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Preface to ”Marine Natural Products and Obesity”

Obesity and related co-morbidities are increasing worldwide and pose a serious health problem.

Changes in lifestyle and diet would be the best remedies to fight obesity; however, many people

will still rely on medical aid. Marine organisms have been prolific in the production of bioactive

compounds for many diseases, e.g., cancer, and promise to be an excellent source for natural-derived

molecules and novel nutraceuticals.

This Special Issue of Marine Drugs highlights advances of research regarding marine natural

products and obesity. Contributions in the form of research publications range from the isolation

of novel compounds from marine resources, the elucidation of molecular mechanism of marine,

bioactive compounds up to clinical trials in humans. As novel resources, cyanobacteria demonstrated

relevant bioactivities towards various metabolic diseases, and chlorophyll derivatives from marine

cyanobacteria were shown to possess lipid-reducing activities. New aromatic bisabolane-related

compounds were isolated from a marine sponge and reduced the neutral lipid content in the zebrafish

model. Advances on molecular mechanism for marine natural products with beneficial effects

on obesity are presented for diphlorethohydroxycarmalol isolated from brown algae, for omega-3

poly unsaturated fatty acids (PUFAs), chitosan oligosaccharides, fucoidans from brown seaweeds

and from collagen peptides derived from skate skin. Beneficial effects of Spirulina and collagen

peptides from skate skin were demonstrated in clinical trials in humans. Additionally, a proteomics

methodology for target dereplication was improved and applied to decipher the molecular targets

of 132-hydroxypheophytine a, previously isolated from a marine cyanobacteria with lipid reducing

activity. Finally, a review covers the anti-obesity and anti-diabetes effects from a brown alga

(Ishige okamurae).

Ralph Urbatzka, Vı́tor Vasconcelos

Special Issue Editors
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Commercial Fucoidans from Fucus vesiculosus Can Be
Grouped into Antiadipogenic and Adipogenic Agents
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Abstract: Fucus vesiculosus is a brown seaweed used in the treatment of obesity. This seaweed
synthesizes various bioactive molecules, one of them being a sulfated polysaccharide known as
fucoidan (FF). This polymer can easily be found commercially, and has antiadipogenic and lipolytic
activity. Using differential precipitation with acetone, we obtained four fucoidan-rich fractions
(F0.5/F0.9/F1.1/F2.0) from FF. These fractions contain different proportions of fucose:glucuronic
acid:galactose:xylose:sulfate, and also showed different electrophoretic mobility and antioxidant
activity. Using 3T3-L1 adipocytes, we found that all samples had lipolytic action, especially F2.0,
which tripled the amount of glycerol in the cellular medium. Moreover, we observed that FF, F1.0,
and F2.0 have antiadipogenic activity, as they inhibited the oil red staining by cells at 40%, 40%,
and 50%, respectively. In addition, they decreased the expression of key proteins of adipogenic
differentiation (C/EBPα, C/EBPβ, and PPARγ). However, F0.5 and F0.9 stimulated the oil red
staining at 80% and increased the expression of these proteins. Therefore, these fucoidan fractions
have an adipogenic effect. Overall, the data show that F2.0 has great potential to be used as an agent
against obesity as it displays better antioxidant, lipolytic and antiadipogenic activities than the other
fucoidan fractions that we tested.

Keywords: 3T3-L1 cells; fucan; lipolytic; obesity; brown seaweed

1. Introduction

Fucus vesiculosus is a brown seaweed commonly found in coastal wetlands, in temperate or cold
waters of the Atlantic and Pacific oceans. It was shown that F. vesiculosus intake helps women with
abnormal menstrual cycles, and health problems associated with their periods [1]. Other author also
reported that consumption of this seaweed promotes a decrease in body weight [2,3]. This seaweed
has various active elements in its composition, of which fucoidan is one of the best known.

The presence of fucoidan in F. vesiculosus was demonstrated in 1913, and was initially called
fucoidin [4]. Years later, it was suggested that the term be changed to fucoidan [5].

Mar. Drugs 2018, 16, 193; doi:10.3390/md16060193 www.mdpi.com/journal/marinedrugs1
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The structure of fucoidan (FF) from F. vesiculosus was last reviewed by Patankar et al. [6]. It was
suggested that it possesses a central core formed by α-L-fucose (1,3)-linked, sulfated at C4. In addition,
several branching points (every two or three fucose residues) were present in α-(1,2) or α-(1,4)-linked,
on the main chain.

Currently, it is easy to acquire fucoidan from F. vesiculosus, as a multinational company sells it
commercially. In part, this may explain the large amount of research and the number of activities
ascribed to this sulfated polysaccharide, including antilipemic [7,8], and antiadipogenic activities [9,10].

Adipogenesis is a process of cell differentiation in which mesenchymal stem cells differentiate
into adipocytes, with this process initially involving a stage where cells “compromise” with the
adipocyte line [11]. In the next step, differentiation occurs, and the pre-adipocytes develop into mature
adipocytes. The process of differentiation is complex and involves the participation of hundreds of
proteins, although two proteins particularly play a crucial role in this event: C/EBPα, a protein of the
CCAAT-enhancer binding protein class, and PPARγ, a peroxisome proliferator activated receptor [12].

Although pre-adipocyte primary cultures are an important tool for understanding the mechanisms
of adipocyte differentiation, these cells have low mitogenic capacity and lose their ability to differentiate
over time under culture conditions [13]. Therefore, the development of studies on adipogenesis
is carried out mainly by the use of cellular models, such as the murine 3T3-L1 and 3T3-F442A
(pre-adipocyte) lines. These cells, when stimulated to differentiate into adipocytes, follow the same
metabolic pathways of differentiation of mesenchymal cells [14].

By using a differentiation cocktail based on insulin, dexamethasone, isobutylmethylxanthine,
and fetal bovine serum, it is possible to obtain mature adipocytes from a 3T3-L1 culture. The actions
of these compounds result in the initial events of differentiation, represented by the expression of
CCAAT-enhancer binding proteins [13–15]. Afterwards, the cells return to their cell cycles, undergo clonal
expansion in a regulated manner, and enter a terminal differentiation process by activation of PPARγ
and C/EBPα [16]. Besides, the differentiation of these cells takes place in precisely controlled sequential
stages: cell cycle arrest, clonal expansion, and differentiation (first phase and second phase of activation
of transcriptional factors), by activating hundreds of previously silenced genes [15].

Studies with pre-adipocyte 3T3-L1 cells showed that fucoidan from F. vesiculosus inhibits
adipogenesis. Real-time polymerase chain reaction (PCR) data showed that fucoidan reduced mRNA
expression of C/EBPα and PPARγ by 22.6% and 17.6%, respectively [9].

FF from F. vesiculosus can be fractionated, with certain fractions showing very similar activities
to each other [10]. Moreover, Nishino et al. [17] reported that some fucoidan fractions showed much
greater activity than others did. However, antiadipogenic activity across different fucoidan populations
has not yet been evaluated. With this in mind, we obtained four different fucoidan-rich fractions of
commercial fucoidan from F. vesiculosus and, assessed them for their adipogenic activity.

2. Results

2.1. Obtaining Different Fractions of Fucoidan (FF)

Using differential precipitation with acetone, we obtained four fractions from FF. These were called
F0.5, F0.9, F1.1, and F2.0 corresponding to 4.5%, 35.2%, 22.0% and 38.3% of the material, respectively
(Table 1). Chemical analysis and sulfated polysaccharide yield are summarized in Table 1. Data show
that mannose and glucose were not found in the samples, whereas fucose, glucuronic acid, galactose
and xylose were found in all samples. The data also showed fucose was the major component present
in all fractions, whereas the relative amounts of other monosaccharides vary according to the fraction.
Thus, the relative amounts of these sugars vary according to the fraction.

When the sulfate content of the samples was quantified, it was observed that there is no significant
difference between F1.1 and F2.0. Although F1.1 and F2.0 both have the same sulfate content, they were
precipitated with different volumes of acetone. This is probably because the sulfated polysaccharide
conformation interferes during the precipitation process.
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To confirm this hypothesis, the fucoidan-rich fractions were subjected to agarose gel electrophoresis
in 1,3 diamineacetate (PDA) buffer. Figure 1 shows an agarose gel stained with toluidine blue. It is
possible to see that all the fractions have a predominant band. For F0.9, F1.1, and F2.0, the bands
display different electrophoretic mobilities.

Table 1. Chemical composition of fucoidan (FF) and its fractions. Fuc: fucose; Gluc acid: glucuronic acid;
Gal: galactose; Xyl: xylose; Man: mannose; Gluc: glucose; n.d—not detected. Different letters (a,b,c,d)
indicate a significant difference (p < 0.05) between the samples. Each value is the mean ± standard
deviation (SD) of three determinations and from three independent assays.

Sulfated Polysaccharides Yield (%) Sulfate (%)
Molar Ratio

Fuc Gluc Acid Gal Xyl Man Gluc

FF - 23.70% ± 0.04 a 1.0 0.7 0.4 0.2 n.d n.d
F0.5 4.5 12.70% ± 0.08 b 1.0 0.2 0.3 0.5 n.d n.d
F0.9 35.2 17.40% ± 0.02 c 1.0 0.8 0.2 0.6 n.d n.d
F1.1 22.0 20.30% ± 0.05 d 1.0 0.2 0.4 0.2 n.d n.d
F2.0 38.3 20.40% ± 0.04 d 1.0 0.1 0.3 0.1 n.d n.d

Figure 1. Staining pattern of the polysaccharides after agarose gel electrophoresis, stained with toluidine
blue. About 5 μL (50 μg) of each sample was applied in agarose gel prepared in diaminopropane acetate
buffer and subjected to electrophoresis, as described in methods. OR—origin. This figure is representative
of three separate tests made independently.

2.2. Antioxidant Activities

The antioxidant activity of samples was evaluated in vitro by the total antioxidant capacity test
(TAC). All samples showed antioxidant activity, though the values were significantly different from each
other, particularly for F2.0 fucoidan, which was approximately 400 ± 12.0 equivalents of ascorbic acid.
This is nearly double the values obtained for FF and F0.9, which were 189 ± 10.0 and 172 ± 11.0 ascorbic
acid equivalents, respectively. The value identified for F1.1 was found to be significantly lower than the
two mentioned above (150 ± 8.0 equivalents). The value obtained for F0.5 was around 38 ± 2.0 equivalents,
the lowest recorded in this study. There was positive Pearson correlation coefficient between the
sulfated content of fractions and TAC (P = 0.566).

3
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2.3. 3T3-L1 Cell Viability

As the 3T3-L1 line (pre-adipocytes) is the main cell model used for the study of adipogenesis,
it was first necessary to assess the effects of the samples on the viability of these cells. The results are
shown in Figure 2.

Figure 2. The effects of FF, F0.5, F0.9, F1.1, and F2.0 on 3T3-L1 cell viability. (A) 24 h; (B) 48 h;
(C) 72 h. Each value is the mean ± SD of three determinations and from three independent assays.
Different letters (a,b) indicate a significant difference (p < 0.05) between different concentrations of the
same sample; Different numbers (1,2,3) indicate a significant difference (p < 0.05) between the same
concentration of each sample; Different letters (x,y,z) indicate a significant difference (p < 0.05) between
the same concentration in different times (24, 48 and 72 h). Asterisks (*) indicate a significant difference
(p < 0.05) between the concentrations of any sample and the control.

4
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Over a period of 24 h (Figure 2A), it was observed that there was a reduction in cell viability
(~30%) when the cells were cultured in the presence of FF, F0.5, and F0.9 at the highest concentration
tested (1000 μg/mL). A similar effect was observed after 48 h. On the other hand, cytotoxicity (decrease
in MTT (3-(4,5-dimethylthiazol-2-yl)2,5-diphenil tetrazolium bromide) reduction by 20%) was also
identified using F0.5 at lower concentrations (100 and 200 μg/mL) (Figure 2B). The cytotoxic effects
observed with the use of F0.5 was more pronounced after 72 h (Figure 2C), since there was a decrease
in the MTT reduction by 40%, 48%, and 64%, using F0.5 in concentrations of 100, 200, and 1000 μg/mL,
respectively. The same was also observed with the use of FF, F1.1, and F2.0 (all at 1000 μg/mL),
when there was a decrease in MTT reduction of ~55%. Thus, a concentration of 200 μg/mL was
selected for use in the following tests relating to the antiadipogenic effects of fucoidans.

2.4. Evaluation of the Antiadipogenic Effects of Samples

Figure 3 shows that samples had different effects on adipocyte differentiation. As shown in the
images below, FF, F1.1, and F2.0 were able to reduce the amounts of neutral lipids within cells, a fact
evidenced by the reduced labeling of the cells.

Figure 3. Adipocytes stained with the dye, oil red O. 10× magnification. (A) Control; (B) FF; (C) F0.5;
(D) F0.9; (E) F1.1; (F) F2.0. Bar = 60 μm. This figure is representative of three separate tests
made independently.

To confirm what was observed by optical microscopy, the oil red O was eluted from the inside of
the cells and quantified (Figure 4). As the oil red O dye has an affinity for neutral lipids (triglycerides),

5
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the more fat (triglycerides) that is accumulated in the adipocyte the greater the amount of dye within
the cell and vice versa. Thus, it was observed that FF induced an approximately 40% reduction of
triglyceride in the cells. F2.0 reduced the amount of triglyceride within the adipocytes by approximately
50% and this effect was more pronounced than that observed for FF. An unprecedented result was
observed with F0.5, which induced the accumulation of oil red by approximately 80% more than the
control group.

Figure 4. Oil red O content. Each value is the mean ± SD of three determinations and from three
independent assays. Different letters (a,b,c,d) indicate a significant difference (p < 0.05) between the
concentration tested (200 μg/mL) of all samples. O.D. (Optical density).

To understand the biochemical mechanisms by which these fucoidans act, the expression of key
proteins of adipogenesis: C/EBPα, C/EBPβ, and PPARγ of the 3T3-l1 cells was evaluated. Figure 5
shows an immunoblot (Figure 5A) of these proteins. The results obtained from the densitometry of
this blot are shown in Figure 5B.

Figure 5. Cont.

6
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Figure 5. (A) The effects of FF, F0.5, F0.9, F1.1, and F2.0 on the expression of adipocyte markers.
Equal amounts of protein (50 μg) were used for Western blot analysis, for the detection of β-actin,
C/EBPα, C/EBPβ, and PPARγ. These gels are representative of three separate tests made independently;
(B) Represents the expression relative to the control value. Different letters (a,b,c,d,e,f) indicate a
significant difference (p < 0.05) between the expression of the same marker for different samples.
The control corresponds to cells that were not exposed to fucoidans. Each value is the mean ± SD of
three determinations and from three independent assays.

The expressions of these three proteins were altered when the cells were incubated with fucoidans
(Figure 5B). F0.5 and F0.9 mainly stimulated the expression of C/EBPβ and PPAR gamma. However,
F2.0 reduced the expression of all three proteins evaluated herein, particularly for C/EBPβ and PPARγ,
by approximately 55% when compared to the control. In regards to F1.1, we take special note of the
particularly strong reduction of C/EBPα expression. These data are in agreement with the oil red test
and confirm that F0.5 and F0.9 are adipogenic agents, while F2.0 and F1.1 are antiadipogenic agents.

2.5. Evaluation of the Effects of Samples on Lipolysis

In order to evaluate the potential of the samples to induce lipid hydrolysis in adipocytes,
specifically in triglycerides, free glycerol in the culture medium from untreated cells (control), and from
cells treated with the fucoidans (200 μg/mL) was quantified. The results are shown in Figure 6.

As illustrated in Figure 6, all samples induced lipolysis. F0.5 was able to induce the mobilization
of triglycerides after only 15 days of differentiation, while F0.9 showed a discreet effect by the ninth
day of differentiation and after 15 days of culture. Twice as much glycerol in the medium of cells
treated with F0.9 than for the control group was found. F1.1 needed only nine days of differentiation
to achieve such an effect, i.e., double the lipolysis in comparison with the control group, with this
potential being maintained throughout the differentiation process. In turn, F2.0 showed the strongest
lipolytic effect, as it was able to increase the breakdown of triglycerides by three times after only
nine days of differentiation. Despite the slight decrease in its potential to induce lipolysis during the
differentiation process, we also observed 2.5 times more glycerol in the medium of the cells treated
with F2.0 than in the control group at the end of the test.

7
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Figure 6. The content of glycerol released into the medium. Each value is the mean ± SD of three
determinations and from three independent assays. Different letters (a,b,c,d) indicate a significant
difference (p < 0.05) between the changes of the medium for same sample; Different numbers
(1,2,3,4) indicate a significant difference (p < 0.05) between the same change of the medium in the
different samples.

3. Discussion

Using differential precipitation with acetone, we acquired four different fractions of commercial
fucoidan (FF) from Fucus vesiculosus. Other fucoidans were also separated into different fractions
by the use of acetone, such as fucoidan from Spatoglossum schröederi [18], Dictyopteris delicatula [19],
and Dictyota menstrualis [20]. Acetone separates the different polysaccharides because it competes with
them for water molecules. Therefore, the smaller the interaction of the polysaccharide with water,
the smaller the amount of acetone that should be added to the solution to precipitate it. Generally,
the interactions between sulfated polysaccharides and water partly depend on the amount of charges
on the polysaccharide, with the least negatively charged being the first to be precipitated.

Figure 1 shows that fucoidans fractions have different electrophoretic mobilities. In this electrophoresis
system, the buffer used (PDA) includes 1,3-diaminopropane in its constitution, which is positively
charged at pH 9.0. These positively charged buffers are able to link with the negatively charged
groups of the polysaccharides that are exposed, such as sulfates, thus neutralizing them. However,
the formation of this complex depends not only on the negatively charged groups of the sulfated
polysaccharide, but also on the spatial conformation that the molecule takes in the system, and the effects
that it has on how the sulfated polysaccharide exhibits its charged groups. Therefore, the amines do not
form complexes with all sulfate groups, but only those that are exposed. In this way, the polysaccharide’s
mobility depends on the sulfate groups that have not formed complexes. A classic example is the behavior
of chondroitin and heparin, two sulfated polysaccharides that are structurally similar, although heparin
is more strongly sulfated. However, in the electrophoresis system with PDA, heparin has a much lower
electrophoretic mobility than chondroitin [21]. In a previous study it was shown that commercial
fucoidan was composed of fucose, glucose, galactose, mannose, xylose, glucuronic acid and sulfate [17].
Of these monosaccharides we find neither glucose nor mannose in FF. This is probably because the
composition of commercial fucoidans should vary. So, we also did not find these two monosaccharides
in the fractions. In addition, the relative proportion of glucuronic acid, xylose and galactose was
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different in each sample. Overall, these data lead us to propose that we have obtained four different
fucoidan-rich fractions from F. vesiculosus.

Qi et al. [22] suggested that the antioxidant activity of fucoidan is related to the degree of sulfation:
the more sulfated the polysaccharide, the more active it is. However, the data from the TAC test did
not agree with those suggested by these authors. In addition, there was a weak Pearson correlation
coefficient between the sulfated content of fractions and TAC. Furthermore, the data submitted by
various authors that evaluated the antioxidant capacity of fucoidans obtained from other brown
seaweed [19,23–25] indicate that the structure of fucoidans, as well as the exposure of the oxidizable
groups along the molecule, are more important factors for the antioxidant capacity of these polymers
than the number of sulfate groups.

The antiadipogenic activity of the fucoidan (FF) from F. vesiculosus had previously been
reported [9]. However, the fucoidan fraction constituents of FF have not yet been evaluated in
isolation for their antiadipogenic potential. In this work, we observed that these fractions had different
effects on adipocyte differentiation.

Since oil red O has an affinity for neutral lipids (triglycerides), the greater the amount of fat
(triglycerides) accumulated within adipocytes, the more dye will be observed within that cell, and vice
versa. FF promoted a reduction of triglycerides in cells of around 40%. This value was highly similar to
that observed by other authors, for example by Kim et al. [26]. In 2009, they reported that a commercial
fucoidan was able to reduce the incorporation of oil red O by adipocytes in 39.7%, at a concentration
of 200 μg/mL [9]. An unprecedented result was observed for F0.5 and F0.9, which induced the
accumulation of triglycerides to approximately 80% more, compared to the control group. On the
other hand, F2.0 fucoidan reduced the amount of triglycerides within adipocytes by approximately
50%, with this effect being more pronounced than that observed using FF.

To better understand the biochemical mechanism by which these fucoidans act, we verified the
expression of key regulatory proteins of adipogenesis: C/EBPα, C/EBPβ, and PPARγ, as it has been
reported that commercial fucoidan affects these enzymes [9,26]. In agreement with the results of the
oil red O test, F0.5 and F0.9 caused an acute increase, mainly in the expression of C/EBPβ and PPARγ,
in comparison to the control, confirming that these two compounds are adipogenic agents. However,
F1.1 and F2.0 caused a reduction in the expression of these proteins, which in turn led to a reduction in
the amount of triglycerides inside the adipocytes, as observed in the oil red O test.

The effects caused by fucoidans on gene expression and adipogenesis regulatory proteins have
been previously reported in the literature, corroborating our results. FF was reported to reduce
preadipocyte differentiation in adipocytes by reducing the expression of certain genes, including
PPARγ [26], and C/EBPα, by 22.6% and 17.6%, respectively [9].

F1.1 and F2.0 were able to induce the release of triglycerides from the interior of the adipocytes
(Figure 6). The molecular pathways by which these fucoidans act was not suggested, but fucoidan is
known to stimulate the activity of hormone-sensitive lipase (LSH) [8]. LSH regulates lipolytic activity
within adipocytes, and the phosphorylation of this enzyme leads to its activation with consequent
hydrolysis of the triglycerides stored inside these cells, which subsequently release their glycerol and
fatty acids [27]. Therefore, we believe that the LSH activation pathway may be the target of fucoidan
activity demonstrated in our work. We intend to investigate this hypothesis in future work.

Anti-obesity drugs, besides causing a series of undesired effects, may possibly contribute to the
onset of cardiovascular diseases [28]. Thus, the search for new agents that are effective against obesity
and present lower health risks remains a priority [29]. We believe that Fucus vesiculosus fucoidan and
its fractions could potentially be used to develop future treatments for obesity. We hope that our work
will contribute to this end.
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4. Materials and Methods

4.1. Materials

Commercial fucoidan extracted from Fucus vesiculosus, monoclonal mouse anti-β-actin antibody,
3-Isobutyl-1-methylxanthine, dexamethasone, insulin, and free glycerol reagent were obtained from
Sigma-Aldrich® (St. Louis, MO, USA). Sodium bicarbonate, culture media components [minimum
essential Dulbecco’s modified Eagle medium (DMEM)], non-essential amino acids, fetal bovine serum,
sodium pyruvate, and phosphate buffered saline [PBS] were purchased from Invitrogen Corporation
(Burlington, ON, USA). Monoclonal rabbit anti-CEBPα, anti-CEBPβ, anti-PPAR-γ and anti-rabbit
and anti-mouse horseradish peroxidase-conjugated secondary antibodies were obtained from Cell
Signaling Technology (Beverly, MA, USA). Other solvents and chemicals used in this study were of
analytical grade.

