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Oligonol, a Low-molecular Weight Polyphenol
Extracted from Lychee Fruit, Modulates Cholesterol
Metabolism in Rats within a Short Period
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Abstract: There is growing research interest in the hypocholesterolemic effect of various food components
such as polyphenols. In this study, we examined the effects of oligonol—a low-molecular weight polyphenol
extracted from lychee fruit—on cholesterol metabolism in rats under short-term administration.
Administration of oligonol for 3 days significantly increased cecum weight and decreased cecal n-butyric
acid concentrations in rats. Oligonol also significantly lowered the levels of hepatic cholesterol and increased
the levels of total neutral steroids excreted in the feces. It also increased fecal p-muricholic acid significantly,
whereas the levels of total acidic steroids remained unchanged. Gene expression of hepatic CYP7A1
(cytochrome P450 family 7 subfamily A member 1) significantly increased following the administration of
oligonol. This increase could be ascribed to changes in the expression of farnesoid X receptor, small
heterodimer partner, and fibroblast growth factor 15 in ileum. Our data suggest that oligonol induces
hypocholesterolemic effects through the inhibition of biliary cholesterol absorption from the intestine and
the upregulation of cholesterol catabolism in rats even following short-term administration. Therefore,

oligonol may be an important food component for reducing cholesterol level.
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1 Introduction

The increase in lifestyle-related diseases following the
diversification of eating habits, including dyslipidemia, car-
diovascular diseases, and obesity has become a social
problem in developed countries. In particular, cardiovascu-
lar disease, which causes arteriosclerosis, is one of the
leading causes of death in Japan”. Therefore, the preven-
tion or amelioration of dyslipidemias, such as hypercholes-
terolemia, would help to reduce the risk of cardiovascular
diseases.

There is growing interest in hypocholesterolemic effect
of various food components, especially polyphenols, such
as tea catechin®. Polyphenols are present in a wide range
of food products derived from plants such as vegetables,
fruits, and beans. Procyanidins are composed of catechin
and epicatechin oligomers and exert many health benefits,
such as cancer prevention, cardiovascular protection, and
diabetes preventiong). In a recent study, absorption of low
molecular weight procyanidins, including dimers, was ob-
served in rats4>, while the bioavailability of high molecular

procyanidins is limited. Moreover, several studies have
shown that polyphenols from cacao polyphenols“”, grape
seed”, and apple”, which have high level of procyanidins,
exhibit hypocholesterolemic effects.

Oligonol is a commercially available phenolic product
containing catechin-type monomers and low-molecular-
weight oligomers derived from lychee fruit extract, which
contains high molecular procyanidinsSj. Recent studies
showed that oligonol exerts various biological activities in-
cluding antioxidantg), anti—obesityw), anticarcinogenic”), or
anti-inﬂammatorymeffects. However, the hypocholesterol-
emic effects of oligonol are still incompletely understood.
Therefore, in this study, we focused on investigating the
direct hypocholesterolemic effects of oligonol and its mo-
lecular mechanism in cholesterol-free condition as dietary
cholesterol modulates various factor related to cholesterol
metabolism.
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2 Experimental Procedures
2.1 Reagents

Oligonol® was obtained from AminoUp Chemical. Co.,
Ltd. (Sapporo, Japan). Oligonol consist of 16.3% mono-
meric flavan-3-ols including (-) -epicatechin, 13.8% procy-
anidins dimer including procyanidin Al, procyanidins
trimer including (-) -epicatechin- (4p—8, 2B—0—7) -epi-
catechin- (4p—8) -epicatechin, and 58.6% high molecular
procyanidins. The structures of major polyphenols in oli-
gonol are shown in Fig. 1", All other chemicals used in
this study were of analytical grade.

