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Abstract

Background Fucoxanthin isolated from edible seaweeds

and its metabolite fucoxanthinol have been recently found

to have anti-obesity effects, but the mechanism is not fully

understood.

Aim of study We investigated the effects of these

carotenoids on the absorption of triglycerides in conscious

rats implanted with cannulae into a lymph duct and the

portal or jugular vein.

Methods A duodenal infusion of 1 ml of test oil emulsion

with or without 2 mg of fucoxanthin or fucoxanthinol was

administered in the lymph duct and the portal (Experiment

1) or the jugular vein (Experiment 2) cannulated rats. The

test oil contained 10% soybean oil (Experiment 1) and pre-

digested 10% soybean oil (Experiment 2). The inhibitory

activities of these carotenoids on pancreatic lipase activity

were measured in vitro.

Results Increases in lymphatic and blood triglyceride

levels were much lower in the two carotenoid-treated

groups than in the carotenoid-free group, indicating that

these carotenoids inhibit triglyceride absorption. The total

amounts of triglycerides released into the lymph after 4 h

in the carotenoid-free, fucoxanthin and fucoxanthinol

groups were 113.5, 59.4 and 53.1 lmol, respectively. The

inhibitory effects of carotenoids were completely abolished

after an infusion of pre-digested soybean oil containing

carotenoids. Furthermore, these carotenoids inhibited pan-

creatic lipase activity in vitro. Regarding absorptive route,

we found that fucoxanthinol, but not fucoxanthin, appeared

in lymph fluid, whereas neither carotenoid was detected in

portal blood.

Conclusion These results show that these two marine

carotenoids inhibit lipase activity in the gastrointestinal

lumen and suppress triglyceride absorption, and fucoxan-

thin was converted to fucoxanthinol in the intestine and

released into the lymph.

Keywords Fucoxanthin � Fucoxanthinol � Lipase �
Lymph cannulation � Triglyceride

Introduction

Fucoxanthin is a major marine carotenoid found in edible

seaweeds, such as Undaria pinnatifida and Sargassum

fulvellum, and is metabolised to fucoxanthinol in vivo [1].

Its structure, including an allelic bond and a 5,6-monoep-

oxide [7, 14], differs from those of common carotenoids,

such as b-carotene and lycopene. Fucoxanthin and fucox-

anthinol are reported to exert anti-carcinogenic [10] and

anti-inflammatory effects [22] as well as apoptotic effects

in cancer cells [7, 11] and radical scavenging activity [19].
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The beneficial effects of long-term ingestion of fucoxan-

thin and fucoxanthinol in anti-obesity studies have also

been reported. Recently, Hosokawa et al. [13] showed that

dietary fucoxanthin and fucoxanthinol suppress increases

in white adipose tissue (WAT) in KKAy mice, a model of

obesity and diabetes. However, the effects of these

carotenoids on postprandial serum triglyceride (TG) levels

have not been investigated.

Hypertriglyceridaemia is a risk factor for cardiovascular

disease and is part of the definition of metabolic syndrome

[9]. Consequently, the suppression of postprandial hyper-

triglyceridaemia may be an effective solution to prevent

metabolic syndrome. Orlistat is an agent clinically used for

the management of obesity. This drug strongly inhibits

pancreatic lipase activity and suppresses lipid absorption

[8]. However, this inhibitory activity is so intense that the

absorption of some vitamins may also be inhibited. Fur-

thermore, orlistat treatment may result in a greater amount

of faecal fat in the large intestine, which increases the risk

of various large intestinal disorders, such as carcinogenesis

[4, 5]. Plant polyphenols have also been reported to mildly

suppress postprandial hypertriglyceridaemia in humans and

animals [25, 27]. A mixture of catechins dose dependently

inhibited pancreatic lipase activity in vitro and suppressed

the increase in postprandial serum TG levels in rats and

mice [26].