4.2. Cell Culture

3T3-L1 preadipocyte cells were purchased from the cell bank of Rio de Janeiro, RJ, Brazil
(CR089-BCRJ/UFRJ), and maintained with 10% fetal bovine serum (FBS)/DMEM containing 4.5 g/L
glucose, 100 U/mL penicillin, 0.1 mg/mL streptomycin, and 0.25 mg/mL amphotericin B at 37 ◦C in
5% CO2 incubator.

4.3. Obtaining Different Populations of FF from F. vesiculosus

Four grams of FF were solubilized into 0.25 M sodium chloride. To this solution was added
increasing volumes of acetone to precipitate the different fucoidans. To obtain fucoidan F0.5,
for example, 0.5 volumes of ice-cold acetone was added to this solution slowly and under gentle
agitation, and then held at 4 ◦C for 12 h. The precipitate formed was collected by centrifugation
at 8000× g for 15 min at 4 ◦C. Acetone was added to the supernatant until a precipitated material
appeared. Like this, we used the acetone volumes of 0.9, 1.1 and 2.0, calculated from the initial solution,
and the operations repeated as above.

4.4. Determination of Sulfate Content and Monosaccharide Composition of Fucoidans

In order to determine the amount of sulfate, the fucoidan samples were hydrolyzed (4 N HCl for
6 h at 100 ◦C), and then the sulfate amount was given by turbidimetry at 500 nm by the gelatin/barium
method as described early [23]. Sodium sulfate was used as standard.

To determine the best hydrolysis condition, the polysaccharides were hydrolyzed with 0.5, 1, 2,
and 4 M, respectively, for various lengths of time (0.5; 1; 2; and 4 h), at 100 ◦C and the amount of
reducing sugars of each condition was determined as described early [23]. Hydrolysis with 2 M HCl
for 2 h producing the best reducing sugar yields.

After acid hydrolysis (2 M HCl for 2 h, 100 ◦C), sugar composition was determined by a LaChrom
Elite® HPLC system from VWR-Hitachi (Hitachi Co., Tokyo, Japan) with a refractive index detector (RI
detector model L-2490, Hitachi Co., Tokyo, Japan). A LichroCART® 250-4 column (250 mm × 40 mm,
Merck, Darmstadt, Germany) packed with Lichrospher® 100 NH2 (5 μm, Merck, Darmstadt, Germany)
was coupled to the system. The sample mass used was 0.2 mg and analysis time was 25 min.
The following sugars were analyzed as references: arabinose, fructose, fucose, galactose, glucose,
glucosamine, glucuronic acid, mannose, and xylose.

4.5. Agarose Gel Electrophoresis

Agarose gel electrophoresis of the fucoidans was performed in 0.6% agarose gel (7.5 cm × 10 cm ×
0.2 cm thick) prepared in 0.05 M 1.3-diaminopropane acetate buffer pH 9.0, as previously described [20].
Aliquots of the samples (50 μg) were applied to the gel and subjected to electrophoresis. The gel was
fixed with 0.1% cetyltrimethylammonium bromide solution for 2 h, dried, and stained for 15 min
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with 0.1% toluidine blue in 1% acetic acid in 50% ethanol. The gel was then destained with the same
solution without the dye.

4.6. Determination of Total Antioxidant Capacity (TAC)

This assay is based on the reduction of Mo6+ to Mo5+ by samples and subsequent formation
of a green phosphate-molybdate complex at acid pH [19,23]. Tubes containing extracts and reagent
solution (0.6 M sulfuric acid, 28 mM sodium phosphate and 4 mM ammonium molybdate) were
incubated at 95 ◦C for 90 min. After the mixture had cooled to room temperature, the absorbance
of each solution was measured at 695 nm against a blank. The TAC was accounted in ascorbic acid
milligrams/sample grams, described as equivalent of ascorbic acid.

4.7. MTT Assay

The 3T3-L1 cell capacity to reduce MTT after fucoidan exposure was evaluated in vitro according
to the method described earlier [19]. This method is based on the reduction of MTT to formazan
crystals by living cells. Briefly, 5 × 103 3T3-L1 cells/well were plated in a 96-well plate. For which well
100 μL DMEM medium with 10% FBS was the final volume used. The cells grew up (95% air, 5% CO2,
37 ◦C) until 80% confluence and then the medium was replaced by a DMEM without FBS, followed by
incubation for another 24 h in order to stimulate cells to enter in G0 phase. After, the medium was
replaced by a DMEM with 10% FBS in the presence of different fucoidans (from 100 to 1000 μg/mL)
or absence (control) for 24, 48 or 72 h. At the end of the incubation period, the medium was
replaced by a new DMEM without FBS added to 5.0 mg/mL of MTT, followed by incubation
for 4 h at 37 ◦C. The medium was removed and formazan crystals were dissolved with 100 μL
of 95% ethanol. After 15 min shaking in a rocking shaker, absorbance was read (570 nm) in a microplate
spectrophotometer (Biotek, Winooski, VT, USA). As a negative control, cells were cultivated only with
DMEM with 10% FBS. Results were expressed in the percentage of MTT reduction, as in Equation (1).

Percentage MTT Reduction = (Absorbance of sample/Absorbance of control) × 100 (1)

4.8. Adipocyte Differentiation

For adipocyte differentiation the cells were cultured in 24-well plates or 10 mm culture plate
containing DMEM medium enriched with 10% FBS and, after reaching 80% confluence, these cells
were induced to differentiate by the addition of the adipocyte differentiation cocktail: DMEM, 10% FBS,
1 μM dexamethasone, 0.5 mM 3-isobutyl-1-methylxanthine (IBMX) and 10 μg/mL insulin. After 72 h,
the induction medium was replaced by the adipocyte maintenance medium, which consisted of
DMEM, 10% FBS and 10 μg/mL insulin. The maintenance medium was changed every 3 days until
completing 15 days of differentiation.

4.9. Oil Red O Staining

For oil red O staining, cells were initially induced to differentiate into adipocytes, as previously
mentioned, in the absence (control) or presence of fucoidans (200 μg/mL). For this, these samples
were added to the differentiation medium. The cells were exposed to fucoidan only in the first three
days. After 15 days of differentiation, the cells were washed twice in PBS, fixed with a solution of
formaldehyde (3.7%) in PBS for 1 h, washed three times in water, dried and stained with oil red O for
1 h. Excess dye was removed by washing with water. Images of the cells were captured using an optical
microscope (TE-Eclipse 300, Nikon, Melville, NY, USA). We performed three different experiments.
Subsequently, the dye was eluted from the cells with 100% isopropanol and quantified by measuring
the absorbance at 520 nm. The results of the differentiated cells in the presence of the samples were
compared with those obtained for the control cells (100% adipocitary differentiation).

11



Mar. Drugs 2018, 16, 193

4.10. Analysis of the Expression of Adipogenic Markers by Western Blotting

3T3-L1 cells were plated in 100 mm plates and stimulated to differentiate into adipocytes
(as described above) in the presence or absence of the 200 μg/mL samples (FF; F0.5; F0.9; F1.1; F2.0).
After 15 days of differentiation the cells were suspended in the lysis buffer [50 mM Tris-HCl (pH 7.4);
1% Tween 20; 0.25% sodium deoxycholate; 150 mM NaCl; 1 mM EGTA; 1 mM Na3VO4; 1 mM NaF;
and protease inhibitors] to obtain the protein extract. The protein content was determined using
the Bradford method (1976). The control corresponds to cells that were not exposed to fucoidans.
For each sample, 30 μg of protein were subjected to sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) with subsequent transfer to polyvinylidene difluoride (PVDF) membrane
(Millipore, Bedford, MA, USA). The membranes were blocked with skim milk (1%) or albumin (1%) and
incubated for 18 h at 4 ◦C with appropriate primary antibody (β-actin, C/EBPα, C/EBPβ and PPARγ),
in a dilution of 1:1000. After incubation with appropriate peroxidase-conjugated (anti-mouse or
anti-rabbit) secondary antibody (1:1000 dilution), the detection was performed by chemiluminescence.
β-actin was used as an internal control to evaluate the uniformity of protein loading and transfer.
The bands were visualized with a ChemiDoc imaging system (Bio-Rad, Hercules, CA, USA) and
quantified by ImageJ software ver.1.51k (National Institutes of Health, Bethesda, MD, EUA).

4.11. Statistical Analysis

All data from the experiments were expressed as mean ± standard deviation (n = 3) and from
three independent assays. The pictures (Figures 1, 3 and 5A) are representative of three separate tests
made independently. Statistical analysis between FF and fucoidan´s fraction was done by analysis
of variance (ANOVA). The Student-Newman-Keuls post-test (significance was set at p < 0.05) was
applied to prove some similarities found by ANOVA. All experiments were done in triplicate and data
refer to the average of three experiments done independently.

The Pearson correlation coefficient was calculated for the sulfate and the data from the CAT test
obtained with fucoidan fractions.

Statistical analysis and Pearson correlation coefficient were performed using GraphPadPrism®

software version 5.0, 2014 (GraphPad, La Jolla, CA, USA).

5. Conclusions

In this paper, four different fucoidan-rich fractions (F0.5/F0.9/F1.1/F2.0) of commercial fucoidan
from F. vesiculosus were obtained using differential precipitation with acetone. Chemical analyzes
showed fucose was the major component present in all fractions whereas the relative amounts of
other monosaccharides vary according to the fraction. Monosaccharide composition, agarose gel
electrophoresis, and antioxidant data showed that each fraction had a different type of fucoidan.
F0.5 and F0.9 have an adipogenic effect because they stimulated the lipid accumulation in 3T3-L1
adipocytes through up-regulation of C/EBPα, C/EBPβ, and PPAR gamma. On the other hand, F1.0,
and F2.0 have antiadipogenic activity. In addition, all samples had lipolytic action, especially F2.0,
which tripled the amount of glycerol in the cellular medium. Among these, F2.0 showed a marked
effect on the attenuation of lipid accumulation, antioxidant, and lipolytic activities, and we thus
recommend it as a natural antiadipogenic agent for several biotechnological applications.
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Abstract: Obesity is a global disease that causes many metabolic disorders. However, effective
agents for the prevention or treatment of obesity remain limited. This study investigated the
anti-obesity effect and mechanism of chitosan oligosaccharide capsules (COSCs) on rats suffering
from obesity induced by a high-fat diet (HFD). After the eight-week administration of COSCs on
obese rats, the body weight gain, fat/body ratio, and related biochemical indices were measured.
The hepatic expressions of the leptin signal pathway (JAK2-STAT3) and gene expressions of
adipogenesis-related targets were also determined. Our data showed that COSCs can regulate
body weight gain, lipids, serum alanine aminotransferase, and aspartate aminotransferase, as well
as upregulate the hepatic leptin receptor-b (LepRb) and the phosphorylation of JAK2 and STAT3.
Meanwhile, marked increased expressions of liver sterol regulatory element-binding protein-1c, fatty
acid synthase, acetyl-CoA carboxylase, 3-hydroxy-3-methylglutaryl-CoA reductase, adiponectin,
adipose peroxisome proliferator-activated receptor γ, CCAAT-enhancer binding protein α, adipose
differentiation-related protein, and SREBP-1c were observed. The results suggested that COSCs
activate the JAK2-STAT3 signaling pathway to alleviate leptin resistance and suppress adipogenesis
to reduce lipid accumulation. Thus, they can potentially be used for obesity treatment.

Keywords: chitosan oligosaccharide; obesity; leptin; JAK2-STAT3; adipogenesis

1. Introduction

Obesity is a chronically trophic metabolic disease mainly caused by an energy imbalance that leads
to excess body fat accumulation. It has caused increasing concern in recent years. Obesity contributes
to type 2 diabetes (T2D), hyperlipidemia, hypertension, cerebrovascular incidents, and cancers [1,2].
Recently, several anti-obesity drugs approved by the Food and Drug Administration (FDA) have been
withdrawn from the market because of their unexpected adverse effects [3,4]. Currently, Orlistat is
the only drug used as an over-the-counter treatment in weight loss aid worldwide, but its adverse
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effects, including gastrointestinal trauma and greasy feces, should not be ignored [4,5]. Therefore,
it is necessary to develop natural products as alternative sources for weight loss agents due to their
significant anti-obesity activity, novel structure, and potentially less severe side effects.

Chitosan oligosaccharide (MN ≤ 1000 Da, COST) is a small molecular derivative of chitosan
(CTS) with 2–10 polymerization degrees [6–8]. Besides non-toxicity to the human body, the absorption
rate of COST in the intestinal tract is close to 100% due to its better water-solubility compared
to that of CTS, which is slightly soluble in water [9–11]. The biological activities of COST are
various, including anti-cancer, anti-inflammatory, hypoglycemic, anti-bacterial, and liver protective
effects [11–14]. Additionally, a variety of studies have indicated that COST also exerts effective
lipid-lowering and anti-obesity effects on obese animals, which makes it an effective lipid-lowering
dietary supplement used in the field of food and nutrition to reduce lipid levels [10,14–16].

Leptin, a 16 kDa polypeptide that is primarily released from white adipose tissue (WAT), is an
important hormone for weight management via the homeostatic control of energy equilibrium,
thus facilitating the prevention of obesity [17,18]. Leptin exhibits its regulatory effect mainly by binding
to the long-form leptin receptor-b (LepRb), which is widely distributed in the bodies of both humans
and rodents [19,20]. JAK2-STAT3 (Janus kinase-2-signal transducer and activators of transcription-3) is
the most important signaling pathway that mediates the energy balance regulation of leptin, which
functions in many organs and tissues, such as the liver, brain, fat, muscle, and pancreas [21]. By binding
to the extracellular domain of LepRb, leptin triggers the phosphorylation and activation of JAK2.
The activated JAK2 recruits and phosphorylates STAT3 for its activation and translocation to the
arcuate nucleus in the hypothalamus, which regulates the expression and neuronal excitability of
POMC, AgRP, and NPY, ultimately suppressing appetite, promoting energy expenditure, and reducing
body weight [19]. However, most obese patients show high levels of circulating leptin, which is
attributed to leptin resistance that has occurred in the body [19]. In consequence, the drugs that
improve leptin resistance will present significant anti-obesity effects.

In addition, Inoue et al. [22] revealed a deficiency of STAT3 in mouse liver aggravated steatosis
and gluconeogenesis, whereas the overexpression of STAT3 reversed steatosis and suppressed the
expression of the gluconeogenic gene. Meanwhile, Shi, et al. [23] showed that a hepatocyte-specific
deficiency in JAK2 mice is required for the spontaneous development of steatohepatitis and glucose
intolerance. Therefore, the activation of JAK2 or STAT3 in hepatocytes also ameliorates steatosis and
improves lipid metabolism, which further contributes to anti-obesity action.

Adiponectin, an endogenous bioactive polypeptide secreted by adipocytes, is associated with the
counteracting development of obesity and its related diseases. The gene expression and circulating
levels of adiponectin are reported to be inversely correlated with obesity [24–26]. Sterol regulatory
element-binding protein-1c (SREBP-1c) regulates de novo lipogenesis mainly in the liver via controlling
the expression of its target gene, fatty acid synthase (FAS), a key enzyme for the formation of
fatty acids [27,28]. With the increase of SREBP-1c expression, fatty acid metabolism becomes
imbalanced, and subsequently the syntheses of hepatic triacylglycerol (TG) and total cholesterol (TC)
are increased, which are closely associated with hepatic steatosis [29,30]. Acetyl-CoA is the precursor
of fatty acid and cholesterol synthesis, and the reaction that translates acetyl-CoA into fatty acid or
cholesterol is regulated by acetyl-CoA carboxylase (ACC), SREBPs, FAS, and so on [31]. In addition,
3-hydroxy-3-methylglutaryl-CoA reductase (HMGCR), the rate-limiting enzyme for hepatic cholesterol
synthesis, catalyzes the conversion of HMG-CoA to mevalonate. A decreased expression of HMG-CoA
is beneficial for suppressing the synthesis of hepatic cholesterol [32].

The hyperplasia and hypertrophy of adipocytes facilitate the development of obesity and
its complications. Therefore, decreasing lipogenesis may benefit obesity prevention or treatment.
Peroxisome proliferator-activated receptor γ (PPARγ) and CCAAT-enhancer binding protein α

(C/EBPα) are two primary modulators of lipogenesis and regulate the proliferation, differentiation,
and fat accumulation of adipocytes in WAT [33,34]. Adipose differentiation-related protein (ADRP),
which covers the surface of phospholipid protein lipid droplets and is expressed early during the
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differentiation of adipose, stimulates fatty acid production and accelerates lipid droplet formation for
fatty acid storage [34,35]. Meanwhile, FAS, SREBP-1c, and adiponectin also regulate lipid metabolism
in WAT [36].

In this study, COST capsules (COSCs) were first prepared in capsule form due to several
advantages, including the enhanced stability of COST manifested through strong hygroscopicity
and oxidability, and the accelerated action rate of COST via the rapid dissolution, dispersion,
and assimilation of the capsule in the gastrointestinal tract. Also, the capsule form can be easily
identified and taken by most people. Subsequently, the anti-obesity effects of COSCs in a rat model
exhibiting obesity induced by a high-fat diet (HFD) were investigated. Significantly ameliorated
effects of COSCs on the development of obesity and its related complications were observed.
To explore the anti-obesity mechanisms, the liver LepRb, JAK2, and STAT3 expressions in the leptin
metabolic JAK2-STAT3 signaling pathway were evaluated by Western blotting, which suggested an
improved leptin-resistant state via activating the JAK2-STAT3 signaling pathway. Moreover, the
lipogenesis-related genes in the liver (including SREBP-1c, FAS, ACC, HMGCR, and adiponectin) and
in adipose tissues (including PPARγ, C/EBPα, ADRP, FAS, and SREBP-1c) were also determined using
quantitative RT-PCR analysis, indicating the adipogenesis suppression action of COSCs. These studies
suggested that COSCs may be a prospective agent for obesity prevention or treatment.

2. Results

2.1. Food Intake, Body Weight, and Body Weight Gain

To evaluate the anti-obesity effects of COSCs, food intake, body weight, and the body weight
gain of the rats were measured over an eight-week period, the results of which are shown in Figure 1.
For food intake, the high-fat (HF) group was slightly higher than the normal diet group (NF) and
treatment groups during the experimental period, but the difference was not significant (Figure 1a),
suggesting no influence of COSCs on the appetite of the rats, and the minor decrease of food intake in
the treatment groups was attributed to a slight anorectic effect induced by HFD during the long-term
HFD intake [10].

Figure 1. Chitosan oligosaccharide capsules (COSCs) reduced body weight gain of obese rats with no
influence on food intake. Changes in the food intake (a); body weight (b), and body weight gain (c) during
the eight-week treatment are shown. The data are expressed as means ± SE (n = 10). Note: * p < 0.05,
** p < 0.01 when compared to the high-fat (HF) group; ## p < 0.01 when compared to the HF group.
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For the body weight gain, the average body weight of the HF group increased by 41.22% after eight
weeks of feeding with HFD. Meanwhile, the eight-week administration of Orlistat, high (COSC-H),
middle (COSC-M), and low dose of COS (COSC-L) significantly decreased body weight gain by 37.21%,
33.52%, 29.62%, and 16.61%, respectively (Figure 1b,c). Additionally, the effect of COSC-H on reducing
weight gain was similar to that of the NF (32.47%) and Orlistat groups, suggesting effective weight
loss action in the HFD-induced obese rats.

2.2. Serum Lipids and Leptin

Rat serum lipid levels after the eight-week administration were determined and are displayed
in Figure 2. Compared with the NF group, 42.06%, 41.38%, and 29.23% increases of serum total
cholesterol (TC), triglyceride (TG), and low-density lipoprotein cholesterol (LDL-C) levels, as well as a
25.20% decrease of serum high-density lipoprotein cholesterol (HDL-C), were shown in the HF group.
Orlistat, COSC-H, COSC-M, and COSC-L could markedly lower serum TC by 30.36%, 38.49%, 28.37%,
and 17.06% (Figure 2a), as well as TG by 30.88%, 36.41%, 24.42%, and 16.59% (Figure 2b), respectively.
Moreover, COSCs, especially COSC-H and COSC-M, significantly ameliorated the increased LDL-C
(Figure 2c) and reduced the HDL-C levels (Figure 2d) that were induced by HFD in the obese rats.

Figure 2. COSCs corrected serum lipid and leptin levels of high-fat diet (HFD)-induced obese rats.
Serum TC (a); TG (b); LDL-C (c); HDL-C (d); and leptin (e) levels after eight weeks of treatment are
shown. The data are expressed as means ± SE (n = 10). Note: * p < 0.05, ** p < 0.01 when compared to
the HF group; # p < 0.05, ## p < 0.01 when compared to the HF group.

Various studies have indicated that leptin resistance, manifested by high levels of circulating
leptin, is an important characteristic of nutritional obese patients [19]. In the study, the serum leptin of
the HF group markedly increased by 60.36% when compared with that of NF group, suggesting that a
leptin resistance state was induced by HFD in obese rats. Chitosan oligosaccharide capsule treatment
significantly decreased the serum leptin level by 28.01~52.55% when compared to that of the HF group
(Figure 2e), and this action was superior to that of Orlistat. All data in Figure 2 indicate that COSCs
significantly improve serum lipids and leptin levels, facilitating lipids metabolism and ameliorating
leptin resistance, which contribute to the anti-obesity activity of COSCs.

2.3. COSCs Facilitate Hepatoprotective Effects

The liver morphology, lipids, AST, and ALT levels are shown in Figure 3. Compared with the NF
group, the average liver weight of rats fed HFD increased by 66.06%, which could be decreased by
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13.55~33.12% after the administration of COSCs (Figure 3a). The corresponding results were also shown
on the liver index (liver mass/body mass); that of the HF group was 30.50% higher than that of the NF
group, although it could be decreased by 13.55~33.12% after the administration of COSCs (Figure 3b).
For the liver TC (Figure 3c) and TG (Figure 3d) levels, the significant increases by 67.07% and 71.98%
in the HF group were respectively shown when compared with that in the NF group, suggesting
an obvious liver lipid accumulation induced by HFD. However, after the administration of Orlistat
and the different doses of COSCs, the HFD-induced high levels of TC in the liver were significantly
decreased by 29.35% (Orlistat), 46.34% (COSC-H), 35.93% (COSC-M), and 24.13% (COSC-L), and the
levels of TG in the liver were also markedly decreased by 37.22% (Orlistat), 51.87% (COSC-H), 31.77%
(COSC-M), and 17.63% (COSC-L).

