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Abstract

Rodent studies suggest that the anti-obesity effects of fucoxanthin relate to the activation of brown
fat and the conversion of white adipocytes to the brown phenotype. To determine the browning
effect in human adipocytes, we investigated the genes involved in browning and measured oxygen
consumption rate (OCR). Data were analyzed by one way ANOVA. Relative to control,
fucoxanthinol (1uM, 0.1uM, 0.01uM, 1nM, 0.1nM) the metabolite present in human plasma,
stimulated lipolysis acutely (mean +SEM: 4.2+0.8, 3.1+0.6, 4.1+0.9, 3.8+0.7, 3.8+0.7
respectively, p<0.01). There was no effect on OCR or the mRNA expression of UCP1, CPT-1p,
and GLUT4, the genes associated with browning of adipose tissue, when human adipocytes were
treated with fucoxanthin or fucoxanthinol. Gene expression of PGC-1a, PPARa, PPARYy, PDK4,
FAS, and the lipolytic enzymes was not significantly altered by fucoxanthinol treatment (p > 0.05).
Thus, in human adipocytes, fucoxanthin and its metabolite do not stimulate conversion of white
adipocytes to the brown phenotype.
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Introduction

Obesity is a multidimensional problem with complex contributing factors. Moreover, weight
loss induces neuroendocrine changes that make it particularly difficult for individuals to
adhere to diet regimens. In the short term a motivated individual will lose weight; but,
weight maintenance is largely precluded by a biological resistance to weight loss and a
predisposition to weight gain driven by counter-regulatory mechanisms that prompt an
unconscious impulse to eat.! The need to exercise a constant control over eating behavior in
the face of physiologic pressures to regain weight can be trying for even the most motivated
individuals who have achieved weight loss. Thus, the importance of research focused on
increasing energy expenditure and fat oxidation as a means of addressing obesity and its co-
morbidities cannot be overstated.

The discovery that humans possess functional depots of brown adipose tissue (BAT)2™
sparked a fervent search for molecular targets that activate BAT and promote the conversion
of white adipose tissue (WAT) to BAT, aptly called ‘beige’ or ‘brite’ adipose tissue. The
accumulation of beige adipocytes in WAT, referred to as browning, has gained a lot of
attention because BAT is typically low in humans and correlates inversely with body mass
index.4~6 When activated, triglycerides stored in BAT or beige adipose tissue are broken
down and the chemical energy is dissipated by channeling fatty acids into beta oxidation.”
Browning is characterized by increased expression of uncoupling protein-1 (UCP1) which
uncouples electron transport from ATP production leading to controlled exothermic
resolution of the proton gradient and the generation of heat. These processes increase energy
expenditure.8 In this type of metabolically active tissue glucose uptake is also stimulated.8

While the processes determining the fate of most cells are under strict regulation by genetic
and internal signals, the fate of adipocytes is uniquely distinct in that nutrition and
environment are the predominant factors that determine whether the cell will acquire a beige
or white phenotype.®

Fucoxanthin is a carotenoid present in the chloroplasts of brown seaweed. Dietary
fucoxanthin is mostly absorbed as fucoxanthinol, a hydrolyzed metabolite, from the small
intestine and enters systemic circulation through lymph.19 Fucoxanthin is known to reduce
body weight and improve glucose metabolism in rodents fed a high fat diet, in part by
increasing lipolysis and fat oxidation.11-12 Although the results are not completely
consistent, fucoxanthin has been shown to stimulate the induction of UCP1 in white adipose
tissue of mice.12-15

In humans, fucoxanthin supplementation reduced body weight and hepatic lipid
accumulation, increased energy expenditure, and had a positive impact on components of the
metabolic syndrome.1® However, the mechanism by which fucoxanthin exerts its
physiologic effects on obesity and glucose metabolism remains unclear. The effects of
fucoxanthin could be a result of increased browning of white adipose tissue and increased
lipolysis with increased fat oxidation. Evidence from rodent studies cannot always be
corroborated in humans; nevertheless, the added evidence from the results of the human trial
prompted the hypothesis that fucoxanthin treatment would stimulate the browning of human
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white adipocytes. Since fucoxanthin metabolites accumulate in the adipose tissue of mice,’
this study investigated the effects of fucoxanthin and its metabolite fucoxanthinol on the
browning of white adipose tissue, in primary human adipocytes.

Materials and Methods

Chemicals

Methods

Hyclone™ Dulbecco’s Modified Eagle Medium/Ham’s F12 (DMEM/F12 1:1) and Gibco™
fetal bovine serum (FBS) were purchased from ThermoFisher Scientific (Waltham, MA),
Rosiglitazone was purchased from AK Scientific (Union City, CA). All other reagents used
in the medium were purchased from Sigma-Aldrich (St. Louis, MO). Fucoxanthin (> 95%
fucoxanthin, FN), bovine serum albumin (BSA), glycerol standard solution, and taurocholic
acid were purchased from Sigma-Aldrich. Glycerol Reagent was purchased from Zenbio
(The Triangle, NC). Isoproterenol was purchased from Cayman Chemicals (Ann Arbor, MI).
An organic extract of the fucoxanthin plant containing 5wt% fucoxanthin (FEX) was
provided by PLT Health Solutions, (Morristown, NJ). The purified alcohol of fucoxanthin,
fucoxanthinol (FOL), was purchased from Wako Pure Chemical Industries (Osaka, Japan,
94% fucoxanthinol) and Sigma-Aldrich (= 97% fucoxanthinol). Cholesterol esterase was
purchased from Worthington Biochemical Corporation (Lakewood, NJ). Protease and
phosphatase were purchased from Cell Signaling Technology (Danvers, MA), RIPA buffer
from Sigma, TGX protein gels from BIO-RAD (Hercules, CA).

Enzymatic Extraction—To convert fucoxanthin in the plant extract to the biologically
active form fucoxanthinol, the extract was subjected to enzymatic hydrolysis by cholesterol
esterase. Fucoxanthin extract (FEX) at a concentration of 50uM (based on wt% fucoxanthin
in the extract) was added to a solution containing 3ml Potassium Phosphate Buffer (0.1M,
pH 7.0), 30.2 mg taurocholic acid and 2.1 mg cholesterol esterase and incubated for 4 hours
in a rotating incubator at 37°C. This enzymatic hydrolysate (FEX-H) was partitioned and
subjected to liquid chromatography-mass spectrometry (LC-MS) analysis.

