysine of total protein
was normalized in the D-allulose treated group (Fig. 2g).
Also, it exhibited acetylation levels of PGC-1a and levels
of SIRT-1 related to PGC-1a after being subjected to
immunoprecipitation. SIRT-1 levels related to PGC-1a
deacetylation were reduced in differentiated 3T3-L1 cells
and recovered after being treated with D-allulose. D-al-
lulose treatment in 3T3-L1 cells enhanced AMPK phos-
phorylation, leading to the activation of its downstream
targets such as the SIRT1-PGCla axis.

Effect of D-allulose on mRNA expression of adipogenesis-related
genes

Supplementation of D-allulose during adipocyte
differentiation and the mRNA expression level of
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Fig. 2. Effect of AMPK and SIRT-1 of D-allulose on deacetylation of PGCla in 3T3-L1 adipocytes. Effects of D-allulose

on the differentiation of 3T3-L1 cells. (a) Post confluent 3T3-L1 cells were differentiated in the absence or presence of 20 mM
AL and 20 mM AP for 8 days. Lipid droplets were measured by ORO staining. (b) Lipid content was quantified by measuring
absorbance. (c) Intracellular TG in D-allulose-treated 3T3-L1 cells was measured. (d) Expression of adipogenesis factors
SREBP-1c, PPAR-y, C/EBPa, and FAS protein levels were analyzed in 3T3-L1 cells by WB analysis. (e) Effects of D-allulose
on P-AMPK, SIRT-1, and PGC-1a protein levels were analyzed in 3T3-L1 cells by WB analysis. (f) Sirtuin activity. (g) Immu-
noprecipitation of PGC-1a followed by WB for acetyl-lysine from differentiated 3T3-L1 cells. Results are means + SEM from
three separate experiments. (n = 3, ¥ P < 0.05 vs. Non-DM group, * P < 0.05 vs. DM-group, "P < 0.05 vs. DM-Glu group).
Non-DM, undifferentiated group; DM, differentiated group; AP, Powdery D-allulose; AL, Liquid D-allulose; Glu, glucose.

adipogenesis-related genes such as PPARP, PPARy,
aP2, and C/EBPa were measured by real-time PCR. As
shown in Fig. 3, PPARf, PPARY, aP2, and C/EBPa in-
creased in the differentiated adipocytes. In contrast, ad-
ipogenesis-related genes, PPARB, PPARy, aP2, and C/
EBPa were reduced in the AL and AP treated groups.

Effect of D-allulose on body weight and blood glucose level in
HFD-induced adiposity in vivo

To evaluate the anti-adiposity effect of D-allulose on
the development of adiposity in vivo, 8 weeks’ old rats
were subjected to either a normal chow diet (NCD) or an
HFD. Body weight was recorded during the experimen-
tal period (Fig. 4). At the end of 6 weeks, a significant
decrease in body weight was observed in the D-allu-
lose-treated HFD group compared to the HFD group
(Fig. 4a, d, e). However, there was no significant differ-
ence in dietary intake between the D-allulose-treated
HFD group and the HFD-induced group (Fig. 4b). Con-
sistently, the weight gain in AL- and AP-fed HFD rats
exhibited a significant reduction compared to the HFD
group. Collectively, these observations indicate the effi-
cacy of D-allulose as a dietary supplement in prevent-
ing adiposity. We further analyzed serum glucose levels.
Glucose levels in the sera of each group did not display
significant differences (Fig. 4c).
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group, #P < 0.05 vs. DM-group, P < 0.05 vs. DM-Glu group).
Non-DM, undifferentiated group; DM, differentiated group;
AP, Powdery D-allulose; AL, Liquid D-allulose; Glu, glucose.
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Fig 4. Effects of D-allulose on body weight gain, food intake, and fasting glucose level in high-fat diet-induced obese SD rats.
Rats were placed on either an NCD or 60% HFD for 8 weeks and were supplemented with 0.4 g/kg AP, 0.4 g/lkg AL, and 0.4 g/
kg Glu. (a) Bodyweight and (b) food intake were recorded once a week, (c) blood glucose and (d) body weight were assessed last
week. (¢) Bodyweight gain was assessed last week. Results are means = SEM from eight separate experiments (n = 8§, *P < 0.05
vs. NCD-group, #P < 0.05 vs. HFD-group). NCD, Normal chow diet; HFD, high-fat diet; AP, Powdery D-allulose; AL, Liquid

D-allulose; Glu, glucose.