2.2 Animals and diet

Animal experiments were conducted according to the
guidelines provided by the ethical committee of experi-
mental animal care at Meiji University (approval code:
IACUC 10-0008). Wistar rats (7-weeks-old male; Japan
Laboratory Animals, Inc., Tokyo, Japan) were housed indi-
vidually in a temperature- (22-24C )and light-controlled
(7:00-19:00) room. After a 4-days-acclimatization period,
14 rats were divided into 2 groups. The first group (control
group; 7 rats) was fed standard diet prepared according to
the AIN-76 recommendations'”and orally administrated
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saline. The diet contained the following (g/100 g): casein
(50), corn oil (5; Nissin Oilio Co., Tokyo, Japan), vitamin
mixture (1; AIN-76 mixture; Oriental Yeast Co., Tokyo,
Japan), mineral mixture (3.5; AIN-76 mixture; Oriental
Yeast Co., Tokyo, Japan), choline bitartrate (0.2; Nacalai
Tesque Inc., Kyoto, Japan), DL-methionine (0.3; Nacalai
Tesque Inc., Kyoto, Japan), cellulose (5.0; CLEA Japan,
Inc., Tokyo, Japan), cornstarch (15; Nippon Shokuhin
Kakoh Ltd., Tokyo, Japan), and sucrose (100; Nacalai
Tesque Inc., Kyoto, Japan). The second group (oligonol
group; 7 rats)was orally administrated oligonol (1000 mg/
kg body weight, O group)for 3 days at 10 am. After feeding,
rats were bled from the abdominal aorta, and liver or
mucous membranes of intestines were then excised quickly
under anesthesia using isoflurane. Plasma was prepared by
centrifugation after allowing blood to clot at room tempera-
ture and tissues were kept at — 80T ; they were transferred
to RNAlater solution at 4C for 1 day prior to RNA extrac-
tion. Feces were collected for 2 days (beginning 2 days
before killing) and lyophilized.

2.3 Plasma and liver lipid analysis
The levels of plasma triacylglycerol, total cholesterol,
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Fig. 1 Structures of major polyphenols in oligonol.
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and high-density lipoprotein (HDL) cholesterol were mea-
sured using commercial kits (Wako Pure Chemical Indus-
tries, Ltd., Osaka, Japan)after the rats were killed. Liver
lipids were extracted by the method described by Folch et
al.”™ . The levels of liver triacylglycerol, cholesterol, and
phospholipids were measured according to methods de-
scribed by Fletcherw), Sperry and Webb'” , and Rouster et
al.®® respectively.

2.4 Fecal lipid analysis

Fecal neutral steroid or acidic steroids were analyzed by
GC using ba-cholestane or 23-nor-deoxycholic acid, re-
spectively, as internal standards'”. The levels of excreted
fatty acids were also analyzed according to Jeejeebhoy et
al. 20)_

2.5 Cecal short-chain fatty acid analysis

Cecal short-chain fatty acids level was determined by gas
Chromatography21>. Briefly, 100 pL of diethyl ether and 5
uL of 35% HCI were added to 100 uL of 15% cecal content
homogenates containing 0.20 mM 2-ethylbutyric acid as an
internal standard. After centrifugation at 1500 g at 4C for
20 min, the diethyl ether layer (upper layer)was collected.
The diethyl ether extract was injected into a gas chromato-
graph (GC-14B, Shimadzu Co., Kyoto, Japan) equipped with
a DB-FFAP capillary column (15 m X 0.53 mm X 0.5 um,
Agilent Technologies Inc., CA, USA). Injector and detector
temperatures were 145 and 175C, respectively. The initial
oven temperature was 80C for 1 min, which was subse-
quently increased at a rate of 10C/min, and then main-
tained at 130C for 1 min.

2.6 RNA extraction

Total RNA was extracted from mice liver tissue using
Sepasol-RNA I super G (Nacalai Tesque Inc., Kyoto, Japan).
RNA concentration was determined by measuring the ab-
sorbance at 260 nm using a BioSpec-nano (SHIMADZU,
Co., Kyoto, Japan).

2.7 Oligonucleotide primer sequences

The primers for reverse transcription polymerase chain
reaction (RT-PCR) amplification of the rat cytochrome P450
family 7 subfamily A member 1(CYP7A1), fibroblast
growth factor receptor 4 (FGFR4), fibroblast growth factor
15(FGF15), farnesoid X receptor (FXR), glyceraldehyde-
3-phosphate dehydrogenase (GAPDH), 3-hydroxy-3-meth-
ylglutaryl-CoA reductase (HMGCR), and small heterodimer
partner (SHP) gene were designed using Primer3Plus
software (http://www.bioinformatics.nl/cgi-bin/primer3plus.
cgi). The primers, synthesized by Eurofins Genomics
(Tokyo, Japan), were designed to flank known or putative
introns of these genes, thereby preventing the amplifica-
tion of any contaminating genomic DNA. The primer se-
quences were as follows: CYP7AI (Gene ID: 25428),