Figure 3. COSCs regulated hepatic lipids and facilitate hepatoprotective effects for obese rats. Liver
weight (a); liver index (b); liver TC (c) and TG (d); as well as serum AST (e) and ALT (f) are shown;
The whole liver (g); and liver histopathological slices (h) (200×) in different groups are also presented.
Tissue sections were stained with hematoxylin and eosin (H&E). The data are expressed as means ± SE
(n = 10). Note: compared with rats in the HF group, * p < 0.05, ** p < 0.01; compared with rats in the NF
group, # p < 0.05, ## p < 0.01.

Meanwhile, the liver morphology (Figure 3g) showed that the whole livers in the NF group were
supple, bright red in color, smooth in the tunica of tissues, and characterized by sharp edges and a
small volume. However, the livers of the HF group were slightly soft, dull pale in color, characterized
by hypertrophic edges, and intumescent and distributed with white fat granules on the surface of
the liver, suggesting that the severe fatty-liver-like illnesses had developed. The livers of the animals
administered with the different doses of COSCs showed ameliorated hepatic steatosis, a color between
bright red and dull pale, and reduced white fat granules. Histopathological slices of rat livers in the

19



Mar. Drugs 2018, 16, 198

different groups were also observed after staining with hematoxylin and eosin (H&E) (Figure 3h).
The liver slices revealed that there were no histological abnormalities of hepatocytes in the NF group
with fewer fat droplets, whereas the hepatocytes in the HF group possessed serious fat vacuoles,
indicating that the rats had developed a high degree of hepatic steatosis induced by HFD. Chitosan
oligosaccharide capsules, especially COSC-H, can markedly decrease the fat vacuoles of hepatocytes
whose cells are in alignment to varying degrees, similar to those of the NF group.

Liver injury, or hepatotoxicity, is the main relative factor of hyperlipidemia and obesity [37].
To check whether a hepatoprotective effect of COSCs presented, we measured the serum AST and
ALT levels (Figure 3e,f). Obviously increased serum AST and ALT were shown in the HF group
when compared to that in the NF group. Different doses of COSCs significantly lowered the activities
of serum ALT and AST to the normal range. In particular, the effects of COSC-H and COSC-M
were superior to those of Orlistat (p < 0.05), suggesting that COSCs play an important role in
hepatoprotective function.

All data demonstrated that COSCs exert a hepatoprotective effect via decreasing the liver index,
enhancing liver function, and relieving fatty liver, which contribute to the anti-obesity effects.

2.4. Fat Pad and Fat/Body Ratio

After the eight-week administration, the epididymal and perirenal WAT weights were measured
to calculate the wet weight of the fat pad and fat/body ratio (Figure 4). Compared to the NF rats,
the average weights of epididymal (Figure 4a) and perirenal WAT (Figure 4b) in the HF group were
markedly increased by 64.38% and 63.19%. Also, COSCs were found to decrease the fat pad (Figure 4c,
p < 0.05) and fat/body ratio (Figure 4d, p < 0.05) of rats dose-dependently to the normal range.
Moreover, the inhibiting effects of COSC-H on HFD-induced elevated fat pad and fat/body ratio were
slightly superior to that of Orlistat.

Figure 4. COSCs reduced the fat pad, fat/body ratio, and inhibit the accumulation of adipocytes in
white adipose tissue (WAT) of obese rats. The epididymal (a) and perirenal (b) fat weight, fat pad
weight (c), and fat/body ratio (d) are shown in the figure. The epididymal (e) and perirenal adipose
tissue (f) slices (200×) are also shown. The numbers of epididymal or perirenal adipocytes were
calculated in the same field of view. Tissue sections were stained with hematoxylin and eosin (H&E).
Note: compared with rats in the HF group, * p < 0.05, ** p < 0.01; compared with rats in the NF group,
# p < 0.05, ## p < 0.01.
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In addition, the histopathological results of epididymal (Figure 4e) and perirenal WAT (Figure 4f)
showed that larger and distinctly hypertrophic adipocytes of rats in the HF group (70 epididymal
adipocytes and 115 perirenal adipocytes under the 200× visual field) were observed when compared
with those in the NF group (26 epididymal adipocytes and 29 perirenal adipocytes under the same
field of view). Treatment with Orlistat and the three doses of COSCs inhibited the proliferation and
size of adipocytes, as fewer and smaller adipocytes were observed compared to those in the HF group,
using the same magnification and field of view. Therefore, COSCs can effectively exert anti-obesity
effects by suppressing the growth and accumulation of adipocytes in WAT.

2.5. COSCs Activate Leptin Signaling Transduction

Leptin resistance, characterized by elevated circulating leptin levels and decreased leptin
sensitivity, is the central mechanism for the development of obesity. Attenuation of the JAK2-STAT3
signaling transduction pathway can be considered as the crucial risk factor for leptin resistance.
Therefore, the improvement of leptin resistance by regulating the JAK2-STAT3 signaling pathway
effectively exerts anti-obesity activity [19,38]. In this study, the protein levels of liver LepRb, JAK2,
p-JAK2, STAT3, and p-STAT3 in the activation of the JAK2-STAT3 signal pathway were detected using
Western blotting, as displayed in Figure 5. The eight-week treatment of COSC-H and COSC-M
significantly reversed the lower expression of LepRb in HFD-induced obese rats (Figure 5a,b).
The reduced phosphorylation of JAK2 (Figure 5c–e) and STAT3 levels (Figure 5f–h) in the HFD
group were also prominently upregulated by COSCs (especially COSC-H and COSC-M), indicating
the improvement of the leptin resistance state. Therefore, COSCs can ameliorate leptin resistance
via upregulating LepRb and activating the JAK2-STAT3 signaling pathway, contributing to the
improvement of obesity.

Figure 5. COSCs activated the JAK2-STAT3 signaling transduction of obese rats. Protein expression
and quantification of LepRb (a,b); phosphorylation of JAK2 (p-JAK2, c–e) and phosphorylation of
STAT3 (p-STAT3, f–h) in liver are shown here. The data are expressed as means ± SE (n = 10). Note:
compared with rats in the HF group, * p < 0.05, ** p < 0.01; compared with rats in the NF group,
# p < 0.05, ## p < 0.01.
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2.6. COSCs Regulate the Expression of Lipogenesis-Related Genes

The liver lipogenesis-related genes, SREBP-1c, FAS, ACC, and HMGCR, as well as the WAT
lipogenesis-related genes, adiponectin, PPARγ, C/EBPα, ADRP, FAS, and SREBP-1c, were also measured
(Figure 6a–e). Compared with the NF group, the significant upregulation of SREBP-1c, FAS, ACC,
and HMGCR as well as the downregulation of adiponectin were observed in the HF group. Chitosan
oligosaccharide capsules, especially the high and middle doses, reversed the upregulated expression
of PPARγ, C/EBPα, ADRP, FAS, and SREBP-1c, and the downregulation of adiponectin induced by HFD
in obese rats, indicating an improved hepatic lipid metabolism by inhibiting lipid synthesis in the liver.

Figure 6. COSCs regulated the expression of liver lipogenesis-related genes in obese rats. The liver
mRNA levels of SREBP-1c (a); FAS (b); ACC (c); HMGCR (d); and adiponectin (e) were detected by
Q-PCR. ΔCt is the average value of 10 samples in the formulation (average mRNA expression of
experiment groups/average mRNA expression of the NF group) = 2−ΔΔCt = 2(−ΔCt control −ΔCt FF).
If 2−ΔΔCt < 1, the average mRNA expression of the experiment groups is lower than that in the NF
group. If this value is higher than 1, the average mRNA expression of the experiment groups is higher
than that in the NF group. The data are expressed as means ± SE (n = 10). Note: compared with rats in
the HF group, * p < 0.05, ** p < 0.01; compared with rats in the NF group, # p < 0.05, ## p < 0.01.

White adipose tissue is an important tissue for ensuring energy storage and fat mobilization.
However, the hyperplasia and hypertrophy of WAT will lead to metabolic syndromes, and the
inhibition of adipogenesis can be an effective strategy for obesity treatment [15]. We measured
lipogenesis-related genes, including PPARγ, C/EBPα, ADRP, FAS, and SREBP-1c, in the epididymal
adipose tissues (Figure 7). The remarkable downregulation of PPARγ, C/EBPα, ADRP, FAS,
and SREBP-1c were also observed to be correlated with the dose of COSCs.

All of these results suggest that COSCs can inhibit adipogenesis in liver and WAT by regulating
the expressions of related genes involved in lipid synthetic metabolism to ameliorate obesity and its
related metabolic diseases.
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Figure 7. COSCs regulated the expression of lipogenesis-related genes in obese rat WAT. The mRNA
levels of PPARγ (a); C/EBPα (b); ADRP (c); FAS (d); and SREBP-1c (e) in epididymal adipose tissues
were quantified by Q-PCR. The 2−ΔΔCt method was used for the quantification of each mRNA as
shown in Figure 6. The data are expressed as means ± SE (n = 10). Note: compared with rats in the HF
group, * p < 0.05, ** p < 0.01; compared with rats in the NF group, # p < 0.05, ## p < 0.01.

3. Discussion

Obesity-related metabolic disorders, including type 2 diabetes, hyperlipidemia, hypertension,
cerebrovascular incidents, and cancers, are classified as endocrinology diseases by the World Health
Organization (WHO) [1,39]. Obesity, paralleling the acquired immune deficiency syndrome (AIDS),
drugs, and alcoholism, is regarded as one of four medical social issues worldwide that are becoming
a ponderous burden to public health system [40]. Therefore, it is urgent to develop new types of
anti-obesity drugs. Natural products are promising alternative sources due to their effective biological
activities and potentially less severe side effects [14].

Several studies by others and our group have demonstrated that COST has anti-obesity effects
and is a promising anti-obesity agent [15,16,41]. In the current study, we prepared COST in a capsule
form and investigated its anti-obesity effects and molecular mechanisms.

The obese animal model used in the experiment showed obviously increased body weight
gain and lipid accumulation as well as elevated organ index, as reported before the anti-obesity
treatment [42,43]. The obese rats were treated with COSCs for eight weeks, and the obese evaluation
indicators, mainly including body fat pad weight, fat/body ratio, liver and serum lipids, as well
as liver and adipose tissue slices, were determined. In agreement with previous experiments [9,10],
COSCs showed obvious inhibition of increases in rat body weight (Figure 1c), liver index (Figure 3a,b),
body fat (Figure 4c), and the proportion of fat to body weight (Figure 4d) without influence on the
appetite, as well as reducing adipocyte hypertrophy and fat accumulation (Figure 4e,f), suggesting
significant anti-obesity effects. Simultaneously, COSCs can markedly reverse HFD-induced serum
high levels of TC, TG, and LDL-C as well as low HDL-C levels in a dose-dependent manner, which also
contribute to its anti-obesity actions (Figure 2).

Hepatic steatosis (fatty liver), induced by excessive lipid accumulation in the liver, is highly
relevant to obesity and its related complications [44,45]. In this study, COSCs effectively lowered the
high weight and index of the liver, and reversed HFD-induced intumescent, pale, and slightly soft livers
as well as diminished fat vacuoles, indicating the ameliorating effect of COSCs on hepatic steatosis
mainly achieved by reducing excessive fat accumulation (Figure 3). Meanwhile, the high levels of
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hepatic TC and TG were also reversed by COSCs, especially COSC-H and COSC-M, indicating that a
decrease in excessive hepatic lipids improved liver lipid metabolism (Figure 3), similar to the previous
study of COS, which promotes the reverse cholesterol transport (RCT) process for the excretion of liver
lipids [10]. Together with the decreased serum AST and ALT of the treatment groups, COSCs exerted
liver protective effects.

Leptin resistance, characterized by elevated circulating leptin levels and decreased leptin
sensitivity, is the central mechanism for the development of obesity. Attenuation of the JAK2-STAT3
signaling transduction pathway is a crucial risk factor for leptin resistance [19,20]. Chitosan
oligosaccharide capsules significantly reduced circulating leptin in obese rats, and improved the
leptin resistance state by upregulating the expression of LepRb and the phosphorylation levels of JAK2
and STAT3 (Figures 2e and 5). The activation of the JAK2-STAT3 signaling pathway also contributes
to the remissions of steatosis and dyslipidemia of obese rats [22,23]. Therefore, the improvement of
leptin resistance by regulating the JAK2-STAT3 signaling pathway is the mechanism by which COSCs
exerts effective anti-obesity activity in HFD-induced obese rats.

SREBP-1c, FAS, ACC, and HMGCR are the crucial factors that influence lipid metabolism in
the liver. SREBP-1c increases the activity of the key enzyme FAS and regulates the synthesis of TC
and TG when free fatty acids are released into hepatocytes [29]. Acetyl-CoA carboxylase catalyzes
the conversion of acetyl-CoA to Malonyl-CoA, which regulates the rate of fatty acid synthesis in
the first stage [31]. An increase of HMGCR expression led to cholesterol synthesis in the liver due
to the fact that HMGCR is a rate-limiting enzyme for hepatic cholesterol synthesis and catalyzes
HMG-CoA to be converted to mevalonate [32]. Additionally, adiponectin acts as the negative regulator
factor of adipogenesis, counteracting the development of fatty liver and obesity [24,26]. Chitosan
oligosaccharide capsules can inhibit hepatic lipid synthesis by prominently regulating the gene
expressions of SREBP-1c, FAS, ACC, HMGCR, and adiponectin to improve hepatic steatosis and
lipid metabolism disorder, thereby exerting hepatoprotective and anti-obesity effects (Figure 6).

In addition, the expressions of genes involved in WAT were also determined to evaluate the
influences of COSCs on adipogenesis in WAT. PPARγ, together with C/EBPα, can promote the
proliferation and differentiation of adipocytes and control lipid storage in WAT [33,46]; ADRP can
accelerate the formation of fatty acids and lipid droplet accumulation in the early differentiation of
adipocytes [34,47]; FAS and SREBP-1c facilitate the synthesis of TC and TG of WAT [48]. Unsurprisingly,
the gene expressions of PPARγ, C/EBPα, ADRP, FAS, and SREBP-1c in the epididymal adipose tissues
were upregulated after the administration of COSCs, which contribute to the ameliorated effect of
hyperplasia or hypertrophy of adipocytes to suppress adipogenesis in WAT (Figure 7).

In summary, COSCs could be used as a drug candidate with a good ability to control obesity.
Chitosan oligosaccharide capsules can activate the JAK2-STAT3 signaling pathway to alleviate leptin
resistance and inhibit adipogenesis by regulating the relevant adipocytokines. Therefore, COSCs may
serve as a natural product prospective agent for obesity prevention and treatment.

4. Materials and Methods

4.1. Materials and Supplies

Chitosan oligosaccharide (MN ≤ 1000 g/mol; deacetylation degree, 95.6%) was obtained from
Laizhou Haili Biological Products Co. Ltd. Laizhou, Shandong, China. The COSCs used in this
work were prepared in our laboratory. The Orlistat capsules were provided by Chongqing Fortune
Pharmaceutical Co. Ltd., Chongqing, China. Total cholesterol, TG, HDL-C, LDL-C, AST, and ALT
kits were provided by BioSino Biotechnology and Science Inc., Beijing, China. The BCA protein
quantified assay kit (Cat. No. P0012) was provided by Beyotime Biotechnology Inc., Shanghai,
China. The rabbit polyclonal anti-LepRb (Cat. No. 20966-1-AP), anti-JAK2 (Cat. No. 17670-1-AP),
and anti-STAT3 (Cat. No. 10253-2-AP) antibodies were purchased from Proteintech, Inc., Wuhan,
China. The rabbit monoclonal anti-JAK2 (Cat. No. ab219728) and anti-STAT3 (Cat. No. ab76315)
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phosphorylated antibodies were purchased from Abcam Co. Ltd., Cambridge, UK. The rabbit
anti-β-actin (Cat. No. bs-0061R) and Goat anti-rabbit IgG/HRP (Cat. No. bs-0295G-HRP) antibodies
were purchased from Biosynthesis Biotechnology Co., Ltd., Beijing, China. The reverse transcription
kit (PrimeScript™ RT reagent kit with gDNA Eraser (Cat. No. RR047A)) and the PCR kit (SYBR Premix
Ex Taq™ kit (Cat. No. RR420A)) were all supplied by TaKaRa Inc. (Otsu, Japan). All of the other
reagents were of analytical grade and were used without further purification.

4.2. COSCs Preparation

The COSCs were prepared as shown in Reference [49]. Briefly, COST and 5% povidone (PVP)
dissolved in anhydrous ethanol were ground equally in a mortar using the appropriate proportions.
Then, the soft materials were made into granules using an oscillating granulator (20 mesh sieves) and
desiccation. The dry granules were filled in a 1# hollow capsule shell using a manual capsule filling
plate, and the loading amount was 300 mg per capsule.

4.3. Animals and Diets

Ninety-five 5-week-old male specific pathogen free (SPF) Sprague–Dawley (SD) rats (weight,
120~150 g; age, 5 weeks) were provided by the Guangdong Medical Laboratory Animal Center
(GMLAC, Guangzhou, China) and were maintained in an SPF room (temperature: 22~25 ◦C, related
humidity: 50~60%, differential pressure: ≥10 Pa, under a constant day-night rhythm). Water was
given to rats freely throughout the experiments. The welfare of the animals in the in vivo experiments
was handled strictly following “Guidelines on kindly treatments for experimental animals” by the
Science and Technology Ministry of China (2006) 398. All protocols were approved by the Institutional
Animal Ethics Committee of Guangdong Pharmaceutical University (Approval No. gdpulac 2018092).
All animals were fed with the normal diet (Guangdong Pharmaceutical University Laboratory Animal
Center, Guangzhou, China) for one week. Subsequently, the 95 rats were divided into two groups: the
normal diet group (NF) with 10 rats fed the normal diet, and the HFD group (HF), with 85 animals fed
the HFD to obtain the obese model.

The HFD was comprised of 54% basic feed, 15% lard, 15% sucrose, 4% milk powder, 3% peanut,
5% egg yolk powder, 1% sesame oil, 2% salt, 0.6% dicalcium phosphate, and 0.4% mountain flour
in SPF packaging (provided by GMLAC (No. 20150925)). After two weeks of feeding with HFD,
two thirds of the rats were sorted by body weight gain. The excluded one third of the rats that gained
less weight were kept on the HFD for another six weeks. The obese model was regarded as being
accomplished when the average weight of the rats fed with HFD surpassed 20% of that of the basic
fed rats.

The 50 obesity-sensitive rats were then randomly and equally divided into five groups as follows:
(1) HFD group fed with HFD ad libitum only (HF); (2) HFD group treated with Orlistat (75 mg/kg·day)
(Orlistat); (3–5) HFD group supplemented with low (150 mg/kg·day, COSC-L), middle (300 mg/kg·day,
COSC-M), and high (600 mg/kg·day, COSC-H) dose COSCs. Because the capsules and COST were
all water-soluble, the COST capsules were consequently dissolved in distilled water, which formed
the COST solution with a constant concentration of 600 mg/mL. The corresponding samples to be
tested should be solubilized in distilled water and administered by oral gavage daily with a dose
of 1 mL/100 g (the rats’ body weight) at the same time for eight weeks until the experiment ended.
The rats in the HF and NF groups were simultaneously administered equal amounts of distilled water
in the same way as described above. All rats obtained food and water freely during the experimental
period, and were sacrificed at the age of 22 weeks.
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4.4. Experimental Design

4.4.1. Determination of Food Intake and Weight Gain

The 24-h food intake levels of rats were recorded daily, while body weight, body length,
and abdominal girth were determined every week during the animal study.

4.4.2. Determination of Serum Lipid and Leptin Levels

The rats were fasted for 16 h and then subjected to 1% sodium pentobarbital (0.5 mL/100 g
body weight) anesthesia, and their blood was collected from the aorta abdominals. The serum was
obtained via centrifuging at 3500 rpm for 30 min at 4 ◦C, and the serum lipid and leptin levels were
then measured. The concentrations of TC, TG, HDL-C, LDL-C, AST, and ALT were measured with
commercial assay kits using an automated biochemistry analyzer BC200 instrument. The concentration
of leptin were measured using an enzyme-linked immunosorbent assay (ELISA) kit (R&D, Systems
China Co. Ltd., Shanghai, China), and the absorbance was detected at 450 nm using a multifunctional
Berthold Mithras LB940 microplate reader (Berthold Technologies GmbH & Co. KG, Bad Wildbad,
Germany).

4.4.3. Determination of Fat Pad, Fat/Body Ratio, and Visceral Index

Rats were subjected to ether anesthesia, sacrificed, and necropsied after serum preparation.
Then the liver, epididymal WAT, and perirenal WAT were quickly stripped and weighed by an
electronic scale at 4 ◦C. After a picture was taken of the whole liver from each animal, the total wet
weight of liver, epididymal fat, and perirenal fat were used to determine the liver index, fat pad,
and fat/body ratio, respectively. The tissues were promptly stored at −80 ◦C for further analysis
following their removal.

4.4.4. Determination of Hepatic Lipids, AST, and ALT

A piece (approximately 0.1 g) of liver tissue was homogenized in 0.9 mL 0.9% sodium chloride,
and the supernatant was collected after centrifuging at 2500 rpm for 10 min at 4 ◦C. The hepatic TC,
TG, AST, and ALT levels were measured with commercial assay kits, as was performed for serum
lipids previously.

4.5. Histology of the Different Tissues

The liver, white epididymal, and perirenal WAT were cut into 0.6 cm3, then were rinsed with
normal saline and put in a tissue cassette. The cassettes were marked with a pencil and then placed
into a 12% formaldehyde solution for 24 h to fix the tissue. After the residual fixative was cleaned
with distilled water, the tissues were firstly dehydrated via 30%, 50%, 70%, 80%, 90%, 95%, and 100%
ethanol, then embedded in paraffin (BMJ-III embedding machine, Changzhou Electronic Instrument
Factory, Jiangsu, China) and lastly cut into 5-μm-thick sections using a Leica RM2235 microtome (Leica,
Heidelberg, Germany). The tissues were stained with hematoxylin and eosin (H&E) and observed
under a microscope at 200× magnification.