D-allulose ameliorates biochemical parameters of blood in
HFD-fed rats

First, we examined the serum ALT and AST levels, repre-
senting the biochemical index of hepatic injury (Table 1).
The observations indicated that D-allulose treatment sig-
nificantly alleviates serum ALT and AST levels relative to
the HFD-fed rats. Additionally, HFD-fed rats showed a
significantly higher TG, TC, and LDL-c than the D-allu-
lose-treated HFD group. In contrast, D-allulose supple-
mentation significantly inhibited the increase of TG, TC,
and LDL-c relative to HFD-fed rats. Furthermore, the
serum leptin content increased significantly in the HFD-
fed group and decreased the serum adiponectin content.
However, administration of D-allulose effectively reversed
the level of adiponectin and leptin (Table 1).

Effects of D-allulose on white adipose tissue weight in HFD-
induced adiposity

White adipose tissue (WAT) is a hormonally active com-
ponent orchestrating total fat. Aberrantly, elevated WAT
deposits are referred to as visceral adiposity. Hence, ab-
dominal fat, perirenal fat, and epididymal fat weight were
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measured soon after sacrifice. As shown in Table 2, the
weight of HFD-fed rats demonstrated a significant in-
crease in fat weight than NCD-fed rats. In contrast, these
WAT masses are significantly ameliorated in AP- and Al-
fed rats compared to HFD rats. Also, we observed an ap-
parent decrease in total fat pad mass in AL- and AP-fed
rats compared to NCD rats.

D-allulose improves adiposity via regulation of adipogenic related
genes

Epididymal white adipose tissue (eWAT), a typical VAT
(Visceral adipose tissue), is used to study the relation-
ship between adipose tissue and adiposity. To demon-
strate whether the amelioration of weight gain and VAT
cumulation in AL- and AP-fed rats is implicated in ad-
ipose tissue alterations, confirmatory tests were done.
Histological H&E staining of eWAT in HFD-fed rats
revealed apparent adipocyte hypertrophy in glucose-fed
groups compared to the control group (Fig. 5a, b). Con-
tradictorily, the adipocyte size of eWAT is smaller in AL
and AP administered groups compared to adipocytes
isolated from HFD rats. This observation indicated that
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Table 1. Effects of D-allulose on the serum levels of biochemicals parameters in high-fat diet-induced SD rats

Biochemicals parameters NCD HFD HFD+AL HFD+AP HFD+Glu
ALT (IUL) 8.8l £0.38 42.24 + |.08* 26.43 +0.78* 22.79 + 0.94% 44.10 £ |.14*
AST (IU/L) 8.78 £ 0.36 45.15 £ |.43%* 32.61 +0.85% 30.27 + 1.05% 43.19 £ 2.29%
Triglyceride (mg/dL) 40.47 + 2.08 67.47 + 3.42% 49.25 + 3.17% 54.62 £ 391* 64.30 + 4.32%
Total-cholesterol (mg/dL) 8351 % 1.62 106.07 + 3.7 1* 76.34 + 246" 79.95 + 3.05% 108.53 + 3.42%
LDL-cholesterol (mg/dL) 30.74 + 1.39 44.54 + |.60* 31.00 + 0.97% 27.47 +2.06% 42.60 + 1.86"
Leptin (ng/mL) 27.29 £ 0.99 39.27 + 1.54% 32.59 £ 1.72% 31.43 £ 1.47% 36.45 + 1.73%
Adiponectin (ug/mL) 7.07 £0.27 4.10 £ 0.27* 6.19 £ 0.28* 6.42 +0.18* 4.72 £ 0.24%

Result are means + SEM (n = 8).

*P < 0.05 versus NCD-group, *P < 0.05 versus HFD-group.

Table 2. Effects of D-allulose on WAT weight distribution in high-fat diet-induced SD rats. Results are means = SEM (n = 8)

White adipose tissue NCD HFD HFD+AL HFD+AP HFD+Glu
Abdominal fat 11.56 + 0.84 23.35 £ 0.95% 17.45 + 0.67# 1841 +0.93# 23.06 £ 1.13
Epididymal fat 7.62 £ 0.65 17.90 + 0.82* 13.40 + 0.54% 13.54 + 0.79% 18.14 + .17
Perirenal fat 3.57+£0.24 6.33 £ 0.45* 543 +0.38 6.17 £0.53 6.25 + 0.48
Total fat 2275+ 1.45 47.57 £ 2.00* 36.28 £ 1.10* 38.12 £ 1.89*% 47.45 +2.63

*P < 0.05 versus NCD-group, *P < 0.05 versus HFD-group.

hypertrophy could be improved by administering the allu-
lose. Moreover, the expansion and renewal of adipocytes
are tightly regulated at the transcriptional level. During
differentiation of adipocytes and hypertrophy, PPARYy
regulates lipid accumulation (28). To determine the effect
of D-allulose on HFD-induced adipocyte differentiation
and lipid accumulation, the mRNA and protein expres-
sion levels of adipose differentiation-related transcription
factors (PPARP, PPARY, C/EBPa, SREBP-Ic, FAS, and
aP2) were measured. D-allulose supplementation signifi-
cantly inhibited the expression of differentiation-related
transcription factors compared to HFD-induced rats
(Fig. 5¢). Also, relative mRNA expression of PPARy and
C/EBPa was lowered in AL- and AP-fed HFD-induced
groups, and other adipogenesis-related genes such as FAS
and aP2 decreased in AL and AP treatment groups (Fig.
5d).