The aims of this study were to examine the effects of

fucoxanthin and fucoxanthinol on TG absorption from

emulsified soybean oil and to elucidate the absorption and

metabolism of these carotenoids using rats with lymph duct

and portal vein cannulae. To elucidate a mechanism for the

effects of carotenoids on the absorption of TG, digested

soybean oil was administered to rats cannulated into the

jugular vein and the inhibitory activities of these carote-

noids on pancreatic lipase activity were measured in vitro.

Materials and methods

Chemicals

Fucoxanthin was extracted from U. pinnatifida as described

previously [7]. Fucoxanthinol was prepared from fuco-

xanthin by hydrolysis with porcine pancreas lipase,

according to a previous report [14]. All reagents and

chemicals not specified were of the highest commercially

available grade.

Preparation of test emulsions for duodenal infusion

To prepare the non-pre-digested test emulsion used in

Experiments 1 and 2, soybean oil (100 mg/ml in saline;

Wako Pure Chemicals, Osaka, Japan) and sodium

taurocholate (10 mg/ml in saline) were emulsified with or

without carotenoid (2 mg/ml fucoxanthin or fucoxanthi-

nol) using a supersonic wave crusher (150 W for 90 s;

SONICATOR 5202, Ohtake Seisakusyo, Aichi, Japan).

The pre-digested soybean oil used in Experiment 2 was

prepared as follows [18]: a lipid emulsion containing

100 mg of soybean oil and 10 mg of taurocholate in

2.5 ml of 50 mM Tris buffer (pH 8.2, containing 20 mM

CaCl2) was hydrolysed with porcine pancreatic lipase

(activity for TG hydrolysis, 750–1,400 units/g; Wako

Pure Chemicals) at 37 �C for 4 h. The hydrolysis products

were extracted with five volumes of chloroform–methanol

(2:1, v/v) according to the method of Folch et al. [3]. The

complete hydrolysis of TG was confirmed by thin-layer

chromatography (TLC) [18]. The extracts were then dried

and re-emulsified with or without each carotenoid in

saline.

Animals and diets

Male Wistar ST rats (280–300 g; Japan SLC, Shizuoka,

Japan) were used. The rats were kept as described by

Matsumoto et al. [15]. This study was approved by the

Hokkaido University Animal Committee. The animals

were maintained in accordance with the Hokkaido Uni-

versity guidelines for the care and use of laboratory

animals.

Experiment 1: lymphatic and portal absorption of TG

and carotenoids

Thirty acclimated rats, weighing 280-300 g, were implan-

ted with portal, lymph, and duodenal cannulae under

sodium pentobarbital anaesthesia (40 mg/kg body weight

Nembutal; Abbott, North Chicago, IL, USA). The portal

cannula (polyethylene tube, sp 28; i.d., 20.4 mm; o.d.,

0.8 mm; Natsume Seisakusyo, Tokyo, Japan) was directly

inserted into the portal vein [19]. The lymph duct cannula

(SV-35; i.d., 0.5 mm; o.d., 0.8 mm; Natsume Seisakusyo)

was implanted into the thoracic lymph duct [18], and the

duodenal cannula (silicon tube, Silascon No.00; Kaneka

Medix, Tokyo, Japan) was inserted through an intestinal

fistula at 1 cm distal to the pylorus [15]. After the opera-

tion, the rats were placed in individual restraining cages.

An iso-osmotic solution containing 139 mmol/l glucose

and 85 mmol/l NaCl was infused continuously at a rate of

3 ml/h through a duodenal catheter during the 24-h

recovery period and experimental periods, except during

the infusion of test emulsion. The rats that had been

operated on were allowed to recover for 24 h. Then, we

confirmed whether the lymph flow was at least 1 ml/h. Of

the 30 operated rats, 24 were in good condition and were

used for the experiments.
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After the 24-h recovery period, 1 ml of test emulsion

containing soybean oil with or without each carotenoid

(2 mg/ml fucoxanthin or fucoxanthinol) was infused

into the duodenum for 2 min, and portal blood (0.3 ml)

was collected before and at 15, 30, 60, 90, 120, and

240 min after infusion, and then centrifuged to isolate

serum. Lymph fluid was collected in a test tube before

and at 30, 60, 90, 120, 180, and 240 min after infusion.