Liquid chromatography—mass spectrometry—Samples of FOL and FEX-H were
analyzed by a LC-MS system consisting of Dionex UltiMate™ 3000 UPLC including
Dionex HPG-RS pump, RS autosampler, RS column compartment, and Dionex UltiMate
(ThermoFisher Scientific) photodiode array detector (PDA). After PDA the sample flow was
guided to a Q Exactive™ Plus orbitrap (ThermoFisher Scientific) high resolution, high
accuracy mass spectrometer. The LC mobile phase consisted of solvent A — 100%
acetonitrile, and solvent B — 0.5% acetic acid in deionized, reverse osmosis filtered water.
All LC separations were performed in isocratic mode — 50% solvent A and 50% solvent B.
The mobile phase flow rate was 0.2 ml/min. Compounds were separated on a Phenomenex®
Kinetex RP C8, 2.6 u particle size, 100 x 2.1 mm column. The Q Exactive™ plus mass
spectrometer was equipped with an electrospray ionization source (+ESI) operated in
positive mode. The scan type was full MS from 150 to 2000 daltons. In arbitrary units, the
sheath gas flow rate was 30, auxiliary gas flow was 8, and sweep gas flow rate was 1. The

J Agric Food Chem. Author manuscript; available in PMC 2018 December 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rebello et al.

Page 4

spray voltage was 3.8 kV, capillary temperature was 320 °C, and auxiliary gas heater
temperature was 380 °C. LC-MS analyses were performed at Rutgers University.

Cell culture—Human adipose-derived stem cells from overweight and obese female
donors were purchased from LaCell, LLC (New Orleans, Louisiana). Preadipocytes were
seeded in DMEM/F12 1:1 supplemented with 10% FBS and 1% antibiotic (penicillin/
streptomycin/amphotericin). The medium was replenished every two days. One day
following confluence, cells were differentiated for four days in media containing 70%
DMEM and 30% DMEM/F12 1:1 supplemented with 3% FBS, 1% antibiotic, 1uM
dexamethasone, 33uM biotin, 0.1yM insulin, 20uM pantothenate, 5uM rosiglitazone and
500uM 3-isobutylmethylxanthine. Following four days of differentiation, cells were
maintained in medium composed of 70% DMEM and 30% DMEM/F12 1:1 supplemented
with 3% FBS, 1uM dexamethasone, 33uM biotin, 0.1uM insulin, and 20uM pantothenate
(day 0). Cells were kept at 37°C in a humidified atmosphere of 95% air and 5% CO,.18

Treatments—Treatments were started from day 3 to day 6 and assays were performed on
day 10 to day 13. Treatments were administered every two days and dexamethasone was
removed from the medium during treatment to promote browning of adipose tissue.1® For
evaluation of the acute effects, treatments were administered four hours prior to the assay.
Based on a pharmacokinetic study in humans suggesting that 0.1uM fucoxanthinol was close
to being attainable in human plasma following oral intake of fucoxanthin extract,2 the study
investigated the effects of treatment with 0.1uM and ten-fold concentrations above and
below it.

Lipolysis—Adipocytes were grown in 96 well plates and cells were washed twice with
Krebs-Ringer bicarbonate buffer (KRB). Treatments added to KRB + 2% BSA were given to
the cells. Following a four hour incubation period, 50l from each well was transferred to a
corresponding well of a 96-well plate containing 50ul of glycerol reagent. Glycerol release
was quantified by absorbance (540 nm, Versamax™ tunable microplate reader, Molecular
Devices, Radnor, PA) after 15 minutes. Treatments included FN, FEX, and FEX-H at 1pM
and 0.1uM concentrations. FOL stimulated lipolysis at these concentrations and was
therefore further investigated at 0.01yM, 1nM, and 0.1nM concentrations. Isoproterenol was
used as a positive control.

Fucoxanthin is converted to fucoxanthinol in adipocytes of mice in 48 to 57 hours.2
Therefore, an experiment was also conducted where the cells were treated with FEX at
0.1uM concentration and the second treatment with FEX was added to the medium after 72
hours to allow the adipocytes to convert fucoxanthin to fucoxanthinol, following which the
assay was conducted.

Oil Red O Staining—An Oil Red O stock was prepared as previously described.22
Adipocytes grown in 48 well plates were treated with FOL 1uM, and incubated for four
hours. In accordance with the protocol previously described,?3 the medium was aspirated
and the wells were rinsed with PBS. Following incubation for 10 - 15 min in a solution to fix
the cells (10% formaldehyde in PBS), the wells were rinsed 5 times with tap water. The
remaining water was aspirated, and the cells were incubated for 1 hour in Oil Red O solution
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(0.3% in isopropanol). Following incubation, the stain was aspirated, and the cells were
rinsed 5 times with tap water. After visual examination, cells stained with Oil Red O were
dissolved in isopropanol and quantified by absorbance (520 nm) measurement.

Quantitative Real Time Polymerase Chain Reaction (QRT-PCR)—Adipocytes
grown in 12 or 24 well plates were treated every 48 hours over a period of six days and each
treatment was given in replicates of three or four respectively. Treatments included FN,
FEX, FEX-H, and FOL at 0.1uM concentration. On day seven 500ul Trizol reagent was
added to lyse adipocytes and the contents of each well were homogenized. RNeasy Mini Kit
(Qiagen, Germantown, MD) was used to isolate RNA following manufacturer’s protocol.
The RNA was quantified using Invitrogen Qubit RNA broad range assay kit and read using
Qubit Fluorometer (ThermoFisher Scientific). Reverse transcriptase and PCR were
conducted in one reaction with the reverse PCR primer priming cDNA synthesis using
SuperScript® 11 Platinum One-Step Quantitative RT-PCR System with Rox from Invitrogen
(ThermoFisher Scientific). Amplicons were designed to span an intron-exon junction to
avoid amplification of genomic sequences. Primer and probe oligonucleotides for UCP1,
peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC-1a),
peroxisome proliferator-activated receptor alpha (PPARa), carnitine palmitoyltransferase-1p
(CPT-1pB), glucose transporter type 4 (GLUT4), and peroxisome proliferator-activated
receptor gamma (PPARYy) were purchased from Integrated DNA Technologies (Coralville,
IOWA) and are provided in Table 1. Rosiglitazone was used as a positive control for
browning of white adipocytes.?4

Each sample RT-PCR assay was conducted in duplicate. In some experiments, mRNA was
reverse transcribed with oligodT primers (Invitrogen Super Script® IV First- Strand
Synthesis System, ThermoFisher Scientific) and gPCR was performed using SYBR® green
PCR Master Mix (Applied Biosystems). Primer sequences for adipose triglyceride lipase
(ATGL), carnitine palmitoyltransferase-la (CPT-1a), fatty acid synthase (FAS), glycerol
kinase (GK), hormone sensitive lipase (HSL), and pyruvate dehydrogenase kinase 4 (PDK4)
obtained from Integrated DNA Technologies and designed using the PrimerQuest tool are
provided in Table 2. Tolerance to the dose was assessed with FOL at 10uM concentration.

Western Blots—Cells treated with FOL at 1pM for six days were lysed in RIPA buffer
containing a cocktail of protease and phosphatase. TGX SDS-PAGE gels (Any Kd™,
BioRad) were used to separate 50ug of solubilized protein per sample. Following transfer,
nitrocellulose membranes were probed overnight at 4°C with primary antibodies against
AMP-activated protein kinase (AMPK; rabbit anti-AMPK, 1:2000, #2535S, Cell Signaling
Technology) and phospho-AMPK (p-AMPK; rabbit anti-p-AMPK, 1:2000, #2532S, Cell
Signaling Technology); Secondary antibody anti-rabbit HRP (Abcam 6781) was used to
detect specific antibody-antigen complexes. Proteins were visualized by chemiluminescence
(Western Lightning Plus-ECL, PerkinElmer, Waltham, MA).