D-allulose promotes deacetylation of PGC-1o in WAT via
AMPK-SIRT | axis

In this study, the activities of important nutrient sensors
such as AMPK and SIRT1 in adipose tissue were deter-
mined. AMPK phosphorylation and SIRT1 expression
in HFD-fed rats were reduced in control. However, D-al-
lulose restored AMPK phosphorylation and SIRT1 ex-
pression (Fig. 6a). Previous reports show that PGC-1a is

(page number not for citation purpose)

activated by deacetylation and interacts with SIRT1, ini-
tiating its transcriptional activity. Moreover, Sirtl activa-
tion by AMPK takes place, which has beneficial effects on
mitochondrial biogenesis via deacetylation of PGC-la.
Hence, acetylation of PGC-1a was measured under D-al-
lulose treatment. It was observed that D-allulose sup-
plementation decreased the acetylated form of PGC-la
in HFD-fed rats. Together, SIRT-1 activity linked to
PGC-1a deacetylation was diminished in the HFD-group
compared to the NCD-fed group, whereas administration
of D-allulose successfully restored SIRT-1 activity linked
PGC-1a deacetylation (Fig. 6¢). Thus, we assumed that
the effect of D-allulose on PGC-1a activation is mediated
by SIRT1 activity.

Discussion

In this study, D-allulose reduces intracellular fat accumu-
lation in adipocytes, positively correlating with reduced
adiposity. D-allulose supplementation attenuated the ex-
pression of lipogenesis genes, suggesting the D-allulose’s
inhibitory mechanism on lipid accumulation, weight gain,
and adipose depositing. Besides, the effect of D-allulose
in WAT is correlated to the AMPK-SIRT1-PGC-1a sig-
naling pathway. Here, we demonstrated that AMPK, a
major sensor that maintains body energy homeostasis,
regulates the expression of genes involved in adipocyte
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Fig. 5. Effects of D-allulose on lipid accumulation and FAS, PPARy, C/EBPa, and SREBP1 expression in eWAT. (a) The epidid-
ymal white adipose tissue (eWAT) from representative rats in each group was fixed, embedded in paraffin, and stained with H&E.
Images are shown at the original magnification of 100X. (b) The average diameter of adipocytes in the eWAT of each group.
Total protein and RNA were prepared from eWAT, and the protein expression (c) and the mRNA levels of (d) FAS, PPARy, C/
EBPo, and SREBP-1c were analyzed by western blot and quantitative reverse transcription-PCR (qRT-PCR). Results are means
+ SEM from three separate experiments (n = 8, *P < 0.05 vs. NCD-group, #P < 0.05 vs. HFD-group). NCD, Normal chow diet;
HFD, high-fat diet; AP, Powdery D-allulose; AL, Liquid D-allulose; Glu, glucose.
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Fig 6. Effect of AMPK and SIRT-1 of D-allulose on deacetylation of PGCla in WAT. (a) Effects of D-allulose on P-AMPK
and SIRT-1 protein levels were analyzed in WAT by WB analysis. (b) Immunoprecipitation of PGC-1a followed by WB for
acetyl-lysine from WAT. (c) D-allulose inhibits SIRT1 activity. WAT; white adipose tissue. Results are means + SEM from three
separate experiments (n = 3, *P < 0.05 vs. NCD-group, *P < 0.05 vs. HFD-group). NCD, Normal chow diet; HFD, high-fat diet;
AP, Powdery D-allulose; AL, Liquid D-allulose; Glu, glucose.
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energy metabolism by acting in coordination with SIRT1,
another metabolic sensor. Our in vitro and in vivo studies
showed the improved effect of D-allulose on lipogenesis
and adipocyte differentiation through metabolic shift
controlling fat accumulation. During adipocyte differen-
tiation, advanced stage-expressed transcription factors
regulate the differentiation of adipocytes, C/EBPo and
PPARy facilitate lipogenesis-related expression involved
in energy metabolism, proliferation, and inflammation
of adipocytes (20). PPARy and C/EBPa act as crucial in-
teractive regulators that mediate organismic metabolism
diseases that comprise several aspects of pathologic dis-
eases such as obesity, cancer, and inflammation (29). The
repression of PPARy and C/EBPo owing to the adminis-
tration of D-allulose is also evident in the present study.