4.6. Western Blotting Assays

Total protein was isolated from the liver tissues (25 mg) with 0.50 mL of cold RIPA Lysis Buffer
(50 mM Tris (pH 7.4), 150 mM NaCl, 1% Triton X-100, 1% sodium deoxycholate, 0.1% SDS, and protease
and phosphatase inhibitor), followed by centrifugation twice at 12,000 g for 30 min at 4 ◦C. The protein
concentrations were quantified by the Beyotime BCA protein assay kit. The isolated proteins were
diluted to the same protein concentrations. An equal amount of each protein lysate (35 μg) was
subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) on 10% gels.
After electrophoresis, the gels were then transferred to polyvinylidene fluoride membranes (Millipore,
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USA). After blocking with 5% bovine serum albumin (BSA) in TBST buffer (25 mM Tris, 150 mM NaCl,
0.05% Tween 20, pH 7.4) for two hours, the membranes were correspondingly incubated for 2 h with
primary antibodies, including rabbit polyclonal anti-LepRb, anti-JAK2, and anti-STAT3 antibodies, and
rabbit monoclonal anti-JAK2 and anti-STAT3 phosphorylated antibodies, as well as rabbit anti-β-actin
antibody, in 5% skim milk. The secondary antibody (Goat anti-rabbit IgG linked HRP) was incubated
with the membranes for another 1 h after washing with TBST buffer. The membranes were developed
with Pierce’s West Pico chemiluminescence substrate (Millipore, Burlington, MA, USA) after washing
with TBST buffer. The chemiluminescence imaging system (Sage Creation, Beijing, China) and its Lane
1D gel image software were applied to quantify the grayscale of the protein bands with the value of
the β-actin band as an internal reference.

4.7. Reverse Transcription-Polymerase Chain Reaction (RT-PCR) Analysis

Total RNA was isolated from rat livers or white epididymal adipose tissues using the TRIzol
reagent (Invitrogen, Inc., Carlsbad, CA, USA). Single-stranded cDNA was generated from 1 μg of total
RNA using TaKaRa PrimeScript™ RT reagent kit. The cDNA products were amplified by real-time
RT-PCR using TaKaRa SYBR Premix Ex Taq™ kit and the Bio-Rad IQ5 real-time PCR system, and its
analysis software (Applied Biosystems, Carlsbad, CA, USA) was used for data collection and analysis.
The primer sequences (Table 1) used for PCR were synthesized by Sangon Biotech Co. Ltd. (Shanghai,
China). β-actin was used as the internal control (housekeeping gene).

The PCR protocols were performed as follows: 95 ◦C for 30 s (initial denaturation), followed by
39–40 cycles at 95 ◦C for 5 s and 60 ◦C for 30 s, after which the amplified products were heated from
65 ◦C to 95 ◦C at 0.5 ◦C steps for 5 s. The relative quantification of mRNA expression was analyzed
using the 2−ΔΔCt method.

Table 1. The primer sequences used for PCR analysis.

Sequence ID Name Sequences

NM_144744.3 Adiponectin Forward: TGGAATGACAGGAGCGGAAG
Reverse: GCGAATGGGAACATTGGGGA

NM_001276707.1 SREBP-1c
Forward: ATCCTGGCCACAGTACCACT
Reverse: GGAACGGTAGCGCTTCTCA

NM_017332.1 FAS
Forward: TCGACTTCAAAGGACCCAGC
Reverse: ACTGCACAGAGGTGTTAGGC

NM_022193.1 ACC
Forward: GTACCGAAGTGGCATCCGTG
Reverse: TCTCTTCCCGAAGGGCGAAT

NM_013134.2 HMGCR
Forward: CCTCCATTGAGATCCGGAGGA
Reverse: ACAAAGAGGCCATGCATACGG

NM_001145366.1 PPARγ
Forward: TGGGGATGTCTCACAATGCC
Reverse: AGACTCTGGGTTCAGCTGGT

NM_001287577.1 C/EBPα
Forward: AGGCCAAGAAGTCGGTGGATA
Reverse: TCACTGGTCAACTCCAACACC

NM_001007144.1 ADRP
Forward: GGCAGGTGACATCTACTCGG
Reverse: AAAGGGACCTACCAGCCAGT

NM_031144 β-actin Forward: CACCCGCGAGTACAACCTTC
Reverse: CCCATACCCACCATCACACC

4.8. Statistical Analysis

All data are expressed as the means ± standard error (SE) for each group, and the differences
between the groups were compared with a two-way ANOVA test using SPSS for Windows, version
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19.0 (SPSS Inc., Chicago, IL, USA). The significant differences among the means were determined using
Student–Newman–Keuls multiple range tests, and p < 0.05 was considered statistically significant.
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Abstract: This study investigated the anti-obesity effects of collagen peptide derived from skate skin
on lipid metabolism in high-fat diet (HFD)-fed mice. All C57BL6/J male mice were fed a HFD with
60% kcal fat except for mice in the normal group which were fed a chow diet. The collagen-fed
groups received collagen peptide (1050 Da) orally (100, 200, or 300 mg/kg body weight per day) by
gavage, whereas the normal and control groups were given water (n = 9 per group). The body weight
gain and visceral adipose tissue weight were lower in the collagen-fed groups than in the control
group (p < 0.05). Plasma and hepatic lipid levels were significantly reduced by downregulating
the hepatic protein expression levels for fatty acid synthesis (sterol regulatory element binding
protein-1 (SREBP-1), fatty acid synthase (FAS), and acetyl-CoA carboxylase (ACC)) and cholesterol
synthesis (SREBP-2 and 3-hydroxy-3-methylglutaryl-CoA reductase (HMGCR)) and upregulating
those for β-oxidation (peroxisome proliferator-activated receptor alpha (PPAR-α) and carnitine
palmitoyltransferase 1 (CPT1)) and synthesis of bile acid (cytochrome P450 family 7 subfamily A
member 1 (CYP7A1)) (p < 0.05). In the collagen-fed groups, the hepatic protein expression level
of phosphorylated 5′ adenosine monophosphate-activated protein kinase (p-AMPK) and plasma
adiponectin levels were higher, and the leptin level was lower (p < 0.05). Histological analysis
revealed that collagen treatment suppressed hepatic lipid accumulation and reduced the lipid droplet
size in the adipose tissue. These effects were increased in a dose-dependent manner. The findings
indicated that skate collagen peptide has anti-obesity effects through suppression of fat accumulation
and regulation of lipid metabolism.

Keywords: collagen peptide; skate skin; high fat diet; fatty acid metabolism; cholesterol metabolism

1. Introduction

Obesity is characterized by an abnormal accumulation of body fat that contributes to the etiologies
of various metabolic disorders including dyslipidemia, hepatic steatosis, insulin resistance, and type
2 diabetes mellitus [1]. Obese individuals have high central adiposity due to the accumulation of
visceral adipose tissue, which may be linked to a significantly increased risk of hepatic steatosis.
The increased flux of non-esterified free fatty acid (NEFA) from the visceral fat to the liver is one of the
suggested underlying mechanisms [2]. In addition, hyperlipidemia is induced by the dysregulation of
hepatic lipid metabolism, which upregulates the synthesis of triglyceride (TG) and cholesterol and
downregulates fatty acid oxidation [1]. These metabolic reactions could accelerate fat accumulation in
the liver and exacerbate hepatic steatosis. Therefore, dietary approaches for attenuating hyperlipidemia,
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reducing free fatty acid levels, and inhibiting hepatic lipid synthesis and fat accumulation have
attracted interest in obesity prevention or treatment.

Collagen, a fibrous protein composed of amino acid sequence glycine (Gly)-proline (Pro)-X
and Gly-hydroxyproline (Hyp)-X, plays a vital role in the maintenance of the structure of
various tissues and organs in the body [3]. Collagen has been widely used as a material in the
food, cosmetic, and pharmaceutical industries due to its biological and functional properties [4].
Recently, marine collagen has been preferred over cattle or porcine collagen, because of bovine
spongiform encephalopathy and transmissible spongiform encephalopathy, or religious reasons [5].
The skin, scale, cartilage and bone of marine fish are good sources of collagen [6]. These parts are
by-products obtained during the processing of marine fish, which are considered as disposed waste [7].
Several studies have focused on the development of a technique to utilize marine collagen peptides
to reduce pollution. Marine collagen has various beneficial properties such as antioxidative [8–10],
anti-skin aging [11], antihypertensive [12,13], anti-ulcer [14], and bone integrity maintenance [15]
effects. Especially as a biomaterial in tissue engineering, marine collagen has less cross-linking and
higher solubility than bovine collagen, and exerts anti-ageing and anti-wrinkling effects [16].

To extract collagen peptides, several marine species have been used including red snapper [3],
tuna [4], jelly fish [8], tilapia [10], salmon [17], cuttlefish [18], flatfish [19], pufferfish [20], bamboo shark [21],
cod [22], carp [23], catfish [24], paper nautilus [25], marine sponges [26] and skate [27]. In particular,
skate (Raja kenojei) is a popular food consumed in South Korea. As a result, large amounts of skate
skin are disposed of as waste. Our recent study showed the lipid-lowering effect of skate skin-derived
collagen peptide in genetic obese mice [28]. However, there is limited information on the effects of
marine collagen in a diet-induced obese animal model. In this study, the anti-obesity effects of skate
collagen peptide on improving lipid metabolism in high-fat diet (HFD)-induced obese mice were
investigated. In addition, three different doses were used to examine the dose-dependent effects.
Also, to elucidate the mechanism of its action with regard to synthesis and oxidation of fatty acid,
adenosine monophosphate-activated protein kinase (AMPK) activation was investigated in the liver.

2. Results

2.1. Effect of Skate Collagen Peptide on Body Weight Gain and Changes in Adipose Tissue Weight and Size

As shown in Figure 1A, there were no significant differences in the initial body weight among
the experimental groups. However, HFD intake for eight weeks significantly increased body weight
(p < 0.05). As a result, the final body weight was the highest in the control group (CON, 36.6 ± 1.0 g)
followed by the 100 mg/kg collagen-fed group (CL100, 34.2 ± 0.8 g), 200 mg/kg collagen-fed group
(CL200, 33.6 ± 1.1 g), 300 mg/kg collagen-fed group (CL300, 33.3 ± 1.0 g), and normal group (NOR, 26.0
± 0.4 g) (p < 0.05). Among HFD-fed mice groups, collagen intake did not affect the amount of daily
food intake (Figure 1B). The increased liver weight following HFD intake was reduced by collagen
treatment; however, the decrease was not significant (Figure 1C). Adipose tissue weights were higher
in the HFD-fed groups (Figure 1D–F). The weights of liver, visceral and subcutaneous adipose tissue
in the collagen-fed groups were significantly lower compared with that in the CON group (p < 0.05).
However, the epididymis adipose tissue was not significantly different among the HFD-fed groups.
Histological analysis of the adipose tissue revealed that HFD intake facilitated the differentiation and
enlargement of adipocytes. The lipid droplet size was smaller in the collagen fed-groups than in the
CON group.
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Figure 1. Effects of skate collagen peptide on body weight, food intake, and organ weight and
histological analysis of adipose tissue in high-fat diet-fed C57BL6/J mice for eight weeks. Data are
mean ± standard deviation (SD) (n = 9 per group). Normal (NOR) C57BL/6J mice fed a chow diet
with water; control (CON) C57BL/6J mice fed a high fat diet (HFD) with water; collagen 100 (CL100),
collagen 200 (CL200), and collagen 300 (CL300) C57BL/6J mice fed a HFD with oral administration of
skate collagen peptide at a concentration of 100, 200, and 300 mg/kg body weight per day, respectively.
a–c Different letters mean significant differences to one-way analysis of variance (ANOVA), followed by
Duncan’s multiple-range test at p < 0.05. (A) change in body weight (bw) for 10 week; (B) food intake;
(C) liver weight per bw; (D) epididymal adipose tissue weight per bw; (E) visceral adipose tissue
weight per bw; (F) subcutaneous adipose tissue weight per bw; (G) hematoxylin and eosin staining,
magnification: 200×, bar: 50 μm.

2.2. Effect of Skate Collagen Peptide on Lipid Levels in the Plasma and Hepatic Tissue

Plasma lipid levels were higher in HFD-fed groups and were reduced by collagen intake
(Figure 2A–E). Plasma TG (Figure 2A) and NEFA (Figure 2B) levels were significantly lower in
the CL200 (30% and 30%, respectively) and CL300 (30% and 31%, respectively) groups compared with
the levels in the CON group (p < 0.05). Plasma total cholesterol (TC) level was also lower; however,
there was no significant difference in the HFD-fed groups (Figure 2C). Plasma low-density lipoprotein
cholesterol (LDL-C) level was significantly lower in the CL200 and CL300 groups by 20% and 42%,
respectively (Figure 2D, p < 0.05). In contrast, plasma high-density lipoprotein cholesterol (HDL-C)
level was higher in the CL100, CL200, and CL300 groups by 245%, 276%, and 320%, respectively
(Figure 2E, p < 0.05). Hepatic TG and TC levels were higher in the HFD-fed groups and were reduced
by collagen intake (Figure 2F,G). In comparison with hepatic TG level in the CON group, the level was
significantly lower in the CL200 and CL300 groups by 22% and 25%, respectively (Figure 2(F), p < 0.05).
However, hepatic TC level was not significantly different between the CON and collagen-fed groups
(Figure 2G). Histological analysis of the liver tissue revealed that lipid accumulation was increased by
HFD intake and was suppressed by collagen intake. In particular, the degree of lipid accumulation in
the CL200 and CL300 groups was similar to that in the NOR group. The histological results were in
agreement with the changes in plasma and hepatic TG levels.
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Figure 2. Effects of skate collagen peptide on plasma and hepatic lipid levels and histological
analysis of liver tissue in high-fat diet-fed C57BL6/J mice for eight weeks. Data are mean ± SD
(n = 9 per group). See the legend of Figure 1 for experimental groups in detail. a–d Different letters
mean significant differences according to one-way ANOVA, followed by Duncan’s multiple-range
test at p < 0.05. (A) plasma TG (triacylglycerol); (B) plasma NEFA (non-esterified free fatty acid);
(C) plasma TC (total cholesterol); (D) plasma LDL-C (low-density lipoprotein cholesterol); (E) plasma
HDL-C (high-density lipoprotein cholesterol); (F) hepatic TG; (G) hepatic TC; (H) Oil red O staining,
magnification: 100×, bar: 100 μm.

2.3. Effect of Skate Collagen Peptide on β-Oxidation in the Liver

The protein expression levels of peroxisome proliferator-activated receptor alpha (PPAR-α) and
carnitine palmitoyltransferase 1 (CPT1) (proteins involved in β-oxidation) were significantly higher in
the CL200 (159% and 163%, respectively) and CL300 (146% and 151%, respectively) groups compared
with their expression levels in the CON group (p < 0.05) (Figure 3).

Figure 3. Effects of skate collagen peptide on hepatic protein expression for β-oxidation in high-fat
diet-fed C57BL6/J mice for eight weeks. Data are mean ± SD (n = 9 per group). See the legend of
Figure 1 for experimental groups in detail. a,b Different letters mean significant differences according
to one-way ANOVA, followed by Duncan’s multiple-range test at p < 0.05. PPARα, peroxisome
proliferator-activated receptor alpha; CPT1, carnitine palmitoyltransferase 1.
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2.4. Effect of Skate Collagen Peptide on Fatty Acid Synthesis in the Liver

The protein expression level of sterol regulatory element binding protein-1 (SREBP-1)
(mature/precursor), a transcription factor for fatty acid synthesis, was significantly reduced in the
CL100, CL200, and CL300 groups by 13%, 18%, and 18%, respectively, compared with its expression
level in the CON group (Figure 4, p < 0.05). The protein expression level of fatty acid synthase (FAS)
was significantly lower in the CL200 and CL300 groups by 28% and 29%, respectively (p < 0.05).
In addition, the protein expression level of acetyl-CoA carboxylase (ACC) was significantly reduced in
the CL300 group by 39% (p < 0.05).

Figure 4. Effects of skate collagen peptide on hepatic protein expression for fatty acid synthesis in
high-fat diet-fed C57BL6/J mice for eight weeks. Data are mean ± SD (n = 9 per group). See the legend
of Figure 1 for experimental groups in detail. a–c Different letters mean significant differences according
to one-way ANOVA, followed by Duncan’s multiple-range test at p < 0.05. SREBP-1, sterol regulatory
element binding protein-1; FAS, fatty acid synthase; ACC, acetyl-CoA carboxylase.

2.5. Effect of Skate Collagen Peptide on Cholesterol Metabolism in the Liver

The protein expression level of SREBP-2 (mature/precursor), a transcription factor for cholesterol
synthesis, was significantly reduced in the CL200 and CL300 groups by 12% and 13%, respectively,
compared with its expression level in the CON group (Figure 5, p < 0.05). The protein expression
level of 3-hydroxy-3-methylglutaryl-CoA reductase (HMGCR) was significantly lower in the CL300
group by 32% (p < 0.05). On the other hand, the protein expression level of cytochrome P450 family
7 subfamily A member 1 (CYP7A1) was significantly reduced in the CL200 and CL300 groups by
161% and 176%, respectively (p < 0.05).

 

Figure 5. Effects of skate collagen peptide on hepatic protein expression for cholesterol synthesis and
export in high-fat diet-fed C57BL6/J mice for eight weeks. Data are mean ± SD (n = 9 per group). See
the legend of Figure 1 for experimental groups in detail. a–c Different letters mean significant differences
according to one-way ANOVA, followed by Duncan’s multiple-range test at p < 0.05. SREBP-2, sterol
regulatory element binding protein-2; HMGCR, 3-hydroxy-3-methylglutaryl-CoA reductase; CYP7A1,
cytochrome P450 family 7 subfamily A member 1.
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2.6. Effect of Skate Collagen Peptide on AMPK in the Liver

In comparison with the protein expression level of phosphorylated 5′ adenosine
monophosphate-activated protein kinase (p-AMPK) in the CON group, its expression level was
significantly higher in the collagen-fed groups. In the CL300 group, it was significantly higher by 156%
(Figure 6, p < 0.05).

Figure 6. Effects of skate collagen peptide on hepatic protein expression of p-AMPK in high-fat diet-fed
C57BL6/J mice for eight weeks. Data are mean ± SD (n = 9 per group). See the legend of Figure 1 for
experimental groups in detail. a,b Different letters mean significant differences according to one-way
ANOVA, followed by Duncan’s multiple-range test at p < 0.05. p-AMPK, phosphorylated 5′ adenosine
monophosphate-activated protein kinase.

2.7. Effect of Skate Collagen Peptide on Adiponectin and Leptin Levels

Collagen intake reduced leptin levels and increased adiponectin levels in the collagen-fed groups
compared with the levels in the CON group (Table 1). The adiponectin level in the CL100, CL200,
and CL300 groups was higher by 110%, 123%, and 131%, respectively (p < 0.05). In contrast, the leptin
level in the CL300 group was significantly reduced by 23% (p < 0.05).

Table 1. Changes in leptin and adiponectin levels of high-fat diet-fed C57BL6/J mice for eight weeks.

Group (1) Leptin Adiponectin

NOR 54.6 ± 5.0 c 198.6 ± 14.1 d

CON 122.6 ± 34.9 a 214.4 ± 46.3 c,d

CL100 98.0 ± 24.6 a,b 236.3 ± 21.5 b,c

CL200 97.0 ± 22.9 a,b 263.8 ± 35.3 a,b

CL300 94.0 ± 15.2 b 281.1 ± 17.9 a

Data are mean ± SD (n = 9 per group). (1) See the legend of Figure 1 for experimental groups in detail. a–d Different
letters mean significant differences according to one-way ANOVA, followed by Duncan’s multiple-range test at p < 0.05.

3. Discussion

Owing to overnutrition and lifestyle changes, the prevalence of obesity has greatly increased
worldwide. Researches have attempted to identify food materials or agents that can ameliorate obesity.
A HFD-induced obese animal is pathophysiologically similar to an obese person [29]. As a result of
the high caloric density, the consumption of a HFD causes obesity by increasing lipid levels and the
adipocyte number and size [30]. Marine-derived nutrients and bioactive components have excellent
potential as functional food ingredients due to their beneficial health effects [31]. Marine collagen
peptides rich in glycine, glutamic acid, proline, and hydroxyproline are produced by the enzymatic
hydrolysis of collagen. Among several amino acids in collagen peptides, the lipid-lowering effect of
glycine has been reported [32,33]. In this study, the anti-obesity effects of collagen peptide derived
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from skate skin were evaluated and were found to be mediated through the regulation of hepatic lipid
metabolism-related transcription factors and enzymes.

In an obese state, hyperlipidemia is closely associated with fat accumulation in major organs such
as the liver and adipose tissue. In the present study, the HFD-fed groups had higher plasma TG, NFFA,
and LDL-C levels and lower plasma HDL-C levels; these effects were reversed following collagen
peptide administration. However, a change in TC level was not observed. The decrease in the lipid
levels of collagen-fed groups might be attributed to the reduction in body weight gain and visceral and
subcutaneous adipose tissue weights. Additionally, the collagen-fed groups had a lower level of hepatic
TG, which was consistent with liver histological results. The TG-lowering effect of collagen suppressed
adipose tissue differentiation, as demonstrated by the histological analysis of the adipose tissue.
In comparison with CON mice, collagen-fed mice had smaller adipocytes. Our results were consistent
with those of a previous study, in which the concentration of TG, TC, and LDL-C in HFD-fed rats
was reduced by supplementation with marine collagen peptides [34]. Similarly, the intake of collagen
derived from salmon [35], flathead mullet [36], and skate [28] could decrease plasma lipid levels in
animals. Lipid-lowering effects were also observed in a human study showing that marine collagen
peptides reduced the level of TG, free fatty acid, TC, and LDL-C, and increased that of HDL-C [37].
The intake of gelatin, a mixture of water-soluble protein derived from collagen, was reported to
markedly reduce serum TG and TC levels in mice [38]. These effects might be associated with the
properties of amino acid-rich collagen. A previous study found a negative correlation between plasma
TG and the levels of hydroxyproline, glycine, and proline in collagen [35]. In particular, glycine
intake was reported to decrease plasma free fatty acid and adipose cell size in sucrose-fed rats [32].
These results suggest that collagen peptides rich in glycine may exert hypolipidemic effects in the
plasma and liver.