The collected serum and lymph were frozen immedi-

ately and kept at -80 �C until subsequent analyses. TG

concentrations in the lymph fluid were measured via

enzymatic assay (TG-EN; Kainos Laboratories, Tokyo,

Japan).

Experiment 2: absorption of pre-digested test emulsions

Thirty-six acclimated rats, weighing 280-300 g, were

implanted with cannulae into the jugular vein and duo-

denum under sodium pentobarbital anaesthesia (40 mg/kg

body weight Nembutal; Abbott, North Chicago). A can-

nula (silicon tube, Silascon No.00) was inserted directly

into the right jugular vein, and the duodenal cannula was

implanted in the same manner as described in Experiment

1. After a 24-h recovery period, 1 ml of test emulsion

containing soybean oil or pre-digested soybean oil with or

without each carotenoid (2 mg/ml fucoxanthin or fucox-

anthinol) was infused into the duodenum for 2 min, and

jugular blood (0.3 ml) was collected before and at 15, 30,

60, 90, 120, and 240 min after infusion, and then cen-

trifuged to isolate serum. Serum TG concentrations

were measured via enzymatic assay (TG-EN; Kainos

Laboratories).

Effect of fucoxanthin and fucoxanthinol on lipase

activity in vitro

Pancreatic lipase activity was determined according to

the rate of release of oleic acid from triolein [12].

Pancreatic juice was collected from three acclimated

rats under pentobarbital anaesthesia through a catheter

inserted into the bile-pancreatic duct. The pancreatic

juice was diluted tenfold in buffer containing 125 mmol/l

NaCl, 4 mmol/l KCl, and 30 mmol/l HEPES at pH 7.0.

A suspension of 90 lmol of triolein and 9.45 lmol of

taurocholate in 9 ml of HEPES was sonicated for 3 min

(triolein emulsion). Fucoxanthin, fucoxanthinol or orlistat

(positive control) at concentrations of 0.02-2 lmol/ml

were added to the triolein emulsion. The test mixture

(200 ll), consisting of 100 ll of pancreatic juice and

100 ll of triolein emulsion, was then incubated at 37 �C

for 30 min. The amount of oleic acid released was

determined using a commercially available kit (NEFA

kit; Wako Pure Chemicals).

HPLC–MS analysis of serum and lymph samples

Fucoxanthin and fucoxanthinol in serum and lymph sam-

ples (100 ll) were extracted as described by Matsumoto

et al. [15]. A high-performance liquid chromatography

(HPLC) system was fitted with a 5-lm C-18 Waters Puresil

TM column (150 9 4.6 mm2; Waters), and the tempera-

ture was maintained with the column oven set at 40 �C.

Absorbance was monitored at 450 nm. Solvent A

(water:methanol:trifluoroacetic acid, 70:30:0.1) and B

(methanol:trifluoroacetic acid, 100:0.1) were run at a flow

rate of 0.2 ml/min using a linear gradient from 10 to 30%

for solvent B for 20 min, then reduced linearly to 10% for

solvent B for the next 5 min and maintained at the initial

condition. Fucoxanthin, fucoxanthinol, and their metabo-

lites were then identified and quantified with a mass

spectrometry (MS) system equipped with an electric spray

ionisation (ESI) interface (QCC, Finiganmat, Milford, MA,

USA). The temperatures of the capillary heater and the

vaporisation heater were maintained at 100 and 350 �C,

respectively. The flow rate of the sheath gas (nitrogen) was

60 arb. ESI–MS was carried out in scan mode from m/z: 50

to 2,000 [M ? H]? and in selected ion monitoring (SIM)

mode m/z: 659 [M ? H]? for fucoxanthin and m/z: 640

[M ? H]? for fucoxanthinol.