Mitochondrial Bioenergetics—To study mitochondrial bioenergetics in human white
adiopocytes, a SeaHorse XF24 Extracellular Flux Analyzer (SeaHorse Bioscience, Billerica,
MA) was used. The human adipose-derived stem cells were seeded onto the SeaHorse XF24
V7 plate. The protocol for evaluating the bioenergetics parameters of the adipocytes as
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previously described 2> was modified to include isoproterenol to stimulate fatty acid
release.28 Briefly, sequential injections of oligomycin (2 uM) to inhibit ATP synthase,
isoproterenol (1uM), carbonyl cyanide-4-(trifluoromethoxy) phenyhydrazone (FCCP, 3 uM),
to uncouple electron transport and allow for maximum electron flux through the electron
transport chain, and antimycin A (1.5 ug/mL), to inhibit complex Il were used to determine
basal oxygen consumption rate (OCR), ATP-linked respiration, maximal and reserve
respiratory capacity. Cells were treated for six days with FOL 1uM, rosiglitazone 0.1uM or
were untreated controls. After treatments, cells were washed with DMEM, then 625 pl/well
serum-free SeaHorse XF media, containing 5mM pyruvate was loaded onto the plates. Plates
were equilibrated in a non-CO, incubator at 37 °C for 20 minutes before obtaining
bioenergetics profiles.

Statistical Analysis—One way analysis of variance was used to analyze the primary
outcomes which were differences from the control. The level of significance for the tests
was controlled at the nominal 0.05 level. The Welch test was used to evaluate homogeneity
of variances and the F-test was used to test the hypothesis that the means of two groups were
equal. Outcomes are summarized as means + SEM. All analyses were performed using SAS
9.4 (SAS Institute, Cary NC) except the mitochondrial bioenergetics results which were
analyzed using GraphPad Prism Software (La Jolla, CA) and are reported as means +
standard deviation.

Liquid Chromatography — Mass Spectrometry

Lipolysis

The samples of fucoxanthinol produced through in vitro hydrolysis of fucoxanthin (FEX-H)
and purchased commercially (FOL) were characterized through LC-MS. The main peaks
corresponding to fucoxanthinol were identical as seen in the chromatograms for FEX-H and
FOL. There were other minor components that differed between the samples. (Figure 1A
and B).

Acute treatment (four hours) with FN, FEX, and FEX-H, at 1uM and 0.1uM did not
stimulate lipolysis in human subcutaneous adipocytes. In Caco-2 human intestinal cells
fuocoxanthin is hydrolyzed to fucoxanthinol during uptake by the cells, and in humans and
mice fucoxanthinol but not fucoxanthin appears in plasma following ingestion of
fucoxanthin.10: 20 The effect of FEX on human adipocytes was tested following an
incubation of 72 hours to facilitate conversion to fucoxanthinol, but no effect on lipolysis
was observed. Treatment with FOL at concentrations ranging from 1uM to 0.1nM for four
hours stimulated lipolysis (Figure 2A). Oil Red O staining of the cells showed that FOL
treatment produced a trend towards reduction in the lipid content of the cells (Figure 2B).

Gene Expression

In human adipocytes, PPARy or PPARa agonists induce UCP1 and promote the browning
of white adipocytes. Browning of adipocytes is accompanied by simultaneous induction of
fatty acid esterification, lipolysis, and fat oxidation, in a futile triglyceride/fatty acid cycling.
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Further, brown fat is characterized by increased insulin-stimulated glucose uptake and gene
expression of GLUTA4.° Thus, in our study, the browning of adipose tissue was evaluated by
examining the mRNA expression of the genes that regulate these effects; however, treatment
of human adipocytes with 0.1uM FN or FEX did not induce UCP1, GLUT4, or CPT-1p in
white adipocytes. The efficacy of the FEX-H was then tested to determine whether it induces
browning in human adipocytes in vitro. FEX-H at 0.1uM concentration also failed to
consistently stimulate UCP1, CPT-1B, or GLUT4. Since lipolysis was stimulated by FOL, its
effects on gene expression were more extensively assayed, but at 0.1uM concentration this
compound failed to significantly affect mMRNA expression of UCP1, CPT-1p, CPT-1a,
GLUT4, PPARY, PPARa, PGC-1a, ATGL, HSL, PKD4, GK, or FAS in human adipocytes
(Figure 3A). Rosiglitazone treatment which was used as a positive control stimulated more
than 100 fold increase in UCP1 in human white adipocytes (Figure 3B). At 10pM
concentration, FOL was toxic to human white adipocytes and induced cell death within 48
hours.

Western Blots

Treatment of adipocytes with FOL at 1uM concentration over a seven day period or a Six
hour period did not increase the phosphorylation levels of AMPK protein compared to
untreated controls (Figure 4). Total AMPK levels were similar with all treatments.

Mitochondrial Bioenergetics

The difference between basal OCR and oligomycin-linked OCR represents the amount of
oxygen that is ATP-linked. The balance of the basal OCR is comprised of oxygen
consumption arising from proton leak, and non-mitochondrial sources related mainly to the
action of oxygenases.?’ In intact cells, UCP1 must be activated by fatty acids.” As shown in
Figure 5A, FOL treatment did not increase basal OCR, or OCR that is inhibited by
oligomycin. Further, the addition of isoproterenol to release fatty acids did not stimulate an
increase in OCR, maximal or reserve OCR in the FOL treated cells compared to untreated
controls. (Figure 5B).

Discussion

There were no changes in gene expression relating to the browning of adipose tissue, fat
oxidation, and glucose transport in vitro in primary human adipocytes treated with
fucoxanthin or fucoxanthinol, the metabolite present in human plasma following ingestion of
fucoxanthin. There was also no increase in the OCR of cells treated with FOL. The results
suggest that fucoxanthin or its metabolite do not promote the conversion of white adipocytes
to the more metabolically active beige or brite phenotype at concentrations that are
physiologically attainable in humans and are not toxic to cells. However, FOL stimulates
acute lipolysis in human adipocytes.

In obese mice fed a high fat diet, six weeks of supplementation with fucoxanthin decreased
adipocyte size, body weight gain, and visceral fat pads without affecting food intake,
suggesting an increase in energy expenditure. The mMRNA expression and activity of
lipogenic enzymes decreased concomitantly with an increase in fatty acid beta-oxidation and
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an upregulation of UCP1 mRNA expression in WAT.13 In addition to positive effects on
body weight, body fat and hepatic lipid droplet accumulation in mice, nine weeks of
supplementation with fucoxanthin was accompanied by beneficial effects on glucose
homeostasis.28 Similarly in another study, mice fed a high fat diet supplemented with
fucoxanthin had reduced body weight gain which was accompanied by a decrease in lipid
accumulation in the liver and a reduction in serum triglycerides.2? For the most part, these

anti-obesity effects were demonstrated in a host of studies in mice fed a high fat
diet_11—12, 15, 30

In a clinical trial, obese women supplemented daily for 16 weeks with 2.4 mg of fucoxanthin
delivered in pomegranate seed oil (Xanthigen™) lost body weight, body fat, liver fat, and
had reduced serum triglycerides compared to women given the placebo. In a small subset of
the study (three or four subjects per group), Xanthigen™ supplementation increased resting
energy expenditure.18 Although the overwhelming evidence from rodent studies and the
purported mechanisms based on the human trial could not be substantiated in human white
adipocytes, the results are far from inconsequential.