Abnormal fat accumulation is caused by an imbalance between lipid synthesis (lipogenesis)
and breakdown (lipolysis or β-oxidation). Lipogenesis is transcriptionally regulated by SREBP-1,
which controls the lipogenic enzymes FAS and ACC [39]. On one hand, PPAR-α is a transcription
factor that facilitates fatty acid oxidation by upregulating target genes such as CPT1 [40]. In the
current study, the hepatic protein expression levels of SREBP-1, ACC, and FAS (involved in fatty acid
synthesis) in the collagen-fed groups were suppressed compared with those in the CON group. On the
other hand, β-oxidation was enhanced in the collagen-fed groups by upregulating the PPAR-α and
CPT1 levels. These results were consistent with those of a previous study showing that the intake
of collagen peptide decreased fatty acid synthesis and increased β-oxidation in the liver of db/db
mice [28]. Similarly, tuna-derived peptide was found to decrease the expression levels of SREBP-1,
FAS, and ACC in differentiated 3T3-L1 adipocytes [41]. It is possible that glycine-rich collagen has
a regulatory effect on some factors related to storage and energy burning, such as PPAR-α, -γ, -δ,
and uncoupling protein type 2 [33]. Our results suggested that supplementation with skate collagen
peptide effectively attenuated hepatic fat accumulation by improving fatty acid metabolism through
the inhibition of fatty acid synthesis and facilitation of β-oxidation in the liver of HFD-fed mice.

AMPK has emerged as a regulator of energy balance that affects whole-body fuel utilization.
AMPK can induce fatty acid oxidation and inhibit the synthesis of hepatic fatty acid, cholesterol and
adipocyte differentiation [42]. A previous study showed that AMPK activation could ameliorate
lipogenesis in the liver of mice by suppressing SREBP-1 and -2, inhibiting their target enzyme
expression [43]. In contrast, the inhibition of AMPK could increase the accumulation of hepatocellular
lipids in hepatocytes [44]. Moreover, AMPK is involved in the regulation of adipokines such as
adiponectin and leptin, which can stimulate the phosphorylation of AMPK [45]. In obesity-induced
animals, decreased adiponectin levels and increased leptin levels in the plasma have been observed [46].
However, after weight reduction, these effects were reversed with the augmentation of AMPK
activation. AMPK is an important metabolic regulator; thus, it is recognized as a key target for obesity
prevention. In the present study, the intake of collagen peptide increased the hepatic protein expression
of p-AMPK. Furthermore, adiponectin and leptin levels were increased and decreased, respectively,
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in the plasma. In a previous study, the serum adiponectin level of patients with type 2 diabetes
was increased following treatment with marine collagen peptides for three months compared with
that of healthy control patients [37]. Furthermore, glycine treatment was reported to decrease leptin
and increase adiponectin in 3T3-L1 adipocytes [33,47]. Therefore, AMPK activation and adipokine
regulation by skate collagen peptide might reduce lipid accumulation through the inhibition of lipid
synthesis and activation of energy production in the liver.

The reduction in plasma lipid level following the intake of fish collagen peptides is closely
associated with the amino acids in the peptides. According to a previous study, the peptides in
protein hydrolysates have different biological effects and physicochemical properties depending on
the molecular weight or structure of the amino acids [35]. The structure and molecular weight of
collagen peptides vary according to the type, source, and preparation method of the collagen [35].
The production of low molecular weight fragments is easier using collagen from marine sources than
from land vertebrates [48]. Nevertheless, further research is required to study the health benefits
of marine collagens with different molecular weights obtained via ultrafiltration. In conclusion,
our findings revealed that the intake of collagen peptide of skate skin might exert anti-obesity activities
through reduction of body weight gain and visceral adipose tissue, and improve the dyslipidemia via
regulation of hepatic lipid metabolism and activation of AMPK, as well as its targeted adiponectin.

4. Materials and Methods

4.1. Animals and Diets

Male C57BL6/J mice (5 weeks old) were purchased from Orient, Inc. (Seongnam, Korea). The mice
were raised under controlled temperature (23 ± 1 ◦C) and humidity (50 ± 5%) conditions with
a 12 h light-dark cycle. After a 1 week acclimation period, the mice were divided into five groups
(n = 9 per group) based on body weight as follows; (1) normal group (NOR), given AIN-76A chow
diet and water as vehicle by gavage; (2) control group (CON), given HFD and water as vehicle by
gavage; (3) CL100, given HFD and 100 mg/kg body weight (bw)/day of skate collagen peptide
by gavage; (4) CL200, given HFD and 200 mg/kg bw/day of skate collagen peptide by gavage;
CL300, given HFD and 300 mg/kg bw/day of skate collagen peptide by gavage. The dosage given
to the mice was converted from a human equivalent dosage: assuming the human equivalent dose
for 1.0 g/60 kg/day × 12.3 = 0.2 g/kg/day. A conversion coefficient of 2.3 was used to account for
differences between mice and humans [49]. To examine the dose-dependent effects, three different
doses were determined for oral administration based on a previous study [30]. HFD with 60% kcal
fat was provided from Central Lab Animal Inc. (Seoul, Korea) which has been commonly used
for the development of obesity in experimental rodent models [50]. Skate collagen peptide was
dissolved in water and orally administered to mice. The collagen peptide was obtained from Yeongsan
Skate Co., Ltd. (Jeollanam-do, Korea) with an average molecular weight of 1050 Da. The amino acid
composition of the collagen sample used in this study was as follows: glycine 22.09%, glutamate 10.78%,
proline 9.02%, alanine 7.66%, arginine 7.84%, aspartate 7.11%, hydroxyproline 6.85%, serine 5.71%,
lysine 3.49%, leucine 3.67%, threonine 3.42%, valine 3.34%, isoleucine 2.45%, phenylalanine 2.23%,
methionine 2.15%, histidine 1.38%, and others 0.81%. The mice had free access to the diet and water.
The dietary intake was checked daily and body weight was measured every week. After 8 weeks,
all mice were fasted for 12 h and sacrificed after CO2 anesthetization. Blood was obtained using heparin
tubes from the heart and the organs were collected after perfusion with ice-cold phosphate-buffered
saline (PBS, 10 mM, pH 7.2). Epididymis adipose tissue was derived from the fat attached to the two
testicles of the mice. Visceral adipose tissue was excised from the perirenal fat depot. Subcutaneous
adipose tissue was collected from the fat located beneath the skin of the legs. The organs were stored
at −80 ◦C until use. The study was approved by the Pusan National University Institutional Animal
Care and Use Committee (Approval number: PNU-2016-1640).
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4.2. Plasma Lipid, Aminotransferase, and Adipokines Levels

The levels of plasma TG, TC, and HDL-C were measured using commercially available kits
(AM157S-K, AM202-K, and AM203-K; Asan Pharmaceutical Co., Seoul, Korea). NEFA was determined
using commercial kits (ab65341; Abcam Inc., Cambridge, MA, USA). Plasma LDL-C level was
calculated using a previously reported method [51] In addition, commercial kits were used to
evaluate adipokines such as leptin (#ADI-900-019A; Enzo Life Sciences AG, Lausen, Switzerland) and
adiponectin (LF-EK0239; AbFrontier, Seoul, Korea).

4.3. Hepatic Lipid Concentration

The hepatic lipids of the liver homogenate were extracted according to a modified method [52].
In brief, liver tissue was homogenized in PBS and extracted using chloroform and methanol (2:1, v/v).
The extracts were vortexed for 2 h, filtered, and dried. Hepatic TG and TC levels were measured with
the same commercial kit used for measuring plasma lipid levels.

4.4. Western Blot Analysis

Quantitation of protein was carried out by Western blot assay as previously described [53].
In brief, protein was separated by sodium dodecylsulfate polyacrylamide gel and transferred to
a nitrocellulose membrane (Amersham Biosciences, Uppsla, Sweden). The targeted protein band
was detected using CAS-400 (Core Bio, Seoul, Korea). The calculation was performed using ImageJ
software (National Institutes of Health, Bethesda, MD, USA). Protein expression was normalized to
that of β-actin. The primary antibodies used in this study were β-actin (ab8227) and FAS (ab22759),
which were purchased from Abcam Inc. (Cambridge, UK). Phospho-AMPKα (p-AMPK, #2535) was
obtained from Cell Signaling Technology (Beverly, MA, USA). SREBP-1 (sc-8984), ACC (sc-26817),
PPAR-α (sc-9000), CPT1 (sc-139482), SREBP-2 (sc-5603), HMGCR (sc-33827), and CYP7A1 (sc-25536)
were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). The secondary horseradish
peroxidase-conjugated antibodies (from Abcam Inc.) were donkey anti-rabbit IgG H&L (ab6802),
rabbit anti-goat IgG H&L (ab6741), and rabbit anti-mouse IgG H&L (ab6728).

4.5. Histological Analysis

The liver and adipose tissue were fixed in 4% formalin for preparation of frozen and paraffin
blocks, respectively. Sections of the frozen-blocked liver tissues were cut at a thickness of 3 μm using
a microtome (CM1510S-3; Leica, Wetzlar, Germany) and stained with Oil Red O. Sections of the
paraffin-blocked adipose tissue were cut using a microtome at a thickness of 3 μm (Microm HM 325;
Thermo Fisher Scientific, Waltham, MA, USA) and stained with hematoxylin and eosin. The slides
were examined under an optical microscope (Nikon ECLIPSE Ti; Nikon Corp., Tokyo, Japan).

4.6. Statistical Analysis

Data are presented as the mean ± SD. Statistical analysis was performed using SPSS version
23 (SPSS Inc., Chicago, IL, USA). The significance of differences were determined by one-way analysis
of variance (ANOVA) followed by Duncan’s multiple-range test. Differences with p < 0.05 were
considered significant.
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Abstract: Chitosan oligosaccharides (COS) display various biological activities. In this study,
we aimed to explore the preventive effects of COS on glucolipid metabolism disorder using palmitic
acid (PA)-induced HepG2 cells and high-fat diet (HFD)-fed C57BL/6J mice as experimental models
in vitro and in vivo, respectively. The results showed that COS pretreatment for 12 h significantly
ameliorated lipid accumulation in HepG2 cells exposed to PA for 24 h, accompanied by a reversing
of the upregulated mRNA expression of proinflammatory cytokines (IL-6, MCP-1, TNF-α) and
glucolipid metabolism-related regulators (SCD-1, ACC1, PCK1-α). In addition, COS treatment
alleviated glucolipid metabolism disorder in mice fed with HFD for five months, including reduction
in body weight and fasting glucose, restoration of intraperitoneal glucose tolerance, and suppression
of overexpression of proinflammatory cytokines and glucolipid metabolism-related regulators.
Furthermore, our study found that COS pretreatment significantly reversed the downregulation of
PPARγ at transcriptional and translational levels in both PA-induced HepG2 cells and liver tissues
of HFD-fed mice. In summary, the study suggests that COS can improve glucolipid metabolism
disorder by suppressing inflammation and upregulating PPARγ expression. This indicates a novel
application of COS in preventing and treating glucolipid metabolism-related diseases.

Keywords: chitosan oligosaccharide; glucolipid metabolism disorder; high-fat diet; inflammation;
peroxisome proliferator-activated receptor gamma

1. Introduction

Data shows that over 30% of adults and 16.9% of children in the US are obese or overweight,
and the figures are 14.3% and 12.8% in China, respectively [1,2]. Obesity is usually accompanied by
numerous complications, such as metabolic syndrome, nonalcoholic fatty liver diseases (NAFLDs),
cardiocerebrovascular diseases, and cancers [3]. At present, lifestyle intervention, drug treatment,
and surgical operation are the main therapies used for obesity, but the safety and effectiveness of
these methods are unsatisfactory [4,5]. Thus, an efficient preventive strategy is necessary to improve
glucolipid metabolism disorder without being confined to search for effective treatments.
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Chitosan oligosaccharides (COS) are a kind of multifunctional oligosaccharides. COS are produced
from chitosan, a polysaccharide constituent of crustaceans such as shrimps, crabs, lobsters, and prawns,
by enzymatic degradation or acidic hydrolysis [6]. COS are known to display various bioactivities,
such as anti-inflammation, anticancer, and antioxidation [7–9]. In addition, studies have shown that
both chitosan and COS could improve overweight and dyslipidemia in rats [10–12]. Regretfully,
the preventive effect of COS on metabolism disorder and the underlying molecular mechanism have
failed to be fully elucidated. Recently, chitosan was reported to decrease the number of Firmicutes
and Lactobacillus spp. in the caecum and colon but increase the population of Bifidobacteria in caecum
of pigs [13], indicating that chitosan might be a kind of prebiotics. Unlike chitosan, COS are totally
deacetylated polymers of N-acetylglucosamine, which have shorter chain length and lower molecular
weights [6]. Compared to chitosan, COS have been shown to have higher solubility, lower viscosity,
and higher absorption rate in both in vitro and in vivo transport experiments [14]. Based on the above,
COS should be easily transported across the gastrointestinal tract and absorbed into the blood flow,
where they display biologic effects on metabolic diseases.

So far, several functional polysaccharides have been proven to reverse glucose and lipid
metabolism disorders by upregulating the activity of nuclear receptor peroxisome proliferator-activated
receptor gamma (PPARγ) [15–17]. PPARγ is an important member of the nuclear receptor super family
of transcription factors, standing at the crossroads of controlling metabolic disorders, including
obesity, insulin resistance, and cardiovascular diseases [18]. PPARγ was first found to be responsible
for adipocyte differentiation [19]. In recent years, it has been reported that PPARγ can improve
lipid metabolism and insulin sensitivity through regulation of inflammatory mediators and plentiful
enzymes involved in lipid synthesis, uptake, and release [20,21]. Studies have also shown that
activation of PPARγ alleviates liver injury and liver fibrosis [22,23]. PPARγ was also found to prevent
the progression of hepatic steatosis in mouse models [24,25]. Therefore, PPARγ has been regarded as
a drug target against metabolic diseases [18,26].

The purpose of this study was to determine whether COS administrated in advance could alleviate
obesity-associated liver lipid metabolic disorder, both in vitro and in vivo, and if so, to determine
the mechanism involved. Because of the critical role of PPARγ in the regulation of lipid metabolism,
we specifically examined the effect of COS on PPARγ in palmitic acid (PA)-induced HepG2 cells and
high-fat diet (HFD)-induced mice.

2. Result

2.1. Effect of COS and PA Treatment on HepG2 Cells Viability

We first evaluated the effect of COS and PA on HepG2 cells viability by the 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) assay. As shown in Figure 1A, PA at 100 μM had no effect on
HepG2 cells viability after treatment for 24 h, while higher concentrations of PA (200,400 μM) resulted
in significant decrease in the viability of HepG2 cells (p < 0.01, vs. the control group). On the other
hand, the incubation of COS (100 μg/mL) for 12 h or pretreatment with 25, 50, and 100 μg/mL COS
for 12 h and then exposure to 100 μM of PA for 24 h both caused no toxicity to HepG2 cells (Figure 1B).
Therefore, 100 μM of PA and 25–100 μg/mL of COS were chosen for further experiments.
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Figure 1. Effect of palmitic acid (PA) and chitosan oligosaccharides (COS) on viability of HepG2
cells. (A) HepG2 cells were treated with PA (100–400 μM) for 24 h. (B) HepG2 cells were treated with
COS (100 μg/mL) for 12 h or pretreated with COS (25–100 μg/mL) for 12 h and then exposed to PA
(100 μM) for 24 h. After that, the cell viability was determined by MTT assay. The data presented are
averages and standard deviations of three independent experiments, quintuplicate in each experiment.
## p < 0.01, compared to the control group.

2.2. COS Ameliorated PA-Induced Lipid Accumulation in HepG2 Cells

To investigate whether COS could alleviate PA-induced lipid accumulation, HepG2 cells were
pretreated with COS (25–100 μg/mL) for 12 h and then exposed to PA (100 μM) for 24 h. The results
by oil red O staining showed that PA induced a considerable lipid accumulation in HepG2 cells,
which was suppressed by COS pretreatment in a concentration-dependent manner (Figure 2).

Figure 2. Effects of COS on PA-induced lipid deposition in HepG2 cells. (A) Cells were pretreated
with COS (25–100 μg/mL) for 12 h and then exposed to PA (100 μM) for 24 h. Finally, cells were
stained with oil red O, and the visualized red oil droplets were observed using a Leica light microscope.
The photographs are representative of three independent experiments with similar results, triplicate
in each experiment. (B) Quantitative data for the percentage of lipid droplets in HepG2 cells (oil red
O-positive areas) shown as a histogram. The data presented are averages and standard deviations of
three independent experiments. ## p < 0.01, compared to the control group; * p < 0.05 or ** p < 0.01
compared to the PA group.
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2.3. COS Reversed the upregulation of Proinflammatory Cytokines and Glucolipid Metabolism-Related
Regulators at mRNA Level in PA-Induced HepG2 Cells

Considering that obesity is associated with low-grade chronic inflammation [3], we next detected
the transcriptional levels of inflammatory cytokines in HepG2 cells with PA or PA plus COS treatment
by RT-PCR.

As shown in Figure 3A–C, PA (100 μM) treatment for 24 h obviously activated the mRNA
expression of IL-6, MCP-1, and TNF-α (p < 0.01, vs. the control group) in HepG2 cells. In contrast,
the PA-induced inflammation was remarkably suppressed by COS (100 μg/mL) pretreatment for 12 h
(p < 0.01, vs. the PA group).

On the other hand, PA treatment (100 μM) for 24 h significantly increased the mRNA levels of
fatty acid synthesis-related regulators (stearoyl-CoA desaturase, SCD-1, and acetyl-CoA carboxylase,
ACC1) and glucogenesis-associated regulator PCK1-α (p < 0.01, vs. the control group) in HepG2 cells,
which were evidently inhibited by COS (100 μg/mL) pretreatment for 12 h (Figure 3D–F).

When these factors in PA plus COS treatment group were compared with the control group,
no significant differences were observed (Figure 3A–D) except for the ACC-1 (Figure 3E) and PCK1-α
(Figure 3F). To exclude unexpected accidents, we repeated these experiments more than three times
independently and got consistent results. A review of the literature shows that analogous results
were generated by other groups [12,27]. For example, in one study, COS treatment initiated less
expression of proinflammatory cytokines in LPS-treated endothelial cells compared to the control
group [27]. Another study found COS stimulated stronger leptin signaling transduction in obese
rats [12]. Unfortunately, there is no plausible explanation about the mechanism involved thus far.
Although this matter is out of the scope of this study, it deserves further investigation in the future.

Figure 3. Effects of COS on PA-induced proinflammatory cytokines and fatty acid metabolism-related
regulators in HepG2 cells. Cells were pretreated with COS (100 μg/mL) for 12 h and then exposed to PA
(100 μM) for 24 h. After that, the mRNA levels of (A) IL-6, (B) MCP-1, (C) TNF-α, (D) SCD-1, (E) ACC-1,
and (F) PKC1-α were determined by RT-PCR. The data presented are averages and standard deviations
of three independent experiments with similar results, triplicate in each experiment. # p < 0.05 or
## p < 0.01, compared to the control group; ** p < 0.01 compared to the PA group.
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2.4. COS Reversed the downregulation of PPARγ at Both mRNA and Protein Levels in PA-Induced
HepG2 Cells

To explore the potential molecular mechanism by which COS prevent PA-induced inflammation
and glucolipid metabolism disorder, we measured the expression changes of PPARγ in PA-induced
HepG2 cells, which plays a key role in the regulation of lipid metabolism. The results in Figure 4
shows that PA (100 μM) exposure for 24 h led to a distinct reduction in PPARγ at both mRNA and
protein levels in HepG2 cells (p < 0.05 or 0.01, vs. the control group). However, after COS pretreatment
(100 μg/mL) for 12 h, the decreased expressions of PPARγ were statistically reversed in PA-induced
HepG2 cells.

Figure 4. Effects of COS on PA-induced downregulation of PPARγ in HepG2 cells. Cells were pretreated
with COS (100 μg/mL) for 12 h and then exposed to PA (100 μM) for 24 h. (A) The mRNA level of
PPARγ as determined by RT-PCR. (B) The protein level of PPARγ as measured by western blot (WB)
analysis. The data presented are representative images of three independent experiments with similar
results. Data are represented as the mean ± SD (n = 3). # p < 0.05 or ## p < 0.01, compared to the control
group; * p < 0.05 or ** p < 0.01 compared to the PA group.

2.5. COS Alleviated Glucose Intolerance in HFD-Fed Mice

To study the effects of COS on glucolipid metabolism disorder in vivo, C57BL/6J mice were
fed with control diet (CD), HFD, CD plus COS (1 mg/mL in drinking water), or HFD plus COS
for five months. The results showed that COS significantly lowered HFD-induced increase in body
weight (p < 0.05, vs. the HFD group) (Figure 5A) and fasting glucose level (p < 0.01, vs. the HFD
group) (Figure 5B). In addition, intraperitoneal glucose tolerance test (IGTT) suggested that the
mice in HFD group displayed poorer behavior in terms of glucose tolerance compared to the CD
group, while COS treatment remarkably alleviated glucose intolerance in HFD-fed mice (Figure 5C).
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Furthermore, the area under curve (AUC) of glucose in the IGTT was found to be much higher in the
HFD group than the control group (p < 0.01), while COS treatment obviously reduced the AUC in
HFD-fed mice, which was almost comparable to the CD group (Figure 5D).

Figure 5. Effects of COS on body weight, fasting glucose, intraperitoneal glucose tolerance test (IGTT),
and area under curve (AUC) of IGTT in HFD-fed mice. C57BL/6J mice were fed with control diet (CD),
high-fat diet (HFD), CD plus COS (1 mg/mL in drinking water), or HFD plus COS for five months.
After the treatment, the (A) body weight and (B) fasting glucose were monitored. (C) The IGTT was
also measured, and (D) the AUC of IGTT was calculated. Data are represented as the mean ± SD
(n = 5). # p < 0.05 or ## p < 0.01, compared to the CD group; * p < 0.05 or ** p < 0.01 compared to the
HFD group.

2.6. COS Treatment Ameliorated Glucolipid Metabolism Disorder in HFD-Fed Mice

To explore the effect of COS on hepatic steatosis, the lipid accumulation in all groups was
measured using oil red O staining. As indicated in Figure 6A, a mass of lipid droplets were observed
after staining in the hepatocytes of liver tissues of HFD-fed mice, and the lipid accumulation was
hampered in HFD-fed mice with COS treatment.