Statistics

The concentrations of fucoxanthin and fucoxanthinol were

calculated from the peak area of each mass spectrum in

combination with calibration curves. In area under the

curve (AUC) analysis, the values were calculated areas

from which the region is between the curve of the TG

concentrations and elapsed time. This value was used for

the index as absorbed TG. Statistical analyses were per-

formed using one-way analysis of variance (ANOVA).

Values are expressed as the mean ± standard error of the

mean (SEM). Tukey–Kramer tests were used for compar-

isons amongst groups. A difference of p \ 0.05 was con-

sidered statistically significant. All data were analysed

using STATCEL2 (OMS, Saitama, Japan), which is an

add-in application for Excel (Microsoft, Redmond, WA,

USA).

Results

Effect of carotenoids on lymph flow rate and absorption

of TG

The lymph flow rate of the control group reached a peak

value at 60 min after infusion of the test emulsion

(Fig. 1a). Notably, the increase in lymph flow rate was
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slower in the fucoxanthin- and fucoxanthinol-treated

groups than in the control group. The lymph flow rates at

60 min after infusion in the fucoxanthin group and at 30

and 60 min after infusion in the fucoxanthinol group were

significantly lower than those in the control group. How-

ever, total lymph flow (0-240 min) did not differ amongst

groups (Fig. 1b).

Lymphatic TG absorption reached a peak value at

90 min in the control group and at 120 min in both

carotenoid-treated groups (Fig. 1c). Compared to the con-

trol, the lymphatic TG absorption rates at 60 and 90 min in

the fucoxanthin group and at 60, 90, and 120 min in the

fucoxanthinol group were significantly lower. The total

lymphatic absorption of TG (0-240 min) in the carotenoid-

treated groups was less than half that observed in the

control group (Fig. 1d).

Effect of carotenoids on TG increase in systemic blood

after infusion with pre-digested TG

Triglyceride concentrations in jugular blood continued to

increase until 30 min after the infusion of non-pre-digested

soybean oil with or without fucoxanthin or fucoxanthinol

(Fig. 2a). In rats infused with the control emulsion, serum

TG concentrations at each time point from 30 to 120 min

were significantly higher than those of carotenoid-treated

rats. In AUC analysis (0–240 min) for serum TG concen-

trations, the AUC values for the carotenoid-treated groups

were significantly lower than those of the control group

(Fig. 2b).

After the infusion of pre-digested TG emulsion, serum

TG concentrations in the control and two carotenoid-trea-

ted groups reached peak values at 15 min (Fig. 2c), but no

significant difference was observed amongst groups at any

time point or in terms of AUC values (Fig. 2d).

Effect of fucoxanthin and fucoxanthinol on pancreatic

lipase activity in vitro

The hydrolytic activity of rat pancreatic lipase on triolein

emulsion was analysed in the presence of each carotenoid

or orlistat (Fig. 3). Fucoxanthin and fucoxanthinol inhib-

ited the hydrolysis of triolein. The molecular concentra-

tions corresponding to 50% inhibition of enzymatic activity

(IC50) by both carotenoids (660 and 764 nmol/l, respec-

tively) were approximately 100-fold higher than the IC50 of

orlistat (6.8 nmol/l). However, the inhibitory activities of

fucoxanthin and fucoxanthinol on rat lipase activity were

similar.

Lymphatic and portal absorption of fucoxanthin

and fucoxanthinol

Intact fucoxanthin was not detected in either lymph fluid or

portal blood at any time point after the infusion of a lipid

emulsion including fucoxanthin. However, fucoxanthinol
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Fig. 1 Changes in lymph flow

rate (a), total lymph flow (b),

lymphatic TG output (c), and

total lymphatic TG output (d) in

rats receiving a duodenal

infusion of 1 ml of 10%

soybean oil, with or without

2 mg of fucoxanthin or

fucoxanthinol (Experiment 1).