The nuclear receptor PPAR-y which has a well-established role in promoting adipogenesis
and fat oxidation is expressed at highest levels in adipose tissue.31-32 In 3T3-L1 cells,
during differentiation fucoxanthin at 10uM and 25uM concentrations as well as its
metabolite fucoxanthinol at 2.5uM, 5uM, and 10uM concentrations reduced lipid
accumulation, and at 2.5uM and 5uM concentrations, fucoxanthin as well as fucoxanthinol
downregulated PPARy protein levels.?! During 3T3-L1 preadipocyte differentiation,
treatment with Xanthigen™ decreased lipid accumulation and inhibited the protein
expression of PPARy .33

Adipose development involves a differentiation switch that activates the expression of a new
set of genes followed by lipid accumulation. PPARy is induced during differentiation and its
expression is paramount for normal adipogenesis.34-3% Thus, the anti-obesity effects of
fucoxanthin were attributed to the downregulation of PPARYy that it produced.?1: 33
However, PPARYy has paradoxical effects on adipocyte biology and also acts to increase
insulin sensitivity. Additionally, in mature human white adipocytes, activation of PPAR~y or
PPARa produce a molecular pattern such as the induction of UCP1, CPT-1pB, and PGC-1a
gene expression that suggests the acquisition of a brown phenotype.24 Thus, PPARy may
need to be selectively modulated in a gene- and tissue-specific manner.38 In our study,
PPAP-y mRNA expression was not affected by FOL treatment in mature adipocytes.

Despite the increase acute lipolysis, change in the expression of the genes involved in
lipolysis such as ATGL, HSL, and FAS, or an increase in the phosphorylation of AMPK was
not observed in our study, after treatment with FOL for seven days. In both mice and
humans, stimulation of B-adrenergic receptors in adipose tissue initiates lipolysis. During
this process, adenylyl cyclase mediated increases in CAMP result in the activation of protein
kinase A (PKA) which phosphorylates perilipin 1 (PLIN1) and HSL. Additionally in human
adipocytes, natriuretic peptides acting through protein kinase G (PKG) phosphorylate the
same targets as the B-adrenergic agonists do when acting through PKA, to stimulate
lipolysis.3” Phosphorylation of PLIN1 stimulates the release of comparative gene

J Agric Food Chem. Author manuscript; available in PMC 2018 December 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rebello et al.

Page 9

identification-58 (CGI-58) which has a potent effect on the activation of ATGL.38 Activation
of ATGL is an important step in stimulating the lipolytic cascade. Hence, it is likely that
stimulation occurs at the level of activation of some of these lipolytic enzymes rather than at
the level of gene expression.

Unlike FOL, FEX-H did not have an effect on lipolysis. FOL and FEX-H have similar LC-
MS profiles, but they are not exactly the same. Although the main peaks corresponding to
fucoxanthinol were identical, FEX-H was prepared from an extract containing 5%
fucoxanthin. Therefore, there were other components present that may have contributed to
differences in the lipolytic activity of FEX-H and FOL.

In mature 3T3-L1 cells, fucoxanthin at 10uM concentration induced the phosphorylation of
AMP-activated protein kinase (AMPK) and acetyl coenzyme A carboxylase (ACC), and
increased the expression of CPT1a.29 Xanthigen™ decreased the protein expression of FAS
and activated AMPK signaling in 3T3-L1 cells.33 AMPK through phosphorylation and
inactivation of ACC promotes the uptake of fatty acids into the mitochondria which is the
rate-limiting step in fatty acid g-oxidation. The fall in ACC reduces its product malony!l
CoA, an inhibitor of fatty acid entry into the mitochondria. Fatty acid transport into the
mitochondria is dependent upon the CPT1 system.3? In our study phosphorylation of AMPK
did not increase with FOL treatment of human adipocyte. The downstream effects such as
induction of the CPT1 system at were also not supported by examination of the mRNA
expression of CPT-1a or CPT-1p.

The triglyceride-fatty-acid cycle is a process in which free fatty acids produced during
lipolysis are esterified back to triglycerides in a seemingly wasteful endeavor that has high
energy costs.*0 In adipocytes GK is typically lacking which prevents adipocytes from
generating glycerol-3-phosphate and recycling the glycerol in a futile cycling. Certain
compounds such as the thiazolidinediones can stimulate GK gene expression and thereby
promote the triglyceride-fatty-acid cycle.*! Additionally, in human beige adipocytes, PDK4
which phosphorylates and inactivates the pyruvate dehydrogenase complex is upregulated,
which shifts glucose metabolism towards glycerol-3-phosphate production, rather than
oxidation.24 However, in our study FOL did not induce the gene expression of PDK4 or GK
in human adipocytes and an effort to establish possible futile triglyceride cycling as a
mechanism by which fucoxanthinol may increase energy expenditure did not meet with
success. Thus, in human adipocytes, fucoxanthinol does not appear to stimulate fatty acid
oxidation or futile cycling of triglycerides. However, that does not preclude the channeling
of fatty acids into p-oxidation in other metabolically active tissues such liver and skeletal
muscle tissue which may be the subject of future investigation.

Microplate respirometry provides a method for measuring thermogenesis in cultured white
adipocytes that have been treated with agents to stimulate browning. The bioenergetics
profile widely assayed measures four respiration states. Basal OCR is first determined,
followed by the addition of oligomycin to differentiate oxygen consumption used for ATP
synthesis (coupled respiration) from basal proton leak (basal uncoupled respiration),
maximal respiratory capacity by the addition of the uncoupling agent FCCP, and non-
mitochondrial oxygen consumption using antimycin A to block the electron transport chain.
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However, UCP1 is constitutively inactive until activated by fatty acids.” Additionally recent
evidence 2642 suggests that fatty acids stimulate thermogenesis that is UCP1 independent.
As suggested in these studies we modified the protocol to include isoproterenol following
oligomycin to detect any possible mitochondrial uncoupling. Although FOL stimulates acute
lipolysis there was no increase in basal OCR or basal proton leak in the FOL-treated cells
compared to controls. The addition of isoproterenol to stimulate lipolysis and activate UCP1
or thermogenesis that is UCP1-independent also did not increase OCR compared to controls.

