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primary hepatocyte via SR-B1

Akane Kanasaki . Tetsuo Iida . Koji Murao . Bungo Shirouchi .

Masao Sato

Received: 4 November 2019 / Revised: 24 January 2020 / Accepted: 13 February 2020 / Published online: 21 February 2020

� Springer Nature B.V. 2020

Abstract D-Allulose, a C-3 epimer of D-fructose, is a

rare sugar and a non-caloric sweetener. D-Allulose is

reported to have several health benefits, such as

suppressing a rise in postprandial glucose levels and

preventing fat accumulation in rodents and humans.

Additionally, low HDL-cholesterol levels post-D-

allulose feeding were observed in humans but it is

unclear how D-allulose decreased HDL-cholesterol

levels. It is necessary to research the mechanism of

HDL-cholesterol reduction by D-allulose ingestion

because low HDL-cholesterol levels are known to

associate with increased atherosclerosis risk. We

therefore investigated the mechanism by which D-

allulose lowers HDL-cholesterol using rat’s primary

hepatocytes. Sprague Dawley rats were fed an AIN-

93G based diet containing 3% D-allulose for 2 weeks.

Thereafter, primary hepatocytes were isolated by

perfusion of collagenase. We measured the ability of

HDL-cholesterol uptake in hepatocytes and the pro-

tein levels of scavenger receptor class B type 1 (SR-

B1) as a HDL-cholesterol receptor. D-Allulose

enhanced hepatocyte uptake of HDL-cholesterol, with

a concurrent increase in hepatic SR-B1 protein levels.

The results suggest that D-allulose enhances HDL-

cholesterol uptake into the liver by increasing SR-B1

expression. It is estimated that HDL-cholesterol levels

decreased accordingly. Since SR-B1 overexpression

would decrease HDL-cholesterol levels, reportedly

preventing atherosclerosis development, D-allulose

could be a useful sweetener for atherosclerosis

prevention.
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Introduction

D-Allulose is a rare sugar, and an epimer of D-fructose.

When D-allulose is ingested, 70% D-allulose is

absorbed in the small intestine and is excreted in the

urine within a few hours in humans (Iida et al. 2010). It

has been observed that D-allulose was present in the

kidney and the liver until excretion in the urine after

absorption in rats (Tsukamoto et al. 2014). D-Allulose

is expected to function well as a sweetener for
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diabetics or individuals needing low-calorie diets, as it

possesses sweetness similar to that of sucrose (70%),

but has almost zero-calories. Several studies indicate

that D-allulose improves glucose metabolism (Matsuo

and Izumori 2006, 2009; Hossain et al. 2011). Hossain

et al. (2011) reported that D-allulose suppressed

postprandial serum glucose levels by enhancing

glucokinase translocation. Matsuo and Izumori

(2009) reported that D-allulose suppressed a-glucosi-
dase and consequently reduced postprandial glucose

levels. D-Allulose has been shown to exert anti-obesity

effects (Matsuo et al. 2001; Chung et al. 2012; Ochiai

et al. 2013, 2014; Nagata et al. 2015; Han et al. 2016);

for example, D-allulose reduced abdominal fat accu-

mulation by decreasing enzyme activities related to

fatty acid synthesis or enhancing energy expenditure

in rats (Matsuo et al. 2001; Ochiai et al. 2014; Nagata

et al. 2015). In human studies, D-allulose reportedly

decreased postprandial glucose levels (Hayashi et al.

2010), and reduced weight gain and abdominal fat

accumulation (Han et al. 2018). These reports suggest

that D-allulose can be used as a sweetener with anti-

diabetic and anti-obesity effects.

Recently, it is reported that D-allulose intake

provided low levels of HDL-cholesterol even though

total cholesterol levels were not altered in normal

human subjects (Hayashi et al. 2010). Low levels of

HDL-cholesterol may lead to atheroma formation,

thus increasing the risk of developing coronary heart

disease or cardiovascular disease (Rubins et al. 2003;

Eran et al. 2012). HDL plays a role in the collection of

redundant cholesterol from peripheral tissues, such as

the vascular wall to the liver, generally termed reverse

cholesterol transport (RCT). Since the accumulation

of cholesterol in the vascular wall induces atheroma

formation, the maintenance of moderate HDL-choles-

terol levels has gained consequently attention in the

last few decades for the prevention of atherosclerosis.

Few studies have been able to elucidate the effect of D-

allulose on cholesterol metabolism, and thus further

research is required.