Next, the effect of COS on inflammatory responses in HFD-fed mice was assessed. As shown in
Figure 6B, HFD feeding caused significant increase in mRNA expression of three proinflammatory
cytokines (IL-6, MCP-1, and TNF-α) in liver tissues (p < 0.05 or 0.01, vs. the CD group), which was
reversed by COS treatment (p < 0.05 or 0.01, vs. the HFD group). Likewise, COS treatment led to evident
transcriptional inhibition of glucolipid metabolism-related regulators (SCD-1, ACC1, and PCK1-α) in
liver tissues of HFD-fed mice (p < 0.01) (Figure 6C).
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Figure 6. Improvement in lipid metabolism disorder by COS in HFD-fed mice. C57BL/6J mice were
fed with CD, HFD, CD plus COS (1 mg/mL in drinking water), or HFD plus COS for five months.
After the treatment, all mice were sacrificed and the liver tissues were collected. Next, the lipid deposits
in hepatocytes were observed by oil red O staining (A). Quantitative data for the percentage of oil
deposits in the liver (oil red O-positive areas) as calculated by Image j. (B) The mRNA levels of
proinflammatory cytokines (IL-6, MCP-1, TNF-α) and (C) fatty acid metabolism-related regulators
(SCD-1, ACC-1, PKC1-α) in liver as determined by RT-PCR. Data are represented as the mean ± SD
(n = 5). # p < 0.05 or ## p < 0.01, compared to the CD group; * p < 0.05 or ** p < 0.01 compared to the
HFD group.

Finally, to further confirm the role of PPARγ in COS-mediated improvement of glucolipid
metabolism disorder in HFD-fed mice, we measured the variation of PPARγ in liver tissues of all
experimental groups. As shown in Figure 7, both the transcription and the translation of PPARγ were
significantly downregulated in liver tissues of HFD-fed mice compared to the CD group (p < 0.01).
However, COS treatment obviously reversed the reduction of PPARγ expression (Figure 7).
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Figure 7. Reversal of downregulated PPARγ by COS in liver tissues of HFD-fed mice. C57BL/6J mice
were fed with CD, HFD, CD plus COS (1 mg/mL in drinking water), or HFD plus COS for five months.
After the treatment, all mice were sacrificed and the liver tissues were collected. The expressions
of PPARγ (A) at transcriptional level as determined by RT-PCR, and (B) at translational level as
determined by WB analysis. Data are represented as the mean ± SD (n = 5). ## p < 0.01, compared to
the CD group; ** p < 0.01 compared to the HFD group.

3. Discussion

Obesity associated with NAFLD, diabetes, and cancer has become a major global health
challenge [3]. Currently, the main therapies against obesity include lifestyle intervention,
drug treatment, and surgical operation [4,5]. However, the efficacy and safety of these methods are of
concern. Thus, it is urgently necessary to identify alternative therapeutic methods to curb the increasing
incidence of obesity. Recently, a series of polysaccharides or oligosaccharides as prebiotics were found
to alleviate glucolipid metabolism disorders, and good results were obtained [13,28,29]. Among them,
COS were reported to display excellent antioxidative and anti-inflammatory effects [7,30]. Additionally,
COS were shown to have antiobese effect in HFD-feed rats [10–12]. However, the preventive effect of
COS on metabolism disorder and the molecular mechanism remain obscure. As COS can be easily
absorbed into the blood flow [14], we speculated that COS might directly initiate the regulatory
effect on glucolipid metabolism. In this study, we found that COS improved HFD-induced glucose
intolerance and dyslipidemia by restoring the downregulated PPARγ in PA-induced HepG2 cells or
HFD-fed mice.

In this study, we used PA-induced HepG2 cells as in vitro model to investigate the preventive
function of COS on lipid stress. Besides the biosynthetic capacity of plasma proteins and inflammatory
mediators, HepG2 cells can express most of the cellular surface receptors of normal hepatocytes and are
more stable than the latter in vitro [31]. Therefore, HepG2 cells are usually chosen to study liver-related
metabolism diseases instead of primary hepatocytes. In addition, as the most abundant nonesterified
fatty acids in plasma, PA is the most widely used inducer in the investigation of lipid metabolism [32].
In line with the published results [32,33], our studies showed that PA not only led to lipid droplet
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deposition and activation of the inflammatory response, but it also dramatically affected the expression
of glucolipid metabolism-related regulators in HepG2 cells.

Liver plays an important role in lipid metabolism by which excessive dietary lipids are stored
in hepatocytes [34]. This further impairs the metabolism of glucose and fatty acids, even leading
to the occurrence of insulin resistance. In the present study, both HepG2 cells exposed to PA and
mice chronically subjected to HFD exhibited evident lipid droplet accumulation, suggesting the
formation of dyslipidemia (Figures 2 and 6). On the contrary, the imbalance of lipid metabolism
in both HepG2 cells and liver tissues of HFD-fed mice was reversed by COS treatment (Figures 2
and 6). In particular, COS displayed significantly inhibitory effect on glucose intolerance in mice
with HFD feeding (Figure 5C,D). These results are parallel to our previous study in which chitin
oligosaccharides, the acetylated form of COS, was proven to ameliorate HFD-induced dyslipidemia
in mice [35]. Based on the above, it is suggested that COS could attenuate the metabolism syndrome
associated with obesity.

Glucolipid metabolism disorder related to systemically upregulated chronic inflammatory
responses and obesity is also characterized by increasing systemic inflammation and insulin
resistance [36]. Thus, attempts have been made to repress metabolic diseases through the blockade of
inflammatory responses. It has been reported that PA overload activates inflammatory signaling to
produce cytokines, such as IL-6, MCP-1, and TNF-α [37,38]. Our results showed that COS significantly
downregulated the overexpression of IL-6, MCP-1, and TNF-α in PA-induced HepG2 cells as well as
in liver tissues of HFD-fed mice at the mRNA level (Figure 3A–C and Figure 6B). Considering that the
increased influx of hepatic free fatty acids impairs insulin signaling, stimulates hepatic gluconeogenesis,
and activates the de novo lipogenesis [39], we next investigated whether COS treatment could affect
the expression of glucolipid metabolism-related regulators, i.e., PCK1-α, SCD-1, and ACC-1. PCK1-α
is one of the key gluconeogenic enzymes, while SCD-1 is a microsomal enzyme required for the
synthesis of oleate and palmitoleate, and ACC-1 is a major enzyme in de novo fatty acid biosynthetic
pathway [40–42]. Our results indicated that overexpression of the three regulators was drastically
inhibited by COS treatment at the mRNA level both in vitro and in vivo (Figure 3D–F and Figure 6C),
indicating the suppressive effect of COS on gluconeogenesis and free fatty acid synthesis in hepatocytes
and liver tissues with overflowing fatty acids. Based on the above, we propose that COS improve
glucolipid disorder in obesity mice, perhaps by suppressing inflammation.

PPARγ is an important transcription factor responsible for lipid metabolism and inflammatory
responses [18], which has been proven to regulate the expression of various metabolic enzymes
involved in lipid synthesis and fatty acid β-oxidation [20]. A previous study demonstrated that hepatic
PPARγ mRNA and protein expression level decreased in NAFLD rats compared to the controls [43].
In livers of diabetic nephropathy rat and db/db mice, the protein level of PPARγ was shown to
decrease, and restoring PPARγ gene expression to baseline could improve metabolic disorders [15,44].
Therefore, a balanced level of PPARγ in liver tissues may be important for homeostasis. In addition,
PPARγ activation has been reported to inhibit the expression of inflammatory mediators by blocking
the NF-κB [45–47]. Here, we explored whether PPARγ was critical to COS-mediated improvement
of glucolipid metabolic disorder. Our study showed that PA induced a significant decrease in the
expression of PPARγ at both mRNA and protein levels in HepG2 cells, which was almost totally
reversed by COS treatment (Figure 4). Similar results were identified in the liver tissues of HFD-fed
mice (Figure 7). These results are in line with findings from other groups, which demonstrated
that some polysaccharides or their derivatives prevented the occurrence of metabolic diseases by
upregulating the expression of PPARγ [15–17]. From the above, we speculate that PPARγ may be
a potential molecular target, with COS initiating the protective effect on glucolipid metabolism disorder.
In conclusion, we proved that COS displayed strong improvement on glucolipid metabolism disorder
in PA-induced HepG2 cells as well as liver tissues of HFD-fed mice. This molecular mechanism might
be associated with the reversal effect of COS on reduced PPARγ production, which subsequently
downregulated the overexpression of proinflammatory cytokines and inhibited the activation of
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gluconeogenesis and lipogenesis in hepatocytes with overflowing fatty acids. This study suggests
a novel application of COS to prevent and treat glucolipid metabolism-related diseases.

4. Materials and Methods

4.1. Chemicals and Reagents

HepG2 cells were supplied by the Chinese Academy of Sciences Cell Bank (Shanghai, China).
COS were prepared in our laboratory [48]. PA was purchased from Thermo Fisher Scientific (Waltham,
MA, USA). Minimum essential medium (MEM), penicillin/streptomycin, and nonessential amino
acids (NEAA) were obtained from Gibco (Grand Island, NY, USA). Fetal bovine serum (FBS) was
purchased from Kang Yuan biology company (Beijing, China). Anti-PPARγ, anti-β-actin, horseradish
peroxidase (HRP)-conjugated goat anti-rabbit IgG, and HRP-conjugated goat anti-mouse IgG were
obtained from Cell Signaling Biotechnology (Beverly, MA, USA).

4.2. Cell Culture and Drug Treatment

HepG2 cells were maintained in MEM containing 10% FBS and 1% NEAA, 1% penicillin–
streptomycin at 37 ◦C in humidified atmosphere with 5% CO2. After reaching subconfluence, cells were
incubated with 0, 25, 50, 100 μg/mL COS for 12 h and then exposed to 100 μM of PA diluted in culture
medium for 24 h at 37 ◦C for further assay.

4.3. Cell Viability Assay

HepG2 cells were plated at density of 1 × 104 cells/well in 96-well plates for 24 h. After treatment
with PA at concentrations of 100 μM, 200 μM, and 400 μM or COS (100 μg/mL) for 24 h, the toxic
effects of PA or COS alone on cell viability were determined. To assess the effect of COS plus PA on
cell viability, the HepG2 cells were separately pretreated with 25, 50, and 100 μg/mL COS for 12 h
and then exposed to 100 μM of PA for 24 h. After that, the cells were washed with PBS and incubated
with MTT (5 mg/mL) in culture medium for 3 h at 37 ◦C. Next, the medium was discarded, and the
formazan blue, which formed inside the cells, was dissolved using 100 μL dimethyl sulfoxide (DMSO).
The optical density at 490 nm was determined with a Sunrise Remote Microplate Reader (Grodig,
Austria). The experiments were repeated 3 times independently, and 5 replicates were involved in
each sample. The cell viability of each well was presented as the percentage of control level.

4.4. Animal Experiment

C57BL/6J wild-type male mice were obtained from Vital River Laboratory Animal Technology
Co., Ltd. (Beijing China) and kept in a room with a 12 h light/dark cycle, a temperature of 22 ± 2 ◦C,
and a relative humidity of 50 ± 5% during the whole experiment period. Mice were fed with
a control diet for two weeks for adaptation. Then, all mice were randomly divided into four groups
(n = 5): CD group, HFD group, CD + COS (1 mg/mL in drinking water, about 200 mg/kg/d) group,
and HFD + COS group. The HFD was composed of 60% basic feed, 10% lard, 10% egg yolk powder,
2.5% cholesterol, 0.5% bile salts, 5% sucrose, 5% peanut, 5% milk powder, and 2% salt. Both diets
used in this study were bought from Aoke Xieli Co., Ltd. (Beijing, China). After the treatment for five
months, the body weight and fasting glucose level of each mouse were detected. Then the mice were
sacrificed, and liver tissues were collected. All samples were stored at −80 ◦C for further experiments.

All the experimental procedures were approved by the Institutional Animal Care and Use
Committee of Animal Center, Institute of Process Engineering, Chinese Academy of Sciences
(Beijing, China) and in accordance with the guidelines of the National Act on Use of Experimental
Animals (China).
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4.5. Intraperitoneal Glucose Tolerance Test (IGTT)

An IGTT was conducted after the COS and HFD treatment for five months. Before the test,
mice of each group (n = 5) were fasted for 12 h and then given an intraperitoneal (i.p.) injection of
glucose at a dose of 500 mg/kg body weight. Blood was collected from the tail vein at 0, 15, 30, 60,
and 120 min, and the glucose levels were determined using a blood glucometer (Roche Diagnostics,
Basel, Switzerland).

4.6. Oil Red O Staining

Liver tissues of each group (n = 5) were fixed overnight in 4% paraformaldehyde, embedded in
paraffin, and made into 4 μm sections. After the deparaffinization and rehydration, the sections were
stained with haematoxylin–eosin (HE) for 1 min and then with 0.5% oil red O solution for 30 min at
room temperature. The visualized red oil droplets staining in the slides were observed using a Leica
DMI4000 B light microscope (Wetzlar, Germany).

For HepG2 cells staining, the cells were treated as before, washed with PBS, and fixed with 4%
paraformaldehyde for 60 min. Then, cells were stained with 0.5% oil red O solution and photographed
as mentioned above. The experiments were repeated 3 times independently, and 3 replicates were
involved in each sample.

4.7. RNA Extraction, cDNA Synthesis, and Quantitative Real-Time (qRT)-PCR

Total RNA was extracted from HepG2 cells and liver tissues using TRIzol reagent (Invitrogen,
Carlsbad, CA, USA) following the manufacturer’s instructions. Isolated RNA (1 μg) was reverse
transcribed into cDNA using a HifiScript cDNA synthesis kit (Takara Bio Inc., Otsu, Shiga, Japan).
For qRT-PCR, the reaction was performed using a 7500 Fast Real-Time PCR System (Applied
Biosystems, Foster City, CA, USA) with the thermal cycle condition as follows: 95 ◦C for 2 min;
40 cycles of amplification (95 ◦C for 15 s, 60 ◦C for 60 s, 72 ◦C for 1 min). The experiments were
repeated 3 times independently, and 3 replicates were involved in each sample in vitro. Five replicates
were involved in each group in vivo. The primer sequences used in this study are listed in Table 1,
and β-actin was used as reference gene for calculation of the relative target gene expression using the
2−ΔΔCT method.

Table 1. List of the primer sequences used in RT-PCR analysis.

Gene Forward Primer (5′-3′) Reverse Primer (5′-3′)
β-Actin AGGTGACAGCATTGCTTCTG GCTGCCTCAACACCTCAAC

IL-6 GGCACTGGCAGAAAACAACC GCAAGTCTCCTCATTGAATCC
MCP-1 GGGATCATCTTGCTGGTGAA AGGTCCCTGTCATGCTTCTG
TNF-α AGGGTCTGGGCCATAGAACT CCACCACGCTCTTCTGTCTAC
PCK1 CTGCATAACGGTCTGGACTTC CAGCAACTGCCCGTACTCC
SCD-1 ATACCACCACCACCACCATT CATACAGGGCTCCCAAGTGT
ACC1 CTGCCATCCCATGTGCTAAT AGCAGTCGTTCCCCTTCATT
PPARγ TCGCTGATGCCTGCCTATG GGAGCACCTTGGCGAACA

4.8. Western Blot Analysis

HepG2 cells and liver tissues were homogenized using radio-immunoprecipitation assay (RIPA)
buffer (Cell Signaling, Danvers, MA, USA) supplemented with protease inhibitor cocktail (Merck,
Darmstadt, Germany). The sample homogenate was centrifuged at 15,000× g for 15 min at 4 ◦C,
and the supernatant was collected. The protein concentration was determined using a bicinchoninic
acid (BCA protein assay kit (Beyotime, Shanghai, China). The lysate samples (40 μg/lane) were
separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and transferred
to a polyvinylidene fluoride (PVDF) membrane. The membranes were blocked with 5% fat-free milk
in Tris-buffered saline with 0.1% Tween-20 (TBST) buffer (10 mM Tris, 150 mM NaCl, 0.1% Tween
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20, pH 7.6) for 1 h at room temperature and then incubated with primary antibodies against PPARγ
overnight at 4 ◦C. Next, the membranes were incubated with HRP-conjugated secondary antibodies
for 1 h. The protein bands were captured by enhanced chemiluminescence (ECL) (Cell Signaling
Technology, Beverly, MA, USA), and the densitometry analysis was performed using an Image J2x
software (National Institute of Health, Bethesda, MD, USA). The protein level of PPARγ of each sample
was measured 3 times independently in vitro, and 5 samples expressing PPARγ protein of each group
in vivo were assessed.

4.9. Statistics

Statistical analysis was carried out using SPSS 10.0 package (SPSS Inc, Chicago, IL, USA). Data are
presented as means ± SD. Differences between groups were assessed with one-way analysis variance
(ANOVA), along with the Tukey–Kramer test. p < 0.05 was regarded as statistically significant.
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NAFLDs nonalcoholic fatty liver diseases
COS chitosan oligosaccharides
PA palmitic acid
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CD chow diet
IL-6 interleukin-6
MCP-1 monocyte chemoattractant protein 1
TNF-α tumor necrosis factor-alpha
PCK1 phosphoenolpyruvate carboxykinase-1
SCD-1 stearoyl-CoA desaturase
ACC1 acetyl-CoA carboxylase
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Abstract: We found previously that white adipose tissue (WAT) hyperplasia in obese mice was limited
by dietary omega-3 polyunsaturated fatty acids (omega-3 PUFA). Here we aimed to characterize the
underlying mechanism. C57BL/6N mice were fed a high-fat diet supplemented or not with omega-3
PUFA for one week or eight weeks; mice fed a standard chow diet were also used. In epididymal
WAT (eWAT), DNA content was quantified, immunohistochemical analysis was used to reveal the
size of adipocytes and macrophage content, and lipidomic analysis and a gene expression screen were
performed to assess inflammatory status. The stromal-vascular fraction of eWAT, which contained
most of the eWAT cells, except for adipocytes, was characterized using flow cytometry. Omega-3
PUFA supplementation limited the high-fat diet-induced increase in eWAT weight, cell number
(DNA content), inflammation, and adipocyte growth. eWAT hyperplasia was compromised due to
the limited increase in the number of preadipocytes and a decrease in the number of endothelial cells.
The number of leukocytes and macrophages was unaffected, but a shift in macrophage polarization
towards a less inflammatory phenotype was observed. Our results document that the counteraction
of eWAT hyperplasia by omega-3 PUFA in dietary-obese mice reflects an effect on the number of
adipose lineage and endothelial cells.

Keywords: cellularity; adipocyte; obesity; nutrition; fat; proliferation; white adipose tissue

1. Introduction

An unhealthy lifestyle, including overnutrition, is the main driving force behind the recent
pandemic of obesity and associated diseases. Obesity is defined as an excessive accumulation of body
fat, namely in the form of white adipose tissue (WAT; [1]). This tissue is characterized by extreme
plasticity, and fat depot-specific functional and structural heterogeneity (reviewed in [2–4]). The main
function of WAT is to store energy in triglycerides that are located within lipid droplets in adipocytes.
During exercise, fasting, or cold exposure, fatty acids are released and serve as an energy source.
Sufficient capacity for WAT expansion is essential to prevent a spillover of fatty acids and lipotoxic
damage of insulin signalling in other tissues [5]. Therefore, both an insufficient amount of WAT as
well as hypertrophic WAT can lead to harmful systemic metabolic consequences.

The growth of WAT can occur by both increasing the number of adipocytes (“hyperplasia“)
and by enlarging the size of existing adipocytes (“hypertrophy“). WAT can represent 5% to 60% of
total body weight [4,6]. Fat mass reflects the energy balance. However, the adipocyte number is
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very static in adult humans and independent of fluctuations in body weight, even in response to a
massive weight loss. Furthermore, adipocyte number is set during childhood and adolescence [6] and
approximately only 10% of fat cells are renewed annually in adult humans [7]. New adipocytes arise
from adipogenic progenitor cells, as mature adipocytes are postmitotic [8]. Adipocyte progenitors are
CD24+ cells, which lose their CD24 expression as they become further committed to the adipocyte
lineage. The CD24− preadipocytes represent the next distinct cell type over the course of adipose cell
differentiation into mature adipocytes in vivo [9]. Adipose tissue expansion also involves coordinated
development of the tissue vascular network and coupled angiogenesis is essential for adipogenesis
in obesity [10,11]. In adult humans, obesity is predominantly associated with the hypertrophy of fat
cells. However, an increase in fat cell number was also observed in morbidly obese subjects (reviewed
in [6,7,12]). In contrast, in laboratory rodents WAT hyperplasia could be induced independent of
age, e.g., in response to obesogenic high-fat diets. In particular, the epididymal WAT (eWAT) in the
abdomen, the typical WAT depot in rodents (regarding its growth in response to high fat diet [13],
negligible capacity for Ucp1 expression [14] and its frequent analysis in the rodent studies focused on
obesity [15]), has a high potential for hyperplastic growth [13,16–18].

WAT is composed of several cell types including adipocytes, preadipocytes (see above), and
endothelial cells as well as fibroblasts, stem cells, and almost the full spectrum of immune cells defining
a unique adipose-resident immune system [19]. Macrophages accumulate in the hypertrophied WAT
of both obese individuals and mice, and divert from the pro-resolving (M2) to the pro-inflammatory
phenotype (M1), which contribute to a low-grade adipose tissue inflammation and insulin resistance in
obesity [20]. Mutual interactions between adipocytes and immune cells in WAT, mediated by lipokines
and cytokines/adipokines and metabolites, are essential for the healthy functioning of WAT ([21–24];
reviewed in [25,26]). Also, the proliferation and differentiation of stem cells and preadipocytes
depends on the local niche provided by both the endothelial mural cell compartment [11,27] and
macrophages [28]. Also these processes are mainly coordinated by the autocrine and paracrine effects
of the WAT-borne signalling molecules and metabolites [29,30]. Therefore, the immunometabolism [31]
of WAT, i.e., the cross talk between cells of the immune system contained in the tissue and the tissue
metabolism (see above and [26]) contributes to either a lean or obese phenotype. These opposite
systemic effects reflect either enhancing or lowering the capacity of WAT for buffering circulating fatty
acids. Hence, both the amount of WAT and its immunometabolic properties represent a therapeutic
target for the treatment of obesity and associated diseases (reviewed in [25,26,32]).

Our previous studies have shown that the induction of obesity and deterioration of the
immunometabolism of WAT in mice fed an obesogenic high-fat diet could be ameliorated in response to
dietary supplementation with long-chain polyunsaturated fatty acids of the n-3 series (omega-3 PUFA;
reviewed in [26,32]), namely eicosapentaenoic acid (EPA; 20:5 ω-3) and docosahexaenoic acid (DHA;
22:6 ω-3). The effects of omega-3 PUFA were even more pronounced when a combined intervention
with either calorie restriction [33] or antidiabetic drugs was used [34]. The multiple beneficial effects
on health, exerted by omega-3 PUFA, are mediated by these PUFA themselves, related lipid mediators,
and multiple intracellular signalling pathways (reviewed by us in [25,26,32,35]).