In mice, following oral administration of mixed micelle containing 160nM (0.105mg or
3.5mg/kg body weight) of fucoxanthin, the Cpax for fucoxanthinol was 132nM.17 In
humans, one seventh of this dose produced a plasma Cpayx 0f 44.2nM.20 Thus, the doses of
fucoxanthin and fucoxanthinol used in the present experiments were maintained at
concentrations close to what may be expected to occur in human plasma without being toxic
to the cells. While in 3T3-L1 cells, no toxicity was observed in cells treated with
fucoxanthinol at 10uM concentration for 120 hours,2! in mature human adipocytes FOL at
10uM concentration induced cell death within 48 hours. Moreover, following oral
administration of fucoxanthin to mice, amarouciaxanthin A, a liver metabolite of
fucoxanthin was evident in the plasma; however, this metabolite was absent in human
plasma following ingestion of an extract of kombu containing fucoxanthin at 0.52 mg/kg of
body weight.1”: 20 These differences and the high doses of fucoxanthin or fucoxanthinol
used in the rodent studies and 3T3-L1 cell line may explain the disparate results found in
human adipocytes. It is also likely that fucoxanthinol may exert its physiologic effects by
acting in concert with tissues other than adipose tissue.

Adrenergic control over BAT and beige fat is mediated by adrenergic receptors (ARs)
especially the B3-AR in rodents, which are largely expressed in their mature adipocytes. The
B1 AR in rodent adipocytes is necessary for proliferation of brown adipocytes. Thus, the p1-
and B3-ARs are both needed for inducing the thermogenic response. Human adipocytes
predominantly express B1- and B2-ARs and direct evidence of substantial contribution of the
B3-AR to the thermogenic program is currently lacking. The a2-ARs which inhibit cAMP
signaling inhibit BAT thermogenesis in rats. Human adipocytes display a higher expression
of a2-ARs than rodents. The interplay between the relative expression or affinities of
various ARs influences the browning of white adipocytes.#3 Further, multiple factors known
to stimulate browning such as irisin which is expressed and secreted by skeletal muscle and
adipocytes in rodents has little evidence for its relevance to human physiology.#4 These
differences may account for the diverse effects of fucoxanthinol on browning in human and
rodent species.

Activity of the enzymes involved in lipolysis and fat oxidation was not evaluated in this
study which may limit the interpretation of the results. Nevertheless, based on the results of
this study, especially the lack of induction of UCP1 gene expression or increases in oxygen
consumption one may conclude that neither fucoxanthin nor its metabolite fucoxanthinol
stimulate the browning of human white adipocytes at doses that may be expected to occur in
human plasma without being toxic to the cells; however, fucoxanthinol induces lipolysis in
human white adipocytes.
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AMPK
BAT
BSA
CPT1l-a
CPT-1B
FAS
FBS
FEX
FEX-H
FCCP
FOL

FN

GK
GLUT 4
HSL
LC-MS
OCR
PDK4
PGC-la
PKA

PLIN1

Adipose triglyceride lipase

AMP-activated protein kinase

Brown fat

Bovine serum albumin

Carnitine palmitoyltransferase-1a

Carnitine palmitoyltransferase-1p

Fatty acid synthase

Fetal bovine serum

Fucoxanthin organic plant extract (PLT Health Solutions)
Enzymatic hydrolysate of fucoxanthin organic plant extract
Carbonyl cyanide-4-(trifluoromethoxy) phenyhydrazone
Fucoxanthinol

Fucoxanthin (Sigma Aldrich)

Glycerol kinase

Glucose transporter type 4 (GLUT4)

Hormone sensitive lipase

Liquid chromatography - mass spectrometry

Oxygen consumption rate

Pyruvate dehydrogenase kinase 4

Peroxisome proliferator-activated receptor gamma coactivator 1-alpha

Protein kinase A

Perilipin 1
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PPARa peroxisome proliferator-activated receptor alpha

PPARYy Peroxisome proliferator-activated receptor gamma
UCP1 Uncoupling protein 1
WAT White fat

References

1. Jequier E, Tappy L. Regulation of body weight in humans. Physiol Rev. 1999; 79(2):451-80.
[PubMed: 10221987]

2. Cypess AM, Lehman S, Williams G, Tal I, Rodman D, Goldfine AB, Kuo FC, Palmer EL, Tseng
YH, Doria A, Kolodny GM, Kahn CR. Identification and importance of brown adipose tissue in
adult humans. N Engl J Med. 2009; 360(15):1509-17. [PubMed: 19357406]

3. Saito M, Okamatsu-Ogura Y, Matsushita M, Watanabe K, Yoneshiro T, Nio-Kobayashi J, lwanaga T,
Miyagawa M, Kameya T, Nakada K, Kawai Y, Tsujisaki M. High incidence of metabolically active
brown adipose tissue in healthy adult humans: effects of cold exposure and adiposity. Diabetes.
2009; 58(7):1526-31. [PubMed: 19401428]

4. Virtanen KA, Lidell ME, Orava J, Heglind M, Westergren R, Niemi T, Taittonen M, Laine J, Savisto
NJ, Enerback S, Nuutila P. Functional brown adipose tissue in healthy adults. N Engl J Med. 2009;
360(15):1518-25. [PubMed: 19357407]

5. van Marken Lichtenbelt WD, Vanhommerig JW, Smulders NM, Drossaerts JM, Kemerink GJ,
Bouvy ND, Schrauwen P, Teule GJ. Cold-activated brown adipose tissue in healthy men. N Engl J
Med. 2009; 360(15):1500-8. [PubMed: 19357405]

6. Ouellet V, Routhier-Labadie A, Bellemare W, Lakhal-Chaieb L, Turcotte E, Carpentier AC, Richard
D. Outdoor temperature, age, sex, body mass index, and diabetic status determine the prevalence,
mass, and glucose-uptake activity of 18F-FDG-detected BAT in humans. J Clin Endocrinol Metab.
2011; 96(1):192-9. [PubMed: 20943785]

7. Cannon B, Nedergaard J. Brown adipose tissue: function and physiological significance. Physiol
Rev. 2004; 84(1):277-359. [PubMed: 14715917]

8. Bartelt A, Heeren J. Adipose tissue browning and metabolic health. Nat Rev Endocrinol. 2014;
10(1):24-36. [PubMed: 24146030]

9. Sidossis L, Kajimura S. Brown and beige fat in humans: thermogenic adipocytes that control energy
and glucose homeostasis. J Clin Invest. 2015; 125(2):478-86. [PubMed: 25642708]

10. Sugawara T, Baskaran V, Tsuzuki W, Nagao A. Brown algae fucoxanthin is hydrolyzed to
fucoxanthinol during absorption by Caco-2 human intestinal cells and mice. J Nutr. 2002; 132(5):
946-51. [PubMed: 11983819]

11. Woo MN, Jeon SM, Kim HJ, Lee MK, Shin SK, Shin YC, Park YB, Choi MS. Fucoxanthin
supplementation improves plasma and hepatic lipid metabolism and blood glucose concentration
in high-fat fed C57BL/6N mice. Chem Biol Interact. 2010; 186(3):316-22. [PubMed: 20519145]