forward 5'-ACCATTCCTGCAACCTTTTG-3" and reverse 5'-
GTACCGGCAGGTCATTCAGT-3"; FGFR4 (Gene ID: 25114),
forward 5-AGAGGTGGAGGTGCTGTATC-3" and reverse 5'-
TCTTCCTCTGCTTCGGGTA-3"; FGF15 (Gene ID: 170582),
forward 5-TCCCAGTCTGTGTCGGATGA-3" and reverse 5'-
AGTTGGAGACGTAGGGACCA-3'; FXR (Gene ID: 60351),
forward 5'-AGGAGGAGCTCTGTGACTGA-3" and reverse
5’ -GATCCTTCATCGGGAAGTCA-3’; GAPDH (Gene ID:
23483), forward 5'-CTCATGACCACAGTCCATGC-3" and
reverse 5'-TTCAGCTCTGGGATGACCTT-3"; HMGCR (Gene
ID: 25675), forward 5'-GCTTGAGCATCCTGACATAC-3’
and reverse 5-GAACCATAGTTCCCACGTCT-3'; SHP (Gene
ID: 117274), forward 5 5'-GACCTGTAGAATGGGGTC-
CG-3" and reverse 5'-GCCTGCTGGACAGTTAGTCA-3'.

2.8 Real-time quantitative polymerase chain reaction

One microgram of RNA was incubated at 65C for 5 min,
and then quickly cooled on ice. Reverse transcription of
RNA was performed using a ReverTra Ace qPCR RT Master
Mix with gDNA Remover (Toyobo Co., Ltd., Osaka, Japan)
and by heating the sample to 37C for 15 min, followed by
heating at 98°C for 5 min. An aliquot of the generated
cDNA samples was mixed with 5 pL. THUNDERBIRD SYBR
gPCR MIX (Toyobo Co., Ltd., Osaka, Japan)in the presence
of 0.3 pmol each of the forward and reverse primers for
each gene. This reaction mix was then subjected to the fol-
lowing cycling conditions in a Chromo 4 Sequence Detec-
tion System (Bio-Rad Laboratories, Inc., CA, USA): 1 cycle
at 95C for 1 min, and thereafter, 40 cycles at 95C for 15
sec and 58.5C for 1 min. The results (fold-changes) were
expressed as relative fold by comparing the amount of RNA
of the target gene to that of GAPDH as an internal control,
as determined by the equation 2 ¢t OV GAPDI

2.9 Statistical analyses

The data are expressed as mean *standard deviation
(SD). Statistical analyses were performed using the
Student’s ¢-test to evaluate significant differences between
values obtained for the 2 groupsm.

3 Results
3.1 Effects of oligonol on growth parameters

There were no significant differences in food intake,
body weight, and liver weight between the 2 groups (Table
1). However, cecum weight was significantly higher in oli-
gonol group (O group) (2.23+0.27 g/100 g body weight)
than that in control group (C group) (1.39+0.22 g/100 g
body weight) .