It is well-known that visceral adipose tissue has multiple
roles in orchestrating whole-body energy homeostasis. It po-
tentially buffers most of the excess energy by responding to
alterations in nutrient intake through adipocyte expansion
and adipogenesis (12). The AMPK-SIRT1 axis is a recently
established metabolic signal mechanism (16). The SIRT1 is
an NAD*-dependent deacetylation enzyme (30) that regu-
lates lipid metabolism through its deacetylase activity and
directly or indirectly contributing to lipid signaling (31).
D-allulose transforms the adipose tissue and reduces the ex-
pression of adipocyte lipid synthesis via the AMPK-SIRT1
axis. Besides, the activation of AMPK affects the expressions
of lipid synthesis-related genes and a few glycolytic or lipo-
genic enzymes like SREBP and FAS, acetyl-CoA carboxy-
lase (ACC), and pyruvate kinase (32, 33).

Additionally, the total fatty weight has a marked re-
duction after treatment with D-allulose. Our in vitro and
in vivo study observations proved these conceptions that
D-allulose inhibits adiposity by repressing adipogenic
factors and promotes thermogenesis in which AMPK-
SIRT1-PGC-1a is involved. This translates the deacetyl-
ation of SIRT]1 targets such as PGC-1a in response to the
pharmacological or physiological AMPK activation (34).
The expression levels of p-AMPK and SIRT1 proteins
are markedly restored on D-allulose administrated rats
compared to HFD-fed rats. Afterward, a predominant
increase of Sirtl activity and deacetylation of PGC-la
was observed in D-allulose treated groups. Similarly, in
adipocytes, D-allulose treatment activated the AMPK
pathway and its associated SIRT1-PGC-1la activation,
indicating that under AMPK, activation represses genes
controlled by the fat regulator PPAR-y, including genes
mediating fat storage. Hypertrophy of differentiated ad-
ipocytes causes dysfunction, inflammation, hyperglyce-
mia, dyslipidemia, and altered adipokine secretion (35).
At the late differentiation stage, the aP2 gene is expressed
as preadipocytes are fully differentiated into adipocytes.
The aP2 gene is overexpressed only in mature adipo-
cytes and acts like adipokine, which regulates systemic
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metabolism, but is significantly reduced with D-allulose
treatment. This proves that D-allulose treatment effec-
tively inhibits the post-differentiation process in 3T3-L1
cells. Adipocytokine is a cytokine secreted only from
adipose tissue, and leptin and adiponectin are the repre-
sentative cytokines. It is known that leptin is involved in
suppressing food intake and stimulation of thermogene-
sis, whereas adiponectin is considered to be a pleiotropic
organ-protective protein, which is produced only by ad-
ipose tissue, and is reduced with the progress of obesity
(36). Besides, AMPK regulates hormones, such as leptin
and adiponectin, which are associated with appetite and
metabolism (37). This study established that D-allulose
effectively lowers the level of leptin in the serum and in-
creases the level of adiponectin, which dramatically im-
proves hepatic fatty acid oxidation.

Scientists and people’s attention is naturally diverted
to adiposity as people’s food and physical habits fre-
quently changed. Lack of exercise and excess energy
intake increased the prevalence of adiposity in mod-
ern life. Therefore, growing studies have showed their
concentration to develop natural products with fewer
side effects (38). Here, we have shown that D-allulose
administration had a weight-reducing effect in a food
intake-independent manner. This is contradictory with
previously published literature on the short-term effect
of D-allulose administration. However, our data are
consistent with cumulative food intake with D-allulose
(39). Few related studies determined that D-allulose will
promote GLP-1 secretion and modulate appetite, similar
to some GLP-1R agonists. This demonstrated a tempo-
rary decrease in food intake and then consequently ob-
served a recovery on the level of food intake in chronic
administration (40, 41). In addition, it was confirmed
that when D-allulose was administered, the adipose ratio
in the tissue of the obese rats was induced by the HFD
and the size of the epididymal adipocyte tissue was re-
duced. Therefore, it was confirmed that D-allulose has
an apparent efficacy in reducing adipose tissue.

Conclusion

In summary, this study reports that D-allulose supple-
mentation inhibited lipid and triglycerides accumulation
in HFD-fed rats and differentiation cell model in vitro.
At the same time, D-allulose decreased the expression of
adipogenesis gene, preventing fat accumulation in WAT
in obese rats. In addition, D-allulose activates AMPK/
SIRT1/PGC-1a signals in adipose tissue to prevent adi-
posity and inhibit adipocyte differentiation in adipose
tissue. Our study provides evidence that D-allulose sup-
plements effectively reduced HFD-induced adiposity by
regulating metabolism in WAT. Thus, D-allulose could be
used as a nutraceutical to prevent adiposity but further
investigations are necessary for complete drug design.
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