12. Maeda H, Hosokawa M, Sashima T, Murakami-Funayama K, Miyashita K. Anti-obesity and anti-
diabetic effects of fucoxanthin on diet-induced obesity conditions in a murine model. Mol Med
Rep. 2009; 2(6):897-902. [PubMed: 21475918]

13. Woo MN, Jeon SM, Shin YC, Lee MK, Kang MA, Choi MS. Anti-obese property of fucoxanthin is
partly mediated by altering lipid-regulating enzymes and uncoupling proteins of visceral adipose
tissue in mice. Mol Nutr Food Res. 2009; 53(12):1603-11. [PubMed: 19842104]

14. Maeda H, Hosokawa M, Sashima T, Miyashita K. Dietary combination of fucoxanthin and fish oil
attenuates the weight gain of white adipose tissue and decreases blood glucose in obese/diabetic
KK-Ay mice. J Agric Food Chem. 2007; 55(19):7701-6. [PubMed: 17715888]

15. Jeon SM, Kim HJ, Woo MN, Lee MK, Shin YC, Park YB, Choi MS. Fucoxanthin-rich seaweed
extract suppresses body weight gain and improves lipid metabolism in high-fat-fed C57BL/6J
mice. Biotechnol J. 2010; 5(9):961-9. [PubMed: 20845386]

J Agric Food Chem. Author manuscript; available in PMC 2018 December 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rebello et al.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

217.

28.

29.

30.

31.

32.

33.

Page 13

Abidov M, Ramazanov Z, Seifulla R, Grachev S. The effects of Xanthigen in the weight
management of obese premenopausal women with non-alcoholic fatty liver disease and normal
liver fat. Diabetes Obes Metab. 2010; 12(1):72-81. [PubMed: 19840063]

Hashimoto T, Ozaki Y, Taminato M, Das SK, Mizuno M, Yoshimura K, Maoka T, Kanazawa K.
The distribution and accumulation of fucoxanthin and its metabolites after oral administration in
mice. Br J Nutr. 2009; 102(2):242-8. [PubMed: 19173766]

Halvorsen YD, Bond A, Sen A, Franklin DM, Lea-Currie YR, Sujkowski D, Ellis PN, Wilkison
WO, Gimble JM. Thiazolidinediones and glucocorticoids synergistically induce differentiation of
human adipose tissue stromal cells: biochemical, cellular, and molecular analysis. Metabolism.
2001; 50(4):407-13. [PubMed: 11288034]

Elabd C, Chiellini C, Carmona M, Galitzky J, Cochet O, Petersen R, Penicaud L, Kristiansen K,
Bouloumie A, Casteilla L, Dani C, Ailhaud G, Amri EZ. Human multipotent adipose-derived stem
cells differentiate into functional brown adipocytes. Stem Cells. 2009; 27(11):2753-60. [PubMed:
19697348]

Hashimoto T, Ozaki Y, Mizuno M, Yoshida M, Nishitani Y, Azuma T, Komoto A, Maoka T, Tanino
Y, Kanazawa K. Pharmacokinetics of fucoxanthinol in human plasma after the oral administration
of kombu extract. Br J Nutr. 2012; 107(11):1566-9. [PubMed: 21920061]

Maeda H, Hosokawa M, Sashima T, Takahashi N, Kawada T, Miyashita K. Fucoxanthin and its
metabolite, fucoxanthinol, suppress adipocyte differentiation in 3T3-L1 cells. Int J Mol Med.
2006; 18(1):147-52. [PubMed: 16786166]

Kuri-Harcuch W, Green H. Adipose conversion of 3T3 cells depends on a serum factor. Proc Natl
Acad Sci U S A. 1978; 75(12):6107-9. [PubMed: 282628]

Richard AJ, Amini ZJ, Ribnicky DM, Stephens JM. St. John’s Wort inhibits insulin signaling in
murine and human adipocytes. Biochim Biophys Acta. 2012; 1822(4):557-63. [PubMed:
22198320]

Barquissau V, Beuzelin D, Pisani DF, Beranger GE, Mairal A, Montagner A, Roussel B, Tavernier
G, Marques MA, Moro C, Guillou H, Amri EZ, Langin D. White-to-brite conversion in human
adipocytes promotes metabolic reprogramming towards fatty acid anabolic and catabolic
pathways. Mol Metab. 2016; 5(5):352—-65. [PubMed: 27110487]

Dranka BP, Benavides GA, Diers AR, Giordano S, Zelickson BR, Reily C, Zou L, Chatham JC,
Hill BG, Zhang J, Landar A, Darley-Usmar VM. Assessing bioenergetic function in response to
oxidative stress by metabolic profiling. Free Radic Biol Med. 2011; 51(9):1621-35. [PubMed:
21872656]

Li Y, Fromme T, Klingenspor M. Meaningful respirometric measurements of UCP1-mediated
thermogenesis. Biochimie. 2017; 134:56-61. [PubMed: 27986537]

Giordano A, Nisoli E, Tonello C, Cancello R, Carruba MO, Cinti S. Expression and distribution of
heme oxygenase-1 and -2 in rat brown adipose tissue: the modulatory role of the noradrenergic
system. FEBS Lett. 2000; 487(2):171-5. [PubMed: 11150503]

Park HJ, Lee MK, Park YB, Shin YC, Choi MS. Beneficial effects of Undaria pinnatifida ethanol
extract on diet-induced-insulin resistance in C57BL/6J mice. Food Chem Toxicol. 2011; 49(4):
727-33. [PubMed: 21146577]

Kang Sl, Shin HS, Kim HM, Yoon SA, Kang SW, Kim JH, Ko HC, Kim SJ. Petalonia binghamiae
extract and its constituent fucoxanthin ameliorate high-fat diet-induced obesity by activating
AMP-activated protein kinase. J Agric Food Chem. 2012; 60(13):3389-95. [PubMed: 22400485]
Hosokawa M, Miyashita T, Nishikawa S, Emi S, Tsukui T, Beppu F, Okada T, Miyashita K.
Fucoxanthin regulates adipocytokine mRNA expression in white adipose tissue of diabetic/obese
KK-Ay mice. Arch Biochem Biophys. 2010; 504(1):17-25. [PubMed: 20515643]

Tontonoz P, Hu E, Graves RA, Budavari Al, Spiegelman BM. mPPAR gamma 2: tissue-specific
regulator of an adipocyte enhancer. Genes Dev. 1994; 8(10):1224-34. [PubMed: 7926726]
Chawla A, Schwarz EJ, Dimaculangan DD, Lazar MA. Peroxisome proliferator-activated receptor
(PPAR) gamma: adipose-predominant expression and induction early in adipocyte differentiation.
Endocrinology. 1994; 135(2):798-800. [PubMed: 8033830]

Lai CS, Tsai ML, Badmaev V, Jimenez M, Ho CT, Pan MH. Xanthigen suppresses preadipocyte
differentiation and adipogenesis through down-regulation of PPARgamma and C/EBPs and

J Agric Food Chem. Author manuscript; available in PMC 2018 December 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rebello et al.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