Our previous results also indicated that, in addition to modulating the immunometabolic
properties of WAT, the reduced accumulation of body fat due to omega-3 PUFA supplementation in
mice fed a high-fat diet was in part due to a prevention of the increase in tissue cell number [36,37].
Therefore, the main goal of this study was to characterize in detail the cell types involved the
abolishment of hyperplastic growth of WAT in mice fed a high-fat diet in response to the omega-3
PUFA supplementation.
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2. Results

2.1. Effect of Omega-3 PUFA on Body Weight and eWAT

C57BL/6N male mice were fed either a standard (STD) or high-fat (HFD) diet or a high-fat
diet supplemented with omega-3 PUFA (HFF) for one or eight weeks starting at 13 weeks of age.
Both the HFD and HFF diet increased the body weight and eWAT weight at both Week 1 and Week 8
compared to the STD diet, with no impact of omega-3 PUFA on body weight compared to HFD
(Table 1). However, eWAT weight tended to be lower after Week 1 and was reduced by 20% at Week 8
in the HFF compared to the HFD fed mice (Table 1).

Table 1. Effects of eicosapentaenoic acid (EPA)/docosahexaenoic acid (DHA) on body weight,
epididymal white adipose tissue (eWAT) weight, and DNA content.

Week 1 Week 8

STD HFD HFF STD HFD HFF

BW initial (g) 29.3 ± 1.9 29.6 ± 1.4 30.0 ± 2.4 28.1 ± 1.8 a 28.1 ± 1.9 a 28.2 ± 1.7 a

BW dissection (g) 29.9 ± 1.9 33.9 ± 2.1 c 33.9 ± 2.8 c 34.0 ± 3.4 a 48.8 ± 4.6 a,c 47.0 ± 3.4 a,c

BW gain (g) 0.7 ± 0.7 4.4 ± 0.8 c 3.9 ± 1.1 c 5.9 ± 2.9 a 20.6 ± 3.8 a,c 18.9 ± 3.1 a,c

eWAT weight (mg) 509 ± 175 1084 ± 207 c 1006 ± 284 c 877 ± 365 a 2310 ± 301 a,c 1816 ± 254 a,b,c

eWAT DNA (μg/depot) 194 ± 18 267 ± 47 c 192 ± 30 b 440 ± 98 a 1313 ± 328 a,c 1094 ± 183 a,b,c

Adipocytes DNA (μg/depot) n.d. n.d. n.d. 274 ± 67 541 ± 140c 445 ± 126

Mice were fed by standard (STD), high-fat diet (HFD), or a high-fat diet supplemented with omega-3 PUFA (HFF)
and sacrificed at Week 1 or Week 8. Initial body weight (BW), BW at dissection, BW gain and weight of eWAT were
evaluated. DNA was quantified in eWAT. Data are means ± SD; n = 8 for Week 1, n = 16–26 for Week 8. DNA content
was also determined in collagenase-liberated adipocytes from eWAT at Week 8 (n = 8). a Significantly different
from Week 1 between mice given same diet; b significantly different from the HFD group for the same period of
dietary intervention; c significantly different from the STD group for the same period of dietary intervention; n.d.,
not determined.

The DNA content of eWAT, a surrogate marker of cell number in the tissue, was higher at Week 8
than Week 1. It increased much faster in the mice fed the high-fat diet, resulting in a 3.0-fold and
2.5-fold higher DNA content in the HFD and HFF mice, respectively, compared to the STD mice
at Week 8 (Table 1). Thus, omega-3 PUFA supplementation abolished in part the increase in eWAT
cell number in the mice fed a high-fat diet, with a significant effect (1.2-fold difference between the
HFD and HFF mice) at Week 8. The trend for this effect was already apparent at Week 1 (Table 1).
The differences in eWAT DNA content at Week 8 were mirrored by those in the total DNA content
of the fraction of collagenase-liberated adipocytes from eWAT. However, in this case, only a trend to
reduce DNA content by omega-3 PUFA was observed (Table 1).

Histological examination and morphometry of adipocytes in eWAT revealed that adipocyte size
increased between Week 1 and Week 8 in both the HFD and HFF mice. This increase was less pronounced
in the HFF mice (Figure 1A–D). In the STD mice, adipocyte size also increased between Week 1 and Week 8,
however, this increase was very small (see Supplementary Figure S1A–C for the hematoxylin and eosin
staining of eWAT sections at Week 1). At Week 8 in both the HFD (Figure 1F) and HFF (Figure 1G) mice,
but not in the STD mice (Figure 1E), the immunostaining of eWAT revealed crown-like structures (CLS)
that are formed by macrophages aggregated around dying adipocytes [38]. However, the abundance
of CLS was not influenced by omega-3 PUFA supplementation (Figure 1F,G,H). At Week 1, no CLS
were detected in any of the dietary groups (Supplementary Figure S1D–F). Also the proliferation of
macrophages within CLS, assessed immunohistochemically using Ki67 staining (Ki67 is a commonly
used marker of proliferating nuclei, which was shown to control heterochromatin organisation, see [39,40])
did not differ between the dietary groups (HFD: 19 ± 3% vs. HFF: 16 ± 1% of all CLS-contained nuclei;
Figure 1I,J). Interestingly, multinucleated giant cells (MGCs) were only observed in the HFF mice
(Figure 1K), suggesting macrophage fusion [41,42].

These results documented that the increase in eWAT weight in response to the high-fat diet
emerged from both tissue hypertrophy and hyperplasia, and that both these processes could be partially
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counteracted by omega-3 PUFA supplementation. Moreover, the results suggested that the effect of
omega-3 PUFA on tissue cell number probably does not include changes in tissue macrophage content.

 

Figure 1. Morphology and immunohistochemistry of eWAT. Representative histological sections of
eWAT from mice fed STD (A,E), HFD (B, F, I) or HFF (C,G,J,K) diet at Week 8. Hematoxylin and
eosin staining for morphometry of adipocytes (A,B,C), as evaluated in (D). Immunohistochemical
staining using macrophage marker MAC2 for quantification of CLS (E,F,G; arrows), as evaluated
in (H). Representative sections showing the detection of macrophage proliferation within CLS based on
immunofluorescence staining (I,J; nuclei by DAPI, blue; macrophages by anti-F4/80, green; surface of
lipid droplets by anti-perilipin 1, white; proliferating nuclei by anti-Ki67, red; proliferating macrophages
are indicated with arrows). Representative section showing multinucleated giant cells (K). Data are
means ± SD; n = 6–8. * Significant difference from Week 1 between mice on same diets; † significant
difference from HFD for the same period of dietary intervention; # significant difference from STD
for the same period of dietary intervention. Bar represents 200 μm (A,B,C,E,F,G) or 20 μm (I,J,K).
For morphology and immunohistochemistry of eWAT at Week 1, see Supplementary Figure S1.

2.2. Anti-Inflammatory Effects of Omega-3 PUFA in eWAT in Mice Fed High-Fat Diet

The lack of effect of omega-3 PUFA on the CLS macrophages content in eWAT, despite the
decrease in eWAT cell number, prompted us to verify the expected anti-inflammatory effect of omega-3
PUFA in this tissue. First, we addressed the effect on the formation of related lipid mediators [25,43]
in eWAT. In the HFD and HFF mice, in total 33 metabolites of arachidonoic acid (AA), α-linolenic
acid (ALA), dihomo-γ-linolenic acid (DGLA), DHA, EPA, and linoleic acid (LA) were evaluated
at both Week 1 and Week 8 (see Supplementary Table S1). Principal component analysis (PCA) of
the data was used to obtain a global view on the effects of the diet and the duration of the dietary
intervention. Separation of the dietary groups was evident at both time points, and it was more
robust at Week 8 (Figure 2A,B). Among the most discriminating analytes were: hydroxyderivatives of
AA, prostaglandins, thromboxane, and hydroxyderivatives of EPA (Figure 2C). As for the levels of
individual fatty acid metabolites (Supplementary Table S1), either at Week 1 or Week 8, AA-, ALA-,
DGLA-, and LA-derived metabolites were mostly lower in the HFF mice than in the HFD mice,
while the levels of EPA-derived lipid mediators in the HFF mice were relatively high. In contrast,
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the levels of DHA-derived lipid mediators were similar in both dietary groups at both Week 1 and
Week 8. Therefore, the pattern of changes in lipid mediators showed an expected shift from the
AA-derived pro-inflammatory toward the EPA-derived anti-inflammatory mediators in response to
omega-3 PUFA supplementation.

Figure 2. Principal component analysis of the lipidomic data from eWAT of the HFD and HFF mice.
Score plots of the principal components 1 and 2 were generated using the lipid mediator profiles at
Week 1 (A) and Week 8 (B). At Week 8 (C), results were expressed as a contribution score plot showing
one bar per variable, indicating which species differ most between the groups and in which direction.
Lipids derived from AA (red), LA (orange), ALA (purple), DHA (blue), and EPA (green) are discerned
by colors. For the source data and the abbreviations, see Supplementary Table S1.

Since the hydroxyderivatives of AA and EPA are metabolic products of lipoxygenases (LOX),
the expression of the genes for various types of LOX (Alox5, Alox12, and Alox15) was quantified
using real-time quantitative PCR (qPCR). However, no differences in the expression of the above
genes between the dietary groups were observed in the whole eWAT nor in the subfractions of cells
isolated from eWAT, with no dependence on the duration of the dietary intervention (Supplementary
Table S2). Tissue levels of lipid mediators are not only influenced by the rate of synthesis, but also
by the rate of degradation of these mediators. Importantly, down-regulation of the expression of
15-hydroxyprostaglandin dehydrogenase (15-Pgdh) in response to omega-3 PUFA supplementation
was detected in both the stromal-vascular fraction (SVF) and adipocyte fraction isolated from eWAT
at Week 8 (Supplementary Table S2). This enzyme is responsible for the inactivation of selected
prostaglandins, leukotrienes, and several hydroxy-eicosatetraenoic acid species (HETEs; reviewed
in [44]).
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Subsequently, inflammatory gene expression profiles in eWAT of the HFD and HFF mice were
compared. This analysis did not reveal any differences between the dietary groups, neither at Week 1
nor at Week 8 (Figure 3A). Therefore, the analysis was repeated using both SVF and adipocytes
isolated from eWAT at Week 8 (Figure 3B). Expression of most of the evaluated inflammatory markers,
such as tumor necrosis factor (Tnfa), nitric oxide synthase 2 (Nos2), C-C chemokine receptor type 2
(Ccr2), interleukin 1 beta (Il1b), and interferon gamma (Ifng) as well as transforming growth factor
beta (Tgfb; regulator of inflammatory processes), was (or tended to be) lower in the SVF of the HFF
mice. In the adipocyte fraction, expression of the above genes was not affected by the omega-3 PUFA
supplementation, while the expression of chemokine (C-C motif) ligand 2 (Ccl2), another inflammatory
marker, was the only one to be down-regulated by omega-3 PUFA in the adipocyte fraction (Figure 3B).
The expression of the anti-inflammatory marker arginase (Arg1) did not differ between the dietary
groups, either in eWAT (Figure 3A) or in the isolated cells (Figure 3B). Thus, mRNA analysis confirmed
the lower pro-inflammatory profile of SVF cells within eWAT in HFF compared to the HFD mice.

Figure 3. Gene expression of pro- and anti-inflammatory markers in eWAT of mice fed HFD or HFF
diet for 1 or 8 weeks (A), or in stromal-vascular fraction (SVF) cells or adipocytes (ADI) isolated from
eWAT of mice fed the respective diets for 8 weeks (B). Data were normalized to the geometrical mean
of two reference genes, Hprt and EF1α in (A), and EF1α and Rn18s in (B), and expressed relative to the
HFD mice at Week 1 for whole eWAT depot (A) or to SVF of HFD group (Week 8) for SVF and ADI (B).
Data are means ± SD; n = 6–8. * Significant difference from Week 1 between mice with the same diet;
† significant difference for the same period of dietary intervention.

2.3. Changes in Immune Cell Abundance Cannot Explain the Effect of Omega-3 PUFA on eWAT Cell Number
in Mice Fed High-Fat Diet

The above results documented the anti-inflammatory effect of omega-3 PUFA in eWAT and
prompted us to characterize in detail the immune cells in the tissue. Flow cytometry was performed
using SVF cells isolated from eWAT (Figure 4A–F; for illustrative flow cytometry plots and gating
strategy—see Figure 4G) and the appropriate panel of antibodies (Supplementary Tables S3 and S4).
The number of leukocytes in the whole eWAT depot (CD45+ cell population containing the majority
of the WAT immune cells [45]) increased 5.6- and 5.7-fold in the HFD and HFF mice, respectively,
between Week 1 and Week 8. It was similar in both dietary groups at any given time (Figure 4A).
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The corresponding increases in the number of eWAT macrophages (i.e., a subfraction of the leukocyte
population characterized as CD45+/F4/80+/CD11b+ cells) was ~7.4- (HFD) and ~5.3-fold (HFF); again,
the cell number was not significantly affected by the diet (Figure 4B). However, the omega-3 PUFA
supplementation tended to limit the high-fat diet induced increase in eWAT macrophage content
(Figure 4B).

Figure 4. Flow cytometry analysis of immune cell subsets in SVF isolated from eWAT. Numbers of cells
are calculated per depot. Arrows indicate the gating strategy used. Cells were first gated on size and
singularity for further analysis. Single cells were gated based on the expression of CD45 to identify
leukocytes (A). Leukocytes were then gated on the co-expression of CD11b and F4/80 to identify
macrophages (B). Finally, macrophages were further subdivided based on the expression of CD206 and
CD11c into: M1 macrophages (CD206−/CD11c+; C), double-negative macrophages (CD206−/CD11c−;
D), M2 macrophages (CD206+/CD11c−; E) and double-positive macrophages (CD206+/CD11c+; F).
Striped columns (black with white stripes, HFD; white with black stripes, HFF) show the amount of
proliferating cells per depot, which were detected using antibodies specific for the Ki67 proliferation
marker. Illustrative flow cytometry plots and gating strategy are also shown (G). Data are means ± SD.;
n = 6–8. * Significant difference compared to Week 1 with the same diets; † significant difference
between the diets for the same period of dietary intervention.

The proliferation of both leukocytes and macrophages in the SVF, assessed using Ki67 antibodies
(Figure 4A,B; striped columns), was negligible at Week 1 but it was relatively high at Week 8.
This induction was stronger in the HFF than the HFD mice, resulting in a significantly higher fraction of
the proliferating cells in the total population of leukocytes and macrophages at Week 8 (Supplementary
Figure S2).
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Further subfractionation of the macrophage population was performed using the CD206 and
CD11c markers, resulting in the detection of four different macrophage subtypes (Figure 4C–F).
At Week 1, no differences between the dietary groups were found. At Week 8, the eWAT content of both
CD206−/CD11c+ (M1; Figure 4C) and CD206−/CD11c− (double negative; Figure 4D) macrophages was
relatively low in the HFF mice. The eWAT content of CD206+/CD11c− (M2; Figure 4E) macrophages
did not differ between the subgroups, but CD206+/CD11c+ (double positive; Figure 4F) macrophages
were more abundant in the HFF mice. The proportion in the content of M2 and M1 macrophages
(i.e., the M2/M1 ratio; Figure 5) decreased between Week 1 and Week 8 in the HFD and tended to
decrease in the HFF mice. The M2/M1 ratio tended to be higher in the HFF mice and this difference
tended to increase with the duration of the dietary intervention. Both the relatively low number
of M1 macrophages in the HFF mice at Week 8, and the relatively high number of double positive
macrophages in these mice are consistent with the anti-inflammatory effect of the omega-3 PUFA
supplementation [20,46].

Figure 5. Ratio between M2 and M1 macrophages in eWAT of mice fed HFD or HFF diet for 1 week
or 8 weeks as determined by flow cytometry. Data from Figure 4C,E were re-plotted. * Significant
difference compared to Week 1 within the diets.

Thus, both qPCR and flow cytometry analysis revealed the lower pro-inflammatory profile of immune
cells within eWAT in the HFF compared to the HFD mice at Week 8. However, neither the total number
of macrophages nor the numbers of other cells in the leukocyte population, could explain the lower
number of eWAT cells in the HFF mice at Week 8 (see the DNA content in Table 1).

2.4. Limited Increase in Adipose Lineage and Endothelial Cells Numbers in eWAT of Mice Fed High-Fat Diet in
Response to Omega-3 PUFA

Changes in the immune cells number could not explain the abolishment of eWAT hyperplastic
growth by omega-3 PUFA (although the changes in the composition of the immune cells could be
important for this mechanism, see Discussion). Therefore, the CD45− cells contained in the SVF,
i.e., the adipose lineage and endothelial cells [45], were characterized (Figure 6A–D; for illustrative
flow cytometry plots and the gating strategy, see Figure 6E). In the HFD mice, the number of these cells
(recalculated per the whole eWAT depot) was similar in the HFD and HFF mice at Week 1, while in the
HFD mice, it increased ~2.7-fold between Week 1 and Week 8. The corresponding increase in the HFF
mice was only ~1.2-fold, resulting in a ~2.2-fold lower number of CD45− cells in the eWAT of the HFF
compared to the HFD mice at Week 8 (Figure 6A). The proliferation of CD45− cells (Figure 6A, striped
columns; Supplementary Figure S3A) was similar in both dietary groups at Week 1, and it increased
~8.8-fold (HFD) and ~5.1-fold (HFF) between Week 1 and Week 8. Thus, at Week 8, the fraction of
the proliferating cells in the total CD45− cell population was higher in the HFF than in the HFD mice
(Figure 6A; Supplementary Figure S3A).
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Figure 6. Flow cytometry analysis of non-immune cell subsets in SVF isolated from eWAT. The numbers
of cells are calculated per depot. Arrows indicate the gating strategy used. Cells were first gated on
size and singularity for further analysis. Single cells were gated on the lack of CD45 expression to
identify non-lymfoid cells (A). CD45− cells were then gated on CD31 expression to identify endothelial
cells (D). CD31− cells were further subdivided based on the expression of Sca1, CD34 and CD24 into
progenitors (CD34+/Sca1+/CD24+; B) and preadipocytes (CD34+/Sca1+/CD24−; C). Striped columns
(black with white stripes, HFD; white with black stripes, HFF) show the amount of proliferating cells
per depot, which were detected using antibodies specific for the Ki67 proliferation marker. Illustrative
flow cytometry plots and gating strategy are also shown (E). Data are means ± SD; n = 5–6. * Significant
difference compared to Week 1 for mice fed the same diet; † significant difference between the diets for
the same period of dietary intervention.

Further analysis of the CD45− cell population using the CD31, CD34, Sca1, and CD24 markers
enabled the adipose progenitor cells (Figure 6B), preadipocytes (Figure 6C) and endothelial cells
(Figure 6D) to be characterized. The eWAT quantity of progenitors was similar in all the groups,
irrespective of the duration of high-fat feeding or the omega-3 PUFA supplementation, while the
proliferation of these cells increased ~2.8-fold (HFD) and ~2.3-fold (HFF) between Week 1 and Week 8
(Figure 6B; Supplementary Figure S3B).

The eWAT number of preadipocytes did not differ between the HFD and HFF mice at Week 1,
and increased much more in the HFD (~3.7- fold) compared with the HFF (~1.6-fold) mice between
Week 1 and Week 8, resulting in ~2.5-fold lower number of preadipocytes in the HFF mice compared
to the HFD mice at Week 8 (Figure 6C). This was in agreement with the expression of several markers
of adipogenesis and mainly of preadipocyte factor 1 (Pref1, a marker of preadipocytes and inhibitor of
adipocyte differentiation [47]), which was relatively low in both the eWAT and SVF of the HFF mice at
Week 8, but was similar in adipocytes isolated from the eWAT of both dietary groups (Supplementary
Table S5). Also, the expression of the genes for peroxisome proliferator-activated receptor γ (Pparg; a
late adipogenic marker; [9]) and platelet-derived growth factor receptor β (Pdgfrb; expressed mainly in
adipocyte progenitor cells [48]) was relatively low in the SVF isolated from the eWAT of the HFF mice
at Week 8 (Supplementary Table S5). The proliferation of preadipocytes was increased in response to
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high-fat feeding, resulting in a ~7.7-fold (HFD) and ~4.2-fold (HFF) elevation between Week 1 and
Week 8 (Figure 6C; Supplementary Figure S3C).

The number of eWAT endothelial cells was similar in all groups, except for Week 8, when the
number of these cells was ~1.8-fold lower in the HFF than the HFD mice (Figure 6D). The proliferation
of endothelial cells was increased in response to high-fat feeding, i.e., exhibiting a ~3.7-fold (HFD) and
~2.7-fold (HFF) increase between Week 1 and Week 8 (Figure 6D; Supplementary Figure S3D).

Collectively (see also Supplementary Figure S4), the above results documented that counteracting
the HFD-driven increase in eWAT cell number by omega-3 PUFA supplementation did not reflect a
change in the number of leukocytes. On the contrary, the abolishment of eWAT hyperplasia reflected
selective changes in the development of the adipose lineage and endothelial cells, especially in terms of
abolishing the increase in the number of preadipocytes and the decrease in the number of endothelial
cells. The number of proliferating cells in all the identified classes of CD45− cells did not differ
between the dietary groups (Figure 6A–D); however, when expressed as a percentage, the proportion
of proliferating cells was higher in the HFF than the HFD mice at Week 8 (Supplementary Figure S3).

3. Discussion

This study was focused on the mechanism by which omega-3 PUFA limit the accumulation
of WAT in mice fed an obesogenic high-fat diet. We confirmed the previous results documenting
that both hypertrophy and hyperplasia of eWAT were partially counteracted by the omega-3 PUFA
supplementation of the diet (reviewed in [26,32]). The principal new finding was that while the
hyperplastic growth of the tissue resulted from the increased number of leukocytes, as well as the
adipose lineage and endothelial cells, the amelioration of eWAT hyperplasia by omega-3 PUFA was
reflected in the reduced numbers of preadipocytes and adipocytes as well as endothelial cells, but not
the immune cells.

Our results support the view that the activity of the immune cells in WAT and tissue metabolism
are closely connected ([31]). They suggest that both (i) increased levels of EPA and DHA, and
(ii) changing pattern of formation of lipid mediators and cytokines/adipokines in WAT, in response to
the omega-3 PUFA supplementation, could trigger the counteraction of the diet-induced hypertrophy
and hyperplasia of the tissue. Specifically the time-dependent induction of the anti-inflammatory
5-HEPE and 17,18-diHETE, in the face of the decreased content of pro-inflammatory HETEs (5-HETE,
8-HETE, 12-HETE and 15-HETE), was probably involved (for the biochemical pathways of the
formation of these lipid mediators, see reviews [25,26]). Accordingly, a reduced expression of the genes
for pro-inflammatory enzyme (Nos2) and cytokines (Tnfa, Tgfb and Il1b) was also observed (for more
information about these markers, see [29,30]).