3.2 Effects of oligonol on plasma and liver lipid levels
Levels of plasma total cholesterol, HDL-cholesterol, tria-
cylglycerol, and phospholipids were not significantly differ-
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Table 1 Effects of orally administrated oligonol on growth Table 2 Effects of orally administrated oligonol on fecal
parameter and lipid levels in the plasma and liver. lipid excretion.
Group Group
C (0] C 0]
Growth parameter g/day
Primary B.W. (g) 239+6 237+5 Dry weight 1.51%0.09 2.03+0.16*
Final B.W. (g) 267+ 11 26312 mg/day
Total food intake (g) 1289 124 £6 Coprostanol 1.85+0.20 0.21 +=0.06*
Liver weight (g/100g B.W.)  5.24+0.43 4.83+0.48 Cholesterol 1.28+0.22 547%0.17*
Plasma Total neutral steroids 3.13£0.30 5.68%0.17*
Triacylglycerol (mg/dL) 13520 135+19 mg/day
Total cholesterol (mg/dL) 104 £6 107 £3 Cholic acid 0.73+0.19 0.89+0.11
HDL-cholesterol (mg/dL) 60.5+4.2 59.2+33 Chenodeoxycholic acid 0.12+0.02 0.21+0.03*
Phospholipids (mg/dL) 97.0%25.8 140*16 a-Muricholic acid 0.82*0.16 1.09%0.10
Liver B-Muricholic acid 0.39%0.05 1.16 £0.26*
Triacylglycerol (mg/g) 7.31%1.38 5.40+0.74 Total primary bile acid 2.06*0.30 3.35%0.19*
Cholesterol (mg/g) 2.52%0.10 1.88 £0.55* Deoxycholic acid 0.53+0.07 0.32+0.07
Phospholipids (mg/g) 20513 22.1%0.7 Lithocholic acid 0.29+0.03 0.12+0.01%*
Data are presented as the mean = SD of 7 rats in each group. Hyodeoxycholic acid 1.19%0.23 0.91%0.19
*Signiﬁcantl}yf different from the corresponding C group at p < Ursodeoxycholic acid 1.44+0.13 0.48 = 0.10%
](;..OVSV.(,S?:?; \SNZ:S}R, C, rats administrated saline; O, rats o-Muricholic acid 0.3320.07 0-54=0.17
administrated oligonol. Total secondary bile acid 3.77£0.34 2.38+0.27*
Total bile acid 5.83%0.44 5.73%0.31
ent between the 2 groups (Table 1). meg/day
Fatty acid 7.66+1.01 21.3£2.4%

Levels of liver total cholesterol were significantly lower
in O group than in C group. However, triacylglycerol levels
were not significantly different between the 2 groups, al-
though they showed a trend towards reduced levels follow-
ing administration of oligonol (Table 1).

3.3 Effects of oligonol on the excretion of steroids and
fatty acids in the feces

Fecal weight was increased by administration of oligonol.
Levels of cholesterol excreted in the feces were signifi-
cantly higher in O group than in C group, although excret-
ed coprostanol was significantly decreased by administra-
tion of oligonol. Therefore, excreted levels of total neutral
steroids were significantly higher in O group than in C
group. Levels of excreted acidic steroids were the same in
both groups. However, levels of the individual bile acids
were modulated by administration of oligonol as follows:
levels of chenodeoxycholic acid and B-muricholic acid were
significantly higher in O group than in C group. On the
other hand, levels of lithocholic acid and ursodeoxycholic
acid were significantly lower in O group than in C group.
Therefore, excreted level of primary bile acids was signifi-
cantly higher in O group than in C group, whereas that of
secondary bile acids was significantly lower in O group

1080

Data are presented as the mean = SD of 7 rats in each group.
*Significantly different from the corresponding C group at p <
0.05 (Student's #-test).

C, rats administrated saline; O, rats administrated oligonol.

than in C group. Additionally, excreted levels of fatty acids
in the feces were significantly higher in O group than in C
group (Table 2).

3.4 Effects of oligonol on cecal short-chain fatty acid
levels
The levels of total cecal short chain fatty acids were sig-
nificantly lowered by administration of oligonol. Especially,
n-butyric acid level was significantly lower in O group than
in C group (Fig. 2).

3.5 Effects of oligonol administration on the expression of
factors involved in cholesterol metabolism in the liver
The mRNA expression of HMGCR, which is the rate-lim-
iting enzyme for cholesterol synthesis, was not modulated
by the administration of oligonol. On the other hand, the
mRNA expression of CYP7A1, which plays an important

J. Oleo Sci. 69, (9) 1077-1085 (2020)
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Fig.2 Effects of orally administrated oligonol on cecal
short-chain fatty acid level.
Date are presented as the mean £SD of 7 rats in
each group. *Significantly different from the
corresponding C group at p<0.05(Student’s
t-test).
C: rats administrated saline; O: rats administrated
oligonol; SCF: short-chain fatty acids.

role in regulation of bile acid biosynthesis and cholesterol
homeostasis, was significantly lowered by the administra-
tion of oligonol. The mRNA expression of FXR, which regu-
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lates the expression of CYP7A1, was significantly higher in
O group than in C group. However, the mRNA expression
of SHP, which negatively regulates CYP7A1 and FGFR4—
the receptor of FGF15, remained unchanged (Fig. 3).