Page 14

modulation of SIRT-1, AMPK, and FoxO pathways. J Agric Food Chem. 2012; 60(4):1094-101.
[PubMed: 22224971]

Rosen ED, Sarraf P, Troy AE, Bradwin G, Moore K, Milstone DS, Spiegelman BM, Mortensen
RM. PPAR gamma is required for the differentiation of adipose tissue in vivo and in vitro. Mol
Cell. 1999; 4(4):611-7. [PubMed: 10549292]

Tontonoz P, Hu E, Devine J, Beale EG, Spiegelman BM. PPAR gamma 2 regulates adipose
expression of the phosphoenolpyruvate carboxykinase gene. Mol Cell Biol. 1995; 15(1):351-7.
[PubMed: 7799943]

Lehrke M, Lazar MA. The many faces of PPARgamma. Cell. 2005; 123(6):993-9. [PubMed:
16360030]

Sengenes C, Bouloumie A, Hauner H, Berlan M, Busse R, Lafontan M, Galitzky J. Involvement of
a cGMP-dependent pathway in the natriuretic peptide-mediated hormone-sensitive lipase
phosphorylation in human adipocytes. J Biol Chem. 2003; 278(49):48617-26. [PubMed:
12970365]

Lass A, Zimmermann R, Oberer M, Zechner R. Lipolysis - a highly regulated multi-enzyme
complex mediates the catabolism of cellular fat stores. Prog Lipid Res. 2011; 50(1):14-27.
[PubMed: 21087632]

Hardie DG, Ross FA, Hawley SA. AMPK: a nutrient and energy sensor that maintains energy
homeostasis. Nat Rev Mol Cell Biol. 2012; 13(4):251-62. [PubMed: 22436748]

Nye C, Kim J, Kalhan SC, Hanson RW. Reassessing triglyceride synthesis in adipose tissue.
Trends in endocrinology and metabolism: TEM. 2008; 19(10):356-61. [PubMed: 18929494]
Guan HP, Li Y, Jensen MV, Newgard CB, Steppan CM, Lazar MA. A futile metabolic cycle
activated in adipocytes by antidiabetic agents. Nat Med. 2002; 8(10):1122-8. [PubMed: 12357248]

Yehuda-Shnaidman E, Buehrer B, Pi J, Kumar N, Collins S. Acute stimulation of white adipocyte
respiration by PKA-induced lipolysis. Diabetes. 2010; 59(10):2474-83. [PubMed: 20682684]
Chechi K, van Marken Lichtenbelt WD, Richard D. Brown and Beige Adipose Tissues: Phenotype
and Metabolic Potential in Mice and Men. J Appl Physiol (1985). 2017 jap 00021 2017.

Irving BA, Still CD, Argyropoulos G. Does IRISIN Have a BRITE Future as a Therapeutic Agent
in Humans? Current obesity reports. 2014; 3:235-41. [PubMed: 24818073]

J Agric Food Chem. Author manuscript; available in PMC 2018 December 20.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Rebello et al.

RT 0.00-2500 SM: 78

Page 15

1093 WL
" 48304
i FOL UV chromatogram at 450 nm &,
POA
9 Fueoxant-
o so000-] sToZ
"] 3
§ 20000
3 17.35
10000 109
3 102) 142 232 270 367 438476 530 614 128 161 892 9.65 j L‘\”‘ e 1332 MY 0 ggqp 1800 12.99 2450
e N
" 4 3T
] : i MS chromatogram at m/z 617 .
8 3 Fucoxanthinol (MW = 616) e
o = NS
2 300000004 Fucaxant
3 3 102
< 20000000
£ 3 1738
§1moono€ k
uE (A7 178247 a4z 4 4ss 628 T4t aspass 02t ) \1L4 g2z 1340 W1 past 1550 1287 1822 1887 1938 2081 2149 2274 2431 2473
A 2 ERRRAE ] 5 8 7 N w0 iz 13 15 A A A T ] 2= 3 w25
Time (min)
Fucorant STO2 81017 RT: 1103 AV: 1 NL 1.4BEB
T FTMS = p ESI Full ms[100.0000-1500 0000} [M-H,0]*
599 4100
CagMasOs
100
a0
a0
g7
B 60
1 [M-2 x H,0]* 801 4160 [M+Na]
2 so & X My cauon  [M+H]*
é 4 bl 6174196
HuO.
i CaHn01 Calg0s 6304018
30 CaHsOs
583 4081 b sod A
20 CaaHzaln CarH
B15.4044 Al CaHnOn
103 SOTMT 5253576 5449022 553 4044 5633887 5793835 507 3048 CaoHesOs 633 £150 B55.3068 0534268 6734078 B89 4025
CaHe0a CuHals CasHsOum CuMo0z CaHnlz CaMu0a ]|/ CuHm 04 Ii I CaaMar O CaHeOs CuMu0r CaleOr Calmig
S e L L P o s P s e P R e P L T po L L s B 0 1
miz
AT 0.00-2500 SM: 7B B
1 NL
FEX-H UV chromatogram at 450 nm =
FPDA
Fuco.
11.08 Sampie 2
1 am \
Joa 832 02 g3  7m aseere 1050 146 1305 1353 %1% 1as0 159y tem 1749 1911 1961 2040 2109 2071 2288 2348 2420
115 |
] Fucoxanthinol (MW = 616) MS chromatogram at m/z 617 7.,
4 NS
q Fusco-
4000000 Sample2
< 3
H ]
2000000 \
('3 4 1
o 179199 954 357 454435 grsess  7es  mpe 070 '0F 178 1225 1380 1425 1408 1608 1682 T4 yass 1956 2027 2138 2257 2300 2330 2422
T SRS SABAS SARES RERAFSAAR SRS SRR R R R P R AR
Tima {min)
Fuco-Sample-2 #1083 RT. 1115 AV. 1 NL: 2 5TET +
T FTMS + p ESIFull ms(100.0000-1500.0000] [M-H,0]
509 4100
CuHe0,
i wHes0a
90 [M+Na]
80 //
¥
g 39,4024
LIE CaHs0s
801 4185
+
3 [M-2 x H,0] catuon  [M+H]*
E 4o so23ma Sa13865 507 3048
2 817 4200
5 dcuhuo; CaMnoy IR ko 6414080
30 548 4006 CuHnOy
507 3207 CxHL03 619.4269
03 | CaHa0r 154050 | 0
10 5233038 5293741 5354088 5633688 560 3464 ?q;?:f Cahss0s | =7 ?ﬂ::’" 0553973 6713024 6784790 @89 4031
| | CxHals CaMnuls cumune || | CagHss 02 CruMu 07 i q l b CuMn 0o CaHu07 CaMed  CaHyrOs
ey e T e e e e ———————
500 510 s 530 540 550 560 570 80 590 610 820 630 050 a0 80 850 00
miz

Figure 1.

J Agric Food Chem. Author manuscript; available in PMC 2018 December 20.

A



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Rebello et al.