Lymph was collected at 30, 60,

90, 120, 180, and 240 min after

the infusion of each emulsion.

Values represent the

mean ± SEM (n = 6).

Statistical analyses were

performed using one-way

ANOVA. Differences amongst

treatment groups were analysed

using the Tukey–Kramer test

and were considered significant

at p \ 0.05
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was detected in the lymph, but not in portal blood, after the

infusion of an emulsion containing fucoxanthin or fucox-

anthinol into the duodenum. A broad peak was detected

very near to the peak of fucoxanthinol. The m/z of this peak

was 640 [M ? H], which is identical to that of fucox-

anthinol, and was assumed to represent isomerised fucox-

anthinol in the intestine.

The concentration of fucoxanthinol and isomerised

fucoxanthinol quantified by HPLC–MS in the lymph

increased gradually and reached a peak value at 120 min

(Fig. 4a, b). The amounts of fucoxanthinol and isomerised

fucoxanthinol released into the lymph at 240 min after the

infusion of fucoxanthin (3.1 lmol) or fucoxanthinol

(3.2 lmol) were 0.33 ± 0.14 and 0.44 ± 0.05 lmol,

respectively.

Discussion

The present study demonstrates that two carotenoids,

fucoxanthin and fucoxanthinol, derived from edible sea-

weed strongly suppress TG absorption. Two approaches

were used to investigate the effects of fucoxanthin and

fucoxanthinol on TG absorption. One approach was to

measure the lymphatic release of TG and the other was to

measure TG increase in systemic blood. In the study of

lymphatic release, the quantitative aspects of TG absorp-

tion were observed. Polyphenols from oolong tea (500 mg/

kg) are reported to suppress the release of TG into lymph

fluid by 53% [26]. In this study, fucoxanthin and fucox-

anthinol (2 mg) decreased the total amount of TG released

into the lymph by 50% for 4 h, showing that the suppres-

sive effects of marine carotenoids are more potent than

those of tea catechins. In contrast to the lymph results,
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systemic blood TG concentrations have no quantitative

aspect, but can be used to examine absorption under

physiological conditions. TG concentrations in the blood

increased much faster than those in the lymph after lipid

infusion, which may reflect the fact that jugular vein-

cannulated rats can be examined under conditions more

representative of the physiological norm than lymph duct-

cannulated rats. The former rats were able to move freely

[6], whereas the latter could not, which may influence gut

physiology, including intestinal motility and mucosal blood

flow. Using pre-digested oil (Experiment 2), the peak TG

concentrations in blood were observed just 15 min after

infusion, which reflects a very rapid absorption of lipids

without digestion and also reflects absorption under phys-

iological conditions [16].

Both carotenoids inhibited the increase in blood TG

concentrations by 50% from 30 to 60 min after infusion, as

described above. When fucoxanthin and fucoxanthinol

were infused with pre-digested soybean oil, this inhibitory

effect was completely abolished, demonstrating that the

suppression of TG absorption in the gastrointestinal tract is

due to the effects of these carotenoids on TG digestion.

Both carotenoids inhibited rat pancreatic lipase activity in

vitro. Therefore, carotenoids suppress TG absorption via

the inhibition of pancreatic lipase in the intestinal lumen.

Although the inhibitory capacity of these carotenoids was

much lower than that of orlistat, an anti-obesity agent used

in clinical practice, orlistat treatment is associated with side

effects, such as diarrhoea. Therefore, carotenoids may be a

safer, milder alternative to prevent postprandial hyperlip-

idemia. Ingested fat is usually emulsified in the stomach or

upper small intestine, which is important for TG digestion

by lipase [21]. Catechin is reported to inhibit emulsification

in the gastrointestinal tract and to suppress lipid absorption

[20, 23]. Thus, it may be informative to examine the effects

of fucoxanthin and fucoxanthinol on emulsification.