Scavenger receptor class B type 1 (SR-B1), HDL

receptor, is one of key protein associated with RCT. It

is reported that low levels of HDL-cholesterol result-

ing from SR-B1 overexpression do not cause

atherosclerosis (Kozarsky et al. 2000). SR-B1 is

regulated by several factors, such as insulin, leptin,

vitamin A, oxysterols (Leiva et al. 2011) and nuclear

receptors (Lambert et al. 2003; Zhang and Edwards

2008).

In this study, we hypothesized that D-allulose may

lower HDL-cholesterol by up-regulating RCT via

enhancing HDL-cholesterol uptake into the liver, and

investigated the mechanism by which D-allulose

lowers HDL-cholesterol level.

Materials and methods

Experiment 1

Animal study

All experimental procedures were performed in

accordance with nationally prescribed ethical guide-

lines, and ethical approval was granted by the Animal

Experiment Committee of Matsutani Chemical Indus-

try Co., Ltd. (No. 191001). Four-week-old male

Sprague Dawley (Jcl: SD) rats were purchased from

CLEA Japan Inc. (Tokyo, Japan), and housed indi-

vidually in cages with free access to a commercial diet

(CE2: CLEA Japan Inc.) and purified water for a week

to acclimatize to the environment controlled room

(temperature: 22–24 �C, light/dark cycle:

7:00–19:00). Thereafter the rats were divided into 2

groups (n = 6/group) according to body weights. Rats

were fed AIN-93G-based diets with/without 3% D-

allulose ad-libitum for 1 or 2 weeks. As a test

substance, D-allulose was obtained from Matsutani

Chemical Industry Co., Ltd (Itami, Japan) with a

purity greater than 99%. After the feeding periods, rats

were anesthetized with isoflurane in the non-fasting

status, and bloods were collected from the abdominal

aorta. The serum were obtained from the collected

bloods by centrifugation (16939g, 15 min) to be

measured cholesterol in each lipoproteins (chylomi-

cron, VLDL, LDL, and HDL) by the LipoSEARCH

service (Skylight Biotech Inc., Akita, Japan) using gel-

filtration high performance liquid chromatography.

Experiment 2

Isolation of primary hepatocytes

All experimental procedures were performed in

accordance with nationally prescribed ethical guide-

lines, and ethical approval was granted by the Animal
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Experiment Committee of Matsutani Chemical Indus-

try Co., Ltd. (No. 181220). Six-week-old male SD rats

were purchased from CLEA Japan, Inc. Rats were fed

a commercial diet and purified water ad-libitum for 1

week to acclimatize rats to the controlled environment

as described above. Rats were divided into 2 groups

(n = 8/group) according to their body weights and

were fed the AIN-93G based diets with/without 3% D-

allulose ad-libitum for 2 weeks. Then, rats were

anesthetized with isoflurane and were used for hepa-

tocytes isolation using the collagenase perfusion

method of Berry and Friend (1969). The perfusion

tubing was inserted via the portal vein, and then the

abdominal portion of vena cava was cut. Thereafter

0.1% collagenase solution (kept at 37 �C) were

perfused after the pre-perfusion for blood removal.

Isolated primary hepatocytes with an 80% or greater

viability were used in this experiment (control group,

n = 8; D-allulose group, n = 6). The hepatocytes were

suspended in Williams’ E (WE) cell culture medium

(Sigma-Aldrich Co. LLC., MO, USA) containing 10%

fetal bovine serum (FBS) (Biological Industries Ltd.,

Beit Haemek, Israel) (3.0 9 104 cells/well in 96-well

plate and 2.1 9 105 cells/well in 12-well plate), and

then cultured in collagen-coated plates (Nippi Inc.,

Tokyo, Japan). Following a 3-h incubation period, the

hepatocytes were washed with PBS and cultured

overnight in WE medium with 5% FBS. Thereafter,

the media was changed to WE media containing or

not-containing 10 mM D-allulose, followed by subse-

quent overnight incubation.

HDL uptake assay

Uptake of HDL was measured using an HDL uptake

assay kit (Bio Vision, Inc., CA, USA). When the

hepatocytes reached confluency after 2 days from the

seeding, the cell culture media was removed, and cells

were washed 3 times using the assay buffer. Fluores-

cent-labeled HDL (5 lg/well) in FBS-free WE media

was added to the hepatocytes, and cultivated for 6 h.