Page 16

Liquid chromatography - mass spectrometry (A) fucoxanthinol (FOL) purchased from Wako
Pure Chemicals (Osaka, Japan) and (B) fucoxanthinol (FEX-H) obtained through in vitro
enzymatic hydrolysis
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Figure 2.
(A) Glycerol release following treatment with fucoxanthinol (FOL) over a period of four

hours. Outcomes are summarized as means = SEM. *Shows statistically significant
differences (p < 0.01). (n=16) (B) Adipocytes were grown in 48 well plates, treated with
FOL 1uM and incubated for four hours (n=6, technical replicates =3). Cells were stained
with Oil Red O and extracted by isopropanol. The lipid content was quantified by
spectrophotometric analysis at 520 nm. There was a trend towards reduction of lipids in the
cells treated with FOL compared to untreated controls, p = 0.1.
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Figure 3.
RT-PCR for mRNA expression conducted in duplicates following treatment of human

adipocytes with fucoxanthinol (FOL) at 0.1uM concentration for seven days did not
demonstrate an activation of browning: (A) uncoupling protein 1 (UCP1), peroxisome
proliferator-activated receptor gamma coactivator 1-alpha (PGC-1a.), peroxisome
proliferator-activated receptor gamma (PPARy), peroxisome proliferator-activated receptor
alpha (PPARa), carnitine palmitoyltransferase-1p (CPT-1p), glucose transporter type 4
(GLUT4), adipose triglyceride lipase (ATGL), carnitine palmitoyltransferase-1A (CPT-1a),
fatty acid synthase (FAS), glycerol kinase (GK), hormone sensitive lipase (HSL), and
pyruvate dehydrogenase kinase 4 (PDK4) (B) Rosiglitazone used as a positive control
induced more than 100 fold increase in UCP1 but FOL did not have an effect on mRNA
expression of UCP1, (n=4 for all except UCP1 (n=8), CPT1p (n=15), PPARy (n=8), ATGL
(n=11), p > 0.05.
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Figure 4.
Human adipocytes were treated with fucoxanthinol (FOL) at 1uM concentration for seven

days or six hours. Cellular protein was extracted and Western blot analysis was used to
detect phosphorylation levels of AMP-activated protein kinase (AMPK). FOL treatment did
not increase the phosphorylation of AMPK.
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Figure5.
Oxygen consumption rate (OCR) was measured in mature human adipocytes that were

grown in the SeaHorse XF24 V7 plate and treated for six days with FOL at 1uM
concentration (n=5), rosiglitazone 1uM (n=4) or were untreated controls (n=8). The cells
were washed and changed to assay medium before assessment of mitochondrial function
using oligomycin (2 uM), Isoproterenol (1uM), FCCP (3 uM), and antimycin A (1.5 pg/mL).
Average OCR trace, depicting basal oxygen consumption, ATP-linked OCR after the
addition of oligomycin, and maximal respiratory rate and reserve capacity calculated after
the Isoproterenol and FCCP injection. Bioenergetic parameters were inferred from the OCR
trace. The results are represented as mean + standard deviation. Basal, ATP-linked, Maximal
or Reserve OCR was not significantly different between the FOL-treated cells and the
untreated controls (p > 0.05).
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Table 1

Primer and probe sequences for gPCR

Gene Primer and Probe  Sequences

Tagman 1D

CPT-18  Forward
Reverse
Probe
GLUT4  Forward
Reverse
Probe
PGC-la  Forward
Reverse
Probe
PPARa  Forward
Reverse
Probe
PPARy  Forward
Reverse
Probe
UCP1 Forward
Reverse

Probe

TACCATGGGTGGATGTTTGAG
GTCTGGAAGCTGTAGAGCATAG
TCTGGGCTATGTGTATCCGCCTTCTA
GTATCATCTCTCAGTGGCTTGG
ATAGGAGGCAGCAGCATTG
AAAGGGCCATGCTGGTCAACAATG
CACCAAACCCACAGAGAACA
GGGTCAGAGGAAGAGATAAAGTTG
AAAGAAGTCCCACACACAGTCGCA
GTCGATTTCACAAGTGCCTTTC
CAGGTAAGAATTTCTGCTTTCAGTT
AACGAATCGCGTTGTGTGACATCC
CCCAAGTTTGAGTTTGCTGTG
GCGGTCTCCACTGAGAATAATG
TGGAATTAGATGACAGCGACTTGGCA
GAGGAGTGGCAGTATTCATTGG
CCGTGTAGCGAGGTTTGATT
TTCAAGCACAGAGCCATCTCCACG

Hs00189258_m1

Hs00168966_m1

Hs01016719_m1

Hs00231882_m1

Hs00234592_m1

Hs00222453_m1

Page 21

Carnitine palmitoyltransferase 1B (CPT-1p), glucose transporter type 4 (GLUT4), peroxisome proliferator-activated receptor gamma coactivator 1-

alpha (PGC-1a), peroxisome proliferator-activated receptor alpha (PPARa), peroxisome proliferator-activated receptor gamma

(PPARY),uncoupling protein 1 (UCP1)
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Table 2

Gene Direction  Sequences NCBI Reference Sequence

ATGL Forward ~CGTGTACTGTGGGCTCATC NM_020376.3
Reverse ~ GGACACTGTGATGGTGTTCTTA

CPT-1la  Forward TCCTGGTGGGCTACAAATTAC NM_001876.3
Reverse ACAGCAGATCCATGGCATAATA

FAS Forward ~CATGGAGCGTATCTGTGAGAA NM_004104.4
Reverse ~ GCTCATCGTCTCCACCAAA

GK Forward ~ GGTACTTCTTATGGCTGCTACTT NM_203391.3
Reverse ~ GAACTGAGTGAGTCCACAGATTAT

HSL Forward ~ GACAGAGCTGGGATTTCTAACA NM_005357.3
Reverse AATCTGTGACCCACTCAGAAAG

PDK4 Forward CGTGTATGTTCCTTCTCACCTC NM_002612.3

Reverse

GGTGTAAGGGAAGGCTGATTT

National Center for Biotechnology Information (NCBI), Adipose triglyceride lipase (ATGL), carnitine palmitoyltransferase 1A (CPT-1a), fatty
acid synthase FAS), glycerol kinase (GK), hormones sensitive lipase (HSL), and pyruvate dehydrogenase kinase 4 (PDK4)

J Agric Food Chem. Author manuscript; available in PMC 2018 December 20.



	Abstract
	TOC Image
	Introduction
	Materials and Methods
	Chemicals
	Methods
	Enzymatic Extraction
	Liquid chromatography–mass spectrometry
	Cell culture
	Treatments
	Lipolysis
	Oil Red O Staining
	Quantitative Real Time Polymerase Chain Reaction (qRT-PCR)
	Western Blots
	Mitochondrial Bioenergetics
	Statistical Analysis


	Results
	Liquid Chromatography – Mass Spectrometry
	Lipolysis
	Gene Expression
	Western Blots
	Mitochondrial Bioenergetics

	Discussion
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Table 1
	Table 2