3.6 Effects of oligonol on the expression of factors
involved in bile acid metabolism in the ileum

Significant differences in the mRNA expression of FXR,
which is a ligand of bile acids and upregulates the expres-
sion of SHP or FGF15—a negative regulator of hepatic
CYP7AL1 through the binding to hepatic FGFR4, was not
observed. However, the expression of SHP was significantly
lower in O group than in C group. The same trend was ob-
served in the mRNA expression of FGF15, although it was
not significant (Fig. 4).

4 Discussion

In this study, we evaluated the effect of oligonol that was
administered for 3 days on cholesterol metabolism in rats
fed cholesterol-free diet.

Growth parameters such as body weight and liver weight

CYP7A1 FXR
3 -
S
* 2 i
1A T
0
FGFR4

ca

0

Fig. 3 Effects of orally administrated oligonol on mRNA expression of genes involved in cholesterol metabolism in liver.
Date are presented as the mean = SD of 7 rats in each group. *Significantly different from the corresponding control

group at p <0.05(Student'’s ¢-test).

The abbreviations: C: rats administrated saline; CYP7A1: cytochrome P450 family 7 subfamily A member 1; FXR:
farnesoid X receptor; SHP: small heterodimer partner; FGFR4: fibroblast growth factor receptor 4; HMGCR:
3-hydroxy-3-methylglutaryl-CoA reductase; O: rats administrated oligonol.
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Fig. 4 Effects of orally administrated oligonol on mRNA expression of genes involved in bile acid metabolism in ileum.
Date are presented as the mean = SD of 7 rats in each group. *Significantly different from the corresponding control

group at p <0.05(Student’s ¢-test).

C: rats administrated saline; FGF'15: fibroblast growth factor 15; FXR: farnesoid X receptor; SHP: small heterodimer

partner; O: rats administrated oligonol.

did not change. However, cecum weight significantly in-
creased in rats given oligonol due to unabsorbed oligonol.
In fact, cecal polyphenols amounted to 7.54 mg/g cecum in
rats administered with oligonol, whereas it was not detect-
ed in the cecum of the control group. The accumulated oli-
gonol may have a negative impact on fermentation by mi-
croorganisms in cecum. In a previous study, Unno et al.
found that the tea polyphenol (-)-epigallocatechin gallate
affected the growth of certain species of gut microbiota in
rats®’. This observation may relate to the modulation of
cholesterol metabolism.

Lipid levels in plasma were not changed following the
administration of oligonol in rats. However, liver cholesterol
levels were significantly lowered despite the short-term
administration of oligonol. This observation could be at-
tributed to the inhibition of biliary cholesterol absorption
from the intestine and the upregulation of cholesterol ca-
tabolism in the liver, as described below.

The weight of the excreted feces as well as the level of
excreted neutral steroids containing cholesterol signifi-
cantly increased after oligonol administration. Some poly-
phenols, including tea catechinw, green tea catechin%),
and grape seed polyphenols%), have been shown to inhibit
lipid absorption from the intestine. In a previous study, we
also observed inhibition of cholesterol micelles formation
by apple procyanidin 77 m’tm”, further confirming that oli-
gonol inhibits biliary cholesterol absorption from the intes-
tine. Moreover, the results of the present study suggest
that oligonol inhibits the absorption of dietary cholesterol
from intestine. Of note, the excreted levels of total acidic
steroids did not change in the presence of oligonol. Admin-
istration of oligonol significantly increased the levels of
total primary bile acids, while decreasing the levels of total
secondary bile acids. In each bile acids, the levels of cheno-
deoxycholic acid and B-muricholic acid significantly in-
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creased by the administration of oligonol while the levels of
lithocholic acid and ursodeoxycholic acid were significantly
lowered. These effects are likely to be modulated by
changes in bile acid metabolism and intestinal microflora.
Similarly, the level of cecal short-chain fatty acids were
reduced by the administration of oligonol. These data
suggest that oligonol exerts bactericidal effects against
bacterium of the genus Clostridium, as these bacteria are
closely related to the production of n-butyric acid®”. This
effect can, in turn, modulate cholesterol metabolism
because short-chain fatty acids are linked to fatty acid me-
tabolism®. In further studies, we will examine in detail the
effects of short chain fatty acid on cholesterol metabolism.