Thereafter, the media was discarded and the fluores-

cence intensity was measured. Total protein levels

were measured using a Protein Assay BCA Kit (Wako

Pure Chemical Industries, Ltd., Osaka, Japan).

Measurement of SR-B1 and FXR

Once the 12-well plates reached confluency after 2

days from the seeding, the hepatocytes were washed 3

times with PBS, and total proteins were extracted

using a MinuteTM Total Protein Extraction Kit (Invent

Biotechnologies, Inc., MN, USA). The extracted

proteins were used to measure levels of SR-B1 using

a Scavenger Receptor Class B Member 1 ELISA Kit

(Cell Biolabs, Inc., CA, USA). FXR protein levels

were measured using an enzyme-linked immunosor-

bent assay (ELISA) kit for farnesoid X receptor

(Cloud-Clone Corp., TX, USA). Total protein levels

were measured using the commercial kit described

above.

MTT assay for cellular viability

MTT (3-[4,5-dimethylthiazol-2-yl]-2,5diphenyltetra-

zoliumbromide) assays were performed to determine

the quality of isolated primary hepatocytes. After 48 h

post-cultivation in WE media with/without D-allulose,

cellular viabilities were measured using a commercial

kit (CytoSelectTM MTT Cell Proliferation Assay; Cell

Biolabs, Inc., CA, USA).

Statistical analysis

All data are presented as mean ± SE. Data were

statistically analyzed using the Student’s t-test. The

values were considered statistically significant when

the p-value was less than 0.05.

Results and discussion

A previous study showed that successive ingestion of

D-allulose significantly reduced HDL-cholesterol

levels in human subjects (Hayashi et al. 2010). We

therefore studied the mechanism of lowering HDL-

cholesterol levels by D-allulose ingestion in this study.

In the Experiment 1, D-allulose did not affect final

body weights and food intakes between the 2 groups in

both feeding periods. Although 1 week feeding of D-

allulose did not affect the levels of cholesterol, serum

total, LDL and HDL cholesterol levels were signifi-

cantly reduced by 2weeks D-allulose feeding (Table 1).

The result of HDL-cholesterol levels in rats fed D-

allulose for 2 weeks resembles the result of the human
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trial showing that HDL-cholesterol levels are reduced

in normal human subjects following ingestion of D-

allulose for a period of 3 months (Hayashi et al. 2010).

SR-B1 is generally known as a receptor of HDL-

cholesterol and one of the regulators of HDL-choles-

terol levels. Varban et al. (1998) reported increased

HDL-cholesterol level through a decrease in hepatic

HDL-cholesterol uptake in SR-B1-deficient mice. In

the Experiment 2, we evaluated the effect of D-allulose

on hepatocyte uptake of HDL-cholesterol using rat

primary hepatocytes. Hepatocytes vitality of control

group and D-allulose group were 87.9 ± 1.4% and

86.5 ± 1.2%, respectively. MTT activities in hepato-

cytes, growth parameters, were unaffected by D-

allulose presence (data not shown). D-Allulose treat-

ment significantly increased the transfer of fluores-

cent-labeled HDL from the culture media to rat

primary hepatocytes (Fig. 1a). Since D-allulose

enhanced the uptake of HDL-cholesterol into the

liver, we measured SR-B1 protein levels. D-Allulose

treatment significantly increased hepatic SR-B1 pro-

tein levels (p\ 0.01) (Fig. 1b). These results suggest

that D-allulose enhances RCT by increasing SR-B1

levels, and consequently, D-allulose may reduce HDL-

cholesterol levels in humans.

FXR is known to regulate SR-B1 expression

(Lambert et al. 2003; Zhang and Edwards 2008).

Because bile acids are natural FXR agonists (Mak-

ishima et al. 1999; Parks et al. 1999), altering bile acid

metabolism could contribute to low levels of HDL-

cholesterol. A previous study has shown that D-

allulose reduces alkaline phosphatase (ALP) and

gamma-glutamyltranspeptidase (c-GTP) levels in

humans (Hayashi et al. 2010). Since these parameters

are known as the biliary enzymes, D-allulose is

expected to modulate bile or/and bile acid metabolism.

Thus we measured FXR protein levels in rat’s primary

hepatocytes. Contrary to our expectation, D-allulose

did not affect hepatic FXR protein levels (Fig. 1c). It is

suggested that FXR are not directly induced by D-

allulose and the increase in the protein levels of SR-B1

by D-allulose ingestion were not caused by FXR. There

are several possibilities that D-allulose regulates the

SR-B1 protein levels by other factors. For example,

polyunsaturated fatty acids and oxysterols are known

as up-regulators of hepatic SR-B1 expression (Leiva

et al. 2011). More detailed study of D-allulose on the

mechanism of the increase in SR-B1 levels is needed

in the future.