Fucoxanthin and fucoxanthinol absorption in the lymph

and portal blood was also examined. After an infusion of

fucoxanthin or fucoxanthinol, fucoxanthinol and its isomer

were detected in lymph fluid, which is the first observation

for lymphatic absorption of these carotenoids. Until now,

fucoxanthinol and amarouciaxanthin A have only been

detected in circulating blood 1 h after the intake of fuco-

xanthin in mice and humans [2, 24]. Fucoxanthin was

metabolised to fucoxanthinol by Caco-2 cells, but was

metabolised to amarouciaxanthin by HepG2 cells [1].

Taken together, these results indicate that fucoxanthin may

be converted to fucoxanthinol in the intestine.

Previous studies have demonstrated that highly polar

lipids, such as medium chain fatty acids, are released into

portal blood, but not into the lymph [17]. In this study,

fucoxanthinol, a metabolite of fucoxanthin, was detected

only in lymph and was not detected in the portal vein.

Regarding this, it is thought that fucoxanthinol is readily

contained in chylomicrons, because of its low molecular

polarity, and is released into lymph. Part of the free

fucoxanthinol is thought to be released into the portal vein.

Although the detection limit of HPLC–MS used in this

study is 1 fmol and is capable of measuring a small amount

of carotenoids, none was detected in this experiment.

Compared with the amount of fucoxanthinol released into

lymph, it was thought that the amount released into the

portal vein was very small.

No previous study has reported that other carotenoids

suppress the absorption of TG. Although other carotenoids

are thought to have the same effect, fucoxanthin and fu-

coxanthinol have distinct structures, which might affect

lipid metabolism. Further study should examine the rela-

tionship between molecular structure and lipid metabolism.

Fucoxanthinol inhibits adipocyte differentiation in 3T3-

L1 cells, and this effect was more potent than that of

fucoxanthin [14]. However, in this study, the amount of
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Fig. 4 Changes in fucoxanthin, fucoxanthinol, and isomerised

fucoxanthinol released into the lymph in rats receiving a duodenal

infusion of fucoxanthin (a) or fucoxanthinol (b) (Experiment 1).

Lymph was collected at 30, 60, 90, 120, 180, and 240 min after

infusion (2 mg of fucoxanthin or fucoxanthinol in 1 ml of 10%

soybean oil per rat). Values represent the mean ± SEM (n = 6).

Statistical analyses were performed using one-way ANOVA. Differ-

ences amongst treatment groups were analysed using the Tukey–

Kramer test and were considered significant at p \ 0.05
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fucoxanthinol released into the lymph after a fucoxanthin

infusion was very similar to that after fucoxanthinol itself.

Furthermore, the inhibitory effects of fucoxanthinol and

fucoxanthin on lipase activity were similar. Thus, the

putative physiological effects of fucoxanthinol may also be

achieved via the infusion of fucoxanthin. The actual

mechanism for fucoxanthin- and fucoxanthinol-mediated

inhibition requires further investigation.

The maximum concentration that can emulsify fucoxan-

thin and fucoxanthinol was used in the injection volume of

these carotenoids. One-tenth of the additive amount in vivo

suppressed TG degradation in vitro. Although the amount

injected, which is less than that used in this experiment,

should have the same effect, further study is needed. As

10 kg of dry seaweed contains only a few milligrams of

fucoxanthin, it would be difficult to consume sufficient

seaweed to have the effect observed in this experiment. Thus,

marine carotenoids should be provided in food supplements.

In conclusion, fucoxanthin or fucoxanthinol inhibited

lymphatic TG absorption and suppressed the increase in

TG concentration in systemic blood. These effects were

likely the result of lipase inhibition in the gastrointestinal

lumen. We also found that fucoxanthin is converted into

fucoxanthinol in the gastrointestinal tract and released into

the lymph. Our results indicate that these carotenoids may

be useful to safely and mildly suppress lipid absorption in

patients with hypertriglyceridaemia.
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