In the liver, CYP7A1 catalyzes the rate limiting step in
the bile acid synthesis from cholesterol. Liver cholesterol
levels were lowered in rats given oligonol. This may be
caused by the promotion of cholesterol catabolism accom-
panying upregulation of hepatic CYP7A1 gene expression,
although levels of bile acid in feces was not changed
between the two groups. The levels of bile acids in feces
may have remained unchanged because the administration
period was too short. Another limitation of this study was
that we did not analyzed feces in colon.

The nuclear bile acid receptor and transcription factor
FXR controls bile acid homeostasis® . FXR is expressed at
high levels in liver and intestine™. Generally, activated
FXR indirectly represses CYP7A1 transcription through
the induction of SHP, which binds to the orphan nuclear
receptor LRH-1 (liver receptor homolog 1) and inhibits acti-
vation of the CYP7A1 promotorw. Despite increased liver
FXR expression, SHP gene expression was not increased
by administration of oligonol. The lack of suppression of
CYP7A1 might be explained by the modulation of gene ex-
pression described above. Therefore, ileal FXR gene ex-
pression may be strongly linked to changes in hepatic

J. Oleo Sci. 69, (9) 1077-1085 (2020)
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Fig.5 Expected mechanism of hypocholesterolemic effect by oligonol administration.
Oligonol may exert hypocholesterolemic effect through upregulation of CYP7A1 and inhibition of biliary cholesterol
absorption from the intestine. Upregulation of CYP7A1 gene expression may be caused by changes in FXR, SHP and
FGF15 expression in the ileum. The oligonol-mediated increase of B-muricholic acid level in the ileum may be
associated with modulation of these genes via changes in the intestinal microflora.
CYP7A1: cytochrome P450 family 7 subfamily A member 1; FGF15: fibroblast growth factor 15; FXR: farnesoid X
receptor; SHP: small heterodimer partner; ?: an unclear point.

CYP7A1 gene expression because FXR gene expression
showed a trend to reduced levels and SHP gene expression
decreased in rats given oligonol.

HMGCR gene expression was not changed between the 2
groups despite the lower levels of hepatic cholesterol fol-
lowing administration of oligonol. This observation may
have been affected by diurnal variation of cholesterol bio-
synthesis in the liver*.

In ileum, SHP gene expression was significantly lowered
by administration of oligonol through downregulation of
FXR gene expression, although changes in the expression
of FXR were not significant. EGF15 activation negatively
regulates CYP7A1 expression by binding to hepatic FGFR4
without FXR or SHP*. EGF15 gene expression in ileum
showed a trend towards reduced levels by administration
of oligonol. The effects may also contribute to upregulation
of hepatic CYP7A1 gene expression.

Sayin et al. identified tauro-conjugated B-muricholic acid
as an FXR antagonist34>. Interestingly, f-muricoric acid
levels in feces significantly increased in rats given oligonol.
Moreover, levels of total secondary bile acids and coprosta-
nol lowered in these rats. Therefore, downregulation of
FXR gene expression in ileum and liver may be caused by
changes of bile acid composition due to changes in intesti-
nal microflora by oligonol administration.

Taken together, our results show that oligonol may exert
hypocholesterolemic effect by activating cholesterol catab-
olism through the modulation of the gene expression of
factors modulating CYP7A1 in ileum and the inhibition of
biliary cholesterol absorption from the intestine as shown

in Fig. 5. In this study, the administration period of oligonol
was too short and its dosage was very high. Further, the
effect of oligonol on hypercholesterolemia induced by high
cholesterol diet was not investigated. Therefore, we will
examine the effect of dietary oligonol on cholesterol me-
tabolism under long-term feeding, low dose feeding, or
high cholesterol diet conditions in future studies.

5 Conclusion

We found that oligonol, which contains low molecular
procyanidins, exerted hypocholesterolemic effects in rats
under short-term administration. This effect may be caused
by upregulation of cholesterol catabolism in liver and inter-
ference of biliary cholesterol absorption from the intestine.
Consequently, oligonol could be used as a component for
reducing cholesterol level.
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