It is reported that the low levels of HDL-choles-

terol, caused by an overexpression of SR-B1, did not

lead to atherosclerosis onset (Kozarsky et al. 2000).

Lower HDL-cholesterol levels and decreased fatty

streak lesions in the aorta were observed in high SR-

B1/apoB transgenic mice (Ueda et al. 2000). Overex-

pression of SR-B1 reportedly reduced atherosclerosis

in LDL receptor-deficient mice (Arai et al. 1999;

Kozarsky et al. 2000). On the other hand, a loss of SR-

B1 expression leads to atherosclerotic coronary artery

disease in apoE-deficient mice (Braun et al. 2002).

Probucol, used for the treatment of atherosclerosis,

was reported to reduce HDL-cholesterol, a suggested

consequence of RCT enhancement (Sawayama et al.

2002). In addition, D-allulose is reported to inhibit the

expression of monocyte chemoattractant protein-1

(MCP-1), which is found in macrophage-rich areas of

atherosclerotic lesions (Murao et al. 2007). Accord-

ingly, there is a possibility that continuous ingestion of

D-allulose could prevent the development of

atherosclerosis by increasing SR-B1 protein levels,

though further research is required using atheroscle-

rotic animal models.

Table 1 Growth

parameters and serum

cholesterol levels in rats

(Experiment 1)

Values are expressed as

mean ± SE (n = 6/group)

Asterisk(s) indicate

significant differences

between two groups with

the Student’s t-test

(*p\ 0.05, **p\ 0.01)

1 week 2 week

Control D-Allulose Control D-Allulose

Final body weight (g) 208 ± 4 199 ± 4 271 ± 7 257 ± 3

Food intake (g/day) 21.0 ± 0.2 20.0 ± 0.4 21.9 ± 0.7 21.5 ± 0.4

Cholesterol (mg/dL)

Total 71.5 ± 5.1 70.0 ± 4.5 69.5 ± 2.5 57.3 ± 1.8**

Chylomicron 0.59 ± 0.11 0.70 ± 0.08 0.82 ± 0.17 1.22 ± 0.26

VLDL 7.9 ± 1.2 10.1 ± 1.3 10.3 ± 1.2 14.2 ± 1.5

LDL 17.3 ± 1.4 20.3 ± 2.9 17.0 ± 1.2 13.2 ± 1.0*

HDL 45.7 ± 3.8 38.8 ± 1.8 41.4 ± 1.9 28.6 ± 1.0**
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In this study, the ability of HDL-cholesterol uptake

and related protein levels were evaluated to elucidate

the mechanism by which D-allulose lowers HDL-

cholesterol. We revealed that D-allulose enhanced

RCT, thereby decreasing HDL-cholesterol levels. This

finding leads to the suggestion that D-allulose could be

a sweetener which might contribute to preventing the

onset of atherosclerosis. D-Allulose is expected to play

a role not only in the anti-diabetes and anti-obesity

field but also in the anti-atherosclerosis field. How-

ever, the reason of increasing SR-B1 and the effects of

D-allulose on atherosclerosis development are still

unclear. Furthermore, we need to examine whether D-

allulose affects HDL-cholesterol regulators such as

nascent HDL formation relating with apolipoprotein

A1 and ATP-binding cassette A1 (Ji et al. 2012) in

addition to HDL uptake. It is also well known that

physiological sex differences affect metabolic status

including cholesterol metabolism. Hepatic SR-B1

expression is reduced in male rats injected subcuta-

neously with estrogen (Stangl et al. 2002). Therefore,

using female rats, whether the enhancement of HDL

uptake by D-allulose is disturbed by estrogen would be

of interest for future study. In the future, further

studies will be required to investigate the relation

between cholesterol metabolism and atherosclerosis

by D-allulose ingestion.
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Fig. 1 Effects of D-allulose on HDL-cholesterol uptake into the

hepatocytes. a Fluorescently-labeled HDL uptake, b SR-B1

protein levels, c FXR protein levels: white bars; control, black

bars; D-allulose. Data are shown as mean ± SE (control group,

n = 8; D-allulose group, n = 6). Columns marked with

asterisk(s) are significantly different (*p\ 0.05, **p\ 0.01),

analyzed using the Student’s t-test
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