Macrophages, adipocytes, as well as other cells contained in WAT represent the source of the
above signalling molecules. However, precise identification of the cells involved is not known and
was outside the scope of this study. The observed changes in the abundancy of the four subtypes
of WAT macrophages in response to the omega-3 PUFA supplementation, observed at Week 8, were
in general agreement with the involvement of these cells in the change in WAT inflammatory status
and the secretion of lipid mediators and adipokines. Thus, the content of the pro-inflammatory M1
macrophages decreased. The double-positive (mixed M1/M2) macrophage content was higher in the
HFF than in the HFD mice, in accordance with the possible involvement of these cells in the resolution
of WAT inflammation [46] as well as relatively high activity of lipid catabolism in these cells [49],
which is linked with the anti-inflammatory macrophage phenotype (reviewed in [25]). A decrease
in the content of double-negative macrophages in response to the omega-3 PUFA supplementation
was also observed. However, the role of these cells in inflammatory status remains poorly defined.
In accordance with the previous study [50], MGCs were detected in the HFF mice at Week 8. MGCs are
formed by the fusion of M2 or double-positive macrophages [41], with the participation of scavenger
receptor CD36 [51]. These cells have an enhanced reactive oxygen species generating capacity [41] and
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are engaged in tissue remodeling and repair [42]. Therefore, MGCs probably contributed to tissue
remodeling in response to omega-3 PUFA.

Regarding the limitation of the high-fat-diet-induced WAT hypertrophy by the omega-3 PUFA,
it should be stressed that this effect was independent of food consumption [33,52]. On the other hand,
the induction of fatty acid oxidation in response to omega-3 PUFA was observed in the liver [53],
intestine [54], muscle [55,56], and possibly also in brown fat and other tissues (reviewed by us
in [25,26,32,35]). In particular, modulation of the cross talk between WAT and liver metabolism could
play an important role in the counteraction of eWAT hypertrophy [25,57]. The above metabolic effects
of omega-3 PUFA are mediated by (i) these PUFA themselves, (ii) their bioactive metabolites—lipid
mediators, or (iii) suppression of tissue levels of endocannabinoids; all these potential mechanisms
operate also in WAT (reviewed in [25,26,35]). Multiple receptors and intracellular signalling pathways
involved in the modification of WAT immunometabolism by omega-3 PUFA and related lipid mediators
(see above) have been identified (reviewed in [26,32]; see Figure 1 of ref. [25]).

Regarding the limitation of the high-fat diet-induced WAT hyperplasia by the omega-3 PUFA,
it should be stressed that especially in rodents, WAT exerts a high potential for hyperplastic growth
(see [8,13,16–18]). Therefore, the mouse model is instrumental to characterize this omega-3 PUFA
effect. This WAT hyperplastic remodeling can be very quick [8,16], as it includes the proliferation
of immune cells [13,34,58,59] as well as adipocyte progenitor cells and their differentiation into
preadipocytes [8,16,17,60,61]. As for the eWAT immune cells studied here, the strong elevation in
the leukocytes (including macrophages) content in response to high-fat feeding was documented
using both flow cytometry and immunostaining of the CLS-contained macrophages. Both approaches
revealed a trend for a lower macrophage content in the HFF than in the HFD mice at Week 8, but the
differences were not significant. These results were consistent with some of the previous studies in
mice from our laboratory [33,62] and by others [50]. They are also in agreement with some human
studies [63,64], showing no effect of omega-3 PUFA on WAT macrophage content [33,62]. On the other
hand, the reduction of WAT macrophage content by omega-3 PUFA was also observed before, both
in dietary obese mice [33,34,65,66] and human subjects with insulin resistance [67]. Due to the many
variables involved, the reasons for this discrepancy remain unknown.

As for the adipose lineage cells contained in the CD45− population [45] studied here (except
for the mature adipocytes), the expected increase in the number of these cells in response to high-fat
feeding was observed (flow cytometry data). Supplementation of the diet with omega-3 PUFA
completely eliminated the induction of the CD45− cells population. The effect on the CD45− cells
population especially reflected the compromised increase in the number of preadipocytes. The immune
cells were not involved in the reduction of eWAT cells number by omega-3 PUFA. However, these
cells could interact with the adipose lineage cells and contribute to this limitation. For instance,
M2 macrophages inhibit the proliferation of adipogenic precursors through the CD206/TGFb signalling
pathway [68]. Also 9- and 13-HODE (see Figure 2) are involved in the communication of macrophages
with preadipocytes [69].

Furthermore, also a reduction in the endothelial cells content in eWAT in response to the omega-3
PUFA supplementation was observed at Week 8, despite the number of endothelial cells was not
affected by the HFD feeding. It has been published that angiogenesis was regulated by PUFA at
least in part through the action of the prostanoids (suppressed by prostaglandin E3 and augmented
by prostaglandin E2; [70]). Therefore, in the reduction of endothelial cells number, the observed
decrease in prostaglandin E2 levels could be involved. Moreover, 12/15 LOX is associated with
monocyte-endothelial interaction [71]; indeed lower levels of 12-HETE in the HFF as compared to
HFD mice were found (see Supplementary Table S1).

The limitation of this study is the lack of quantitative information regarding the adipocytes
abundance in eWAT, however, DNA content measurement in the collagenase-liberated adipocytes
from eWAT suggested that mature adipocytes contributed to both (i) the increase in eWAT cell number
induced by a high-fat diet, and (ii) the amelioration of this process by omega-3 PUFA supplementation.
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Since the proportion of proliferating non-immune cells (including the progenitors and
preadipocytes) as well as endothelial cells in the whole population of these cells was higher at Week 8
in the HFF than in the HFD mice, while the eWAT content of these cells was lower in the HFF mice, it is
to be inferred that the omega-3 PUFA supplementation likely resulted in increased removal/turnover
of the above cell types in the eWAT of the obese mice. Indeed, previous studies described the induction
of the apoptosis of preadipocytes/adipocytes by omega-3 PUFA, both in vivo in the WAT of mice [72]
and in vitro in adipocytes differentiating in cell culture [73,74]. In addition, omega-3 PUFA-derived
lipid mediators were shown to be involved in the regulation of apoptosis, e.g., with the products of 5-
and 12-LOX (5-HETE and 12-HETE) exerting an inhibitory effect in vitro [72,75]. This is in agreement
with our lipidomic data at Week 8, showing that: (i) 5-HETE and 12-HETE belonged to the most
discriminating analytes between the HFD and HFF mice; and (ii) the levels of both HETEs were
relatively low in the HFF mice (see Supplementary Table S1).

In this study, we focused on eWAT, the typical WAT depot forming the majority of abdominal fat
in dietary obese mice [33,35,62,76]. However, our previous study documented that the hyperplastic growth
of subcutaneous WAT in the mice was also compromised by the omega-3 PUFA supplementation,
although a relatively high dose of omega-3 PUFA was required [36]. These results suggested that
omega-3 PUFA could reduce the hyperplastic growth of all WAT depots. Fat-depot-specific differences
in sensitivity to omega-3 PUFA may exist. That the effect is highly pronounced in WAT in the abdomen
may be of practical importance. It has been known for a long time that the accumulation of visceral fat,
which characterizes upper body obesity, correlates with metabolic syndrome [77].

This study helps to better understand the mechanism behind the prevention of obesity
development by omega-3 PUFA, which is frequently observed in animal models (see our previous
studies [33,34,36,52,78], and studies by others; reviewed in [25]) but is of only marginal significance in
humans (reviewed in [25]). There may be multiple reasons for this discrepancy, including the dose
of omega-3 [35], the effect of the composition of the bulk of dietary lipids [62], possible inter-species
differences in intracellular signalling and the formation of lipid mediators involved in the effects
of omega-3 PUFA, and others. Whether the reversal of obesity in response to omega-3 PUFA in
mice [30,66,76] also reflects in part the reduction of tissue cell number remains to be established.

In conclusion, our results provide evidence for the involvement of omega-3 PUFA in the remodelling
of WAT in mice fed a high-fat diet. Changes in macrophages polarization, reflected by their morphology
and metabolism, but not the number of immune cells per se, contributed to the remodelling process.
Prevention of the diet-induced hyperplasia of WAT by omega-3 PUFA could be explained by a limited
increase in the number of adipose lineage cells, as well as by the decrease in the number of endothelial
cells. To the best of our knowledge, to date the prevention of diet-induced hyperplasia of WAT by
omega-3 PUFA is only documented by this and two previous studies from our laboratory [36,37].
Our results support the notion [7,37] that adiposity is closely linked to the control of fat cell turnover
and that there could be mechanisms that control fat cell proliferation independently of energy balance.

4. Materials and Methods

4.1. Animals

Male mice (C57BL/6N, Charles River, Germany) were fed the STD diet (3.4% wt/wt as lipids;
extruded ssniff R/M-H from Ssniff Spezialdiaten GmbH, Soest, Germany) from the moment they were
brought to the institute´s animal house at the age of 6 weeks and maintained on a 12-h light/dark cycle
(light from 6:00 a.m.) at 22 ◦C. At 13 weeks of age, mice were randomly divided into three groups that
were subjected to various dietary interventions (i) the STD diet, (ii) a corn oil-based high-fat diet (HFD
diet; ~35% wt/wt as lipids; or (iii) an HFD-based diet, in which 15% (wt/wt) of dietary lipids (corn
oil) was replaced with the EPA + DHA triglyceride concentrate Epax 1050 TG (HFF diet; Epax 1050
TG contained ~14% EPA and ~46% DHA, wt/wt; EPAX AS, Aalesund, Norway) to achieve a total
EPA + DHA concentration of ~30 g/kg diet. The numbers of animals are specified in each caption. For
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the macronutrient and fatty acid composition of the diets, see ESM Tables 1 and 2 of [34] (the HFD
and HFF diets are identical with the cHF and cHF + F diets, respectively). The omega-6/omega-3
ratio based on the fatty acid composition of the diets is 26.5 for HFD and 3.5 for HFF, respectively
(see [34]). Both high-fat diets were prepared at the Institute of Physiology in Prague (Prague, Czech
Republic) as described previously (see ESM Table 1 of [34]). These diets have already been used in
several studies [33–37,43,54,55,62,76].

Two dietary intervention experiments (see above) were performed lasting either 1 or 8 weeks.
Animals were killed under ether anesthesia in a random-fed state (between 8:00 and 10:00 a.m.).
Body weight and food consumption were recorded daily during Week 1, and then weekly during
the later stages of the differential dietary treatment. eWAT was collected and either flash frozen and
stored in liquid nitrogen or processed for ex vivo biochemical analyses. All animal procedures were
conducted in accordance with all appropriate regulatory standards under protocol 81/2016 (approval
date: 2016-10-18) approved by Animal Care and Use Committee of the Czech Academy of Sciences
and followed the guidelines for the use and care of laboratory animals of the Institute of Physiology.

4.2. RNA Isolation and Gene Expression Analysis

Total RNA was isolated from eWAT (~100 mg) using TRI Reagent (Sigma-Aldrich, Prague, Czech
Republic, see [33]). qPCR and a LightCycler480 (Roche, Prague, Czech Republic) were used to determine
the mRNA levels of various transcripts. Data were normalized to the geometrical mean of two reference
genes hypoxanthine guanine phosphoribosyl transferase (Hprt) and eukaryotic translation elongation
factor 1 alpha 1 (EF1a) for the analysis using whole eWAT samples and EF1α and 18S ribosomal
RNA (Rn18s) for the analysis using SVF and adipocyte fractions; see Supplementary Table S6 for PCR
primer sequences.

4.3. Flow Cytometry

eWAT was enzymatically digested in Krebs-Ringer Bicarbonate Buffer (KRB; pH = 7.4) containing
0.1% collagenase type (Sigma-Aldrich, Munich, Germany) and 4% BSA for 30 min at 37 ◦C. Released
cells were spun down (500× g, 10 min, 4 ◦C) to separate SVF cells from floating adipocytes. SVF
cells were resuspended in KRB containing 10 mM EDTA and 4% BSA, and passed through a 42 μm
filter. Red blood cells were lysed using the Lysis Buffer (eBioscience, San Diego, CA, USA). Cells were
incubated in Fc block solution for the prevention of non-specific binding (AntiMouse CD16/CD32;
eBioScience, San Diego, CA, USA) for 10 min on ice and stained with the indicated antibodies against
extracellular markers for 30 min at 4 ◦C (see Supplementary Tables S3 and S4 for the antibodies).
Before intracellular staining, the cells were fixed and permeabilized (Intracellular Fix and Perm Set,
eBioScience, San Diego, CA, USA), and then stained with Ki67 antibody for 30 min at 4 ◦C. After
washing, the stained cells were analyzed using a BD LSR II flow cytometer (BD Biosciences, San Jose,
CA, USA). Data were analyzed using FlowJo 10.2 software (Tree Star, Ashland, OR, USA).

4.4. Analysis of Lipid Mediators

Lipid mediators were purified from eWAT samples (~100 mg), flash-frozen and stored in liquid
nitrogen after dissection, using solid phase extraction procedure as before [35]. Analysis was performed
using a UPLC-MS/MS platform (Ultimate 3000 RSLC, Dionex/Thermo and QTRAP 5500, AB SCIEX,
Framingham, MA, USA) equipped with a C18 column 150 cm × 2.1 cm, 1.9 μm with a precolumn.
Analytes were ionized in negative ion mode and detected with a multiple reaction monitoring method
as before [24,35].

4.5. DNA Measurement

DNA was estimated fluorometrically using Hoechst 3328 in tissue and adipocytes samples
digested with proteinase K as before [79].
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4.6. Histological and Immunohistochemical Analysis of eWAT

These analyses were performed similarly as described previously [28]. Formalin-fixed
paraffin-embedded sections (5 μm) were stained using hematoxylin–eosin for the morphometry
of adipocytes, or processed by immunohistochemistry or immunofluorescence. The morphometry
data are based on approximately 800 cells taken randomly from two to three different eWAT sections
per animal. The presence of macrophages in CLS was detected using anti-Mac2 antibodies. The
abundance of dying adipocytes marked by CLS in eWAT sections was expressed as % of all adipocytes.
In immunofluorescence analyses, perilipin 1-negative adipocytes, surrounded by macrophages (F4/80+
cells) that formed CLS, were considered to represent dying adipocytes. Within the CLS, proliferating
(Ki67 stained) nuclei were identified and their relative (% of all 4′,6-diamidine-2′-phenylindole
dihydrochloride (DAPI) positive nuclei) content was quantified. All analyses were performed using
the imaging software NIS-Elements AR3.0 (Laboratory Imaging, Prague, Czech Republic). For the
primary and secondary antibodies specification, see Supplementary Table S7.

4.7. Statistical Analysis

All values are presented as means ± SD. Comparisons were judged to be significant at p < 0.05.
Data were analyzed by analysis of variance (one-way or two-way ANOVA). SigmaStat 3.5 software
(Systat Software, San Jose, CA, USA) was used for statistical evaluation. Logarithmic, square-root or
reciprocal transformations were used to stabilize variance or normality of samples when necessary.
PCA, a multivariate statistical analysis, was used for the lipidomic data evaluation. Analysis was
performed using the statistical software SIMCA-P+12 (Umetrics AB, Malmo, Sweden).

Supplementary Materials: The following are available online at http://www.mdpi.com/1660-3397/16/12/
515/s1, Supplementary Table S1: Effects of the omega-3 PUFA supplementation on lipid mediators evaluated
in eWAT extracts; Supplementary Table S2: Effect of the omega-3 PUFA supplementation on relative mRNA
levels of the genes for enzymes involved in metabolism of polyunsaturated fatty acids; Supplementary Table S3:
Antibodies used for flow cytometry; Supplementary Table S4: Specific panels of markers used to identify different
cell populations; Supplementary Table S5: Effect of the omega-3 PUFA supplementation on relative mRNA
levels of the genes for enzymes involved in adipogenesis; Supplementary Table S6: Sequences of primers;
Supplementary Table S7: Antibodies used for immunohistochemistry; Supplementary Figure S1: Morphology and
immunohistochemistry of eWAT at Week 1; Supplementary Figure S2 Percentage of proliferating leukocytes and
macrophages in SVF of eWAT of mice fed HFD or HFF diet for 1 or 8 weeks determined using flow cytometry;
Supplementary Figure S3 Percentage of proliferating CD45- cells, progenitors, preadipocytes and endothelial cells
in SVF of eWAT of mice fed HFD or HFF diet for 1 or 8 weeks determined using flow cytometry; Supplementary
Figure S4 Flow cytometry analysis of cells subsets in SVF isolated from eWAT.
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Abstract: The purpose of this study was to investigate the antiobesity effect and the mechanism
of action of diphlorethohydroxycarmalol (DPHC) isolated from Ishige okamurae in 3T3-L1 cells.
The antiobesity effects were examined by evaluating intracellular fat accumulation in Oil Red
O-stained adipocytes. Based on the results, DPHC dose-dependently inhibited the lipid accumulation
in 3T3-L1 adipocytes. DPHC significantly inhibited adipocyte-specific proteins such as SREBP-1c,
PPARγ, C/EBP α, and adiponectin, as well as adipogenic enzymes, including perilipin, FAS,
FABP4, and leptin in adipocytes. These results indicated that DPHC primarily acts by regulating
adipogenic-specific proteins through inhibiting fat accumulation and fatty acid synthesis in
adipocytes. DPHC treatment significantly increased both AMPK and ACC phosphorylation in
adipocytes. These results indicate that DPHC inhibits the fat accumulation by activating AMPK and
ACC in 3T3-L1 cells. Taken together, these results suggest that DPHC can be used as a potential
therapeutic agent against obesity.

Keywords: adipogenesis; antiobesity; adipocytes; diphlorethohydroxycarmalol (DPHC)

1. Introduction

Chronic obesity is one of the most detrimental health issues and a major social problem in the 21st
century. In 2017, nearly two billion individuals were reported to be overweight, of which 671 million
were obese [1,2]. Excessive food intake and lack of exercise are the most common causes of obesity.
Obesity is a metabolic disease characterized by an excessive accumulation of body fat and further
associated with complications such as type 2 diabetes, hypertension, hyperlipidemia, and increased
risk of cancer and cardiovascular disease [3,4]. Several studies have reported the relationship between
obesity and lipid accumulation by evaluating the differentiation of adipocytes. Synthetic antiobesity
drugs such as orlistat (Xenical) and sibutramine (Reductil) have widely been used for the treatment
of obesity. However, they are associated with side effects including thirst, insomnia, constipation,
tension headaches, and steatorrhea [5]. Therapeutic application of natural substances is safer and less
toxic than the use of synthetic drugs. Thus, many of the recent investigations have focused on the
development of antiobesity agents from natural substances [6,7]. Adipocyte-specific proteins play
a crucial role in adipocyte differentiation and lipid accumulation. These include enhancer binding
proteins (C/EBP), sterol regulatory element-binding protein 1c (SREBP-1c), peroxisome proliferator
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activated receptor-γ (PPARγ), adiponectin, perilipin, fatty acid synthase (FAS), fatty acid binding
protein (FABP4), and leptin [8]. Adenosine monophosphate-activated protein kinase (AMPK) is a
heterotrimeric enzyme, an important mediator involved in regulating energy balance in the human
body [9,10]. Many reports show that natural substances could inhibit fat accumulation by suppressing
the expression of adipogenic-specific proteins during adipocyte differentiation. Some examples include
dioxinodehydroeckol isolated from Ecklonia cava, indole derivatives isolated from Sargassum thunbergii,
ethanol extracts of Aster yomena, and Pinus koraiensis leaves [11–14].

Ishige okamurae is a brown seaweed widespread in South Korea throughout Japan to China.
The ethanolic extract of I. okamurae has shown antioxidant, antidiabetes, antihypertension,
and antiobesity effects [15–17]. Recent evidence reported that diphlorethohydroxycarmalol (DPHC)
isolated from I. okamurae could efficiently induce apoptosis via downregulating Bcl-2 while activating
Bax caspase-3 and caspase-9 in adipocyte cells [18]. Ihn et al. reported that DPHC suppresses osteoclast
differentiation by downregulating the NF-kB signaling pathway [19]. However, none have studied
the inhibitory effects of DPHC upon fat accumulation in 3T3-L1 cells and its molecular mechanism.
The present study aimed at investigating the effects of DPHC on adipogenesis in adipocytes.

2. Results

2.1. DPHC Inhibited 3T3-L1 Adipocyte Differentiation and Triglyceride Composition

The MTT assay is widely used in evaluating cell viability and toxicity. The effect of DPHC on
3T3-L1 cell viability was measured by the MTT assay in this study. As shown in Figure 1, these data
indicate that DPHC does not affect the viability of 3T3-L1 adipocytes at 12.5, 25, 50, and 100 μM
concentrations. The Oil Red O staining assay was used to measure the adipocyte differentiation
and lipid accumulation in 3T3-L1 adipocytes. These results indicated that DPHC inhibited the
lipid accumulation in 3T3-L1 adipocytes in a dose-dependent manner. These results suggest that
DPHC possesses potent antiadipogenic effects due to the inhibition of adipocyte differentiation
and adipogenesis.

 
Figure 1. The effect of diphlorethohydroxycarmalol (DPHC) on the cell viability of 3T3-L1
preadipocytes treated for 48 h (A). DPHC inhibits intracellular lipid accumulation in 3T3-L1 adipocytes.
Lipid accumulation was determined by Oil Red O staining (B). Scale bars for B is 50 μm. Data are
expressed as the mean of three independent experiments, and the error bars represent the mean ± SE.
Significant differences from the control group were identified at * p < 0.05.
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2.2. Effects of DPHC on the Expression of Adipogenic-Specific Protein Levels during the Differentiation of
3T3-L1 Cells

The expression levels of key adipogenic-specific proteins were investigated to elucidate the
molecular mechanisms underlying the inhibitory effect of DPHC on 3T3-L1 adipocyte differentiation.
The investigated proteins include CCAAT/enhancer-binding protein-α (C/EBPα), sterol regulatory
element binding protein-1c (SREBP-1c), peroxisome proliferator-activated receptor-γ (PPARγ),
and adiponectin. As shown in Figure 2, DPHC treatment significantly decreased the levels of the
adipogenic-specific proteins C/EBPα, SREBP-1c, PPARγ, and adiponectin in adipocytes. Moreover, it is
well known that adipogenic-specific proteins could synergistically activate the downstream promoters
of adipocyte-specific proteins, including perilipin, fatty acid synthase (FAS), fatty acid binding protein
(FABP4), and leptin, that play a critical role in modulating fatty acid synthesis. We measured the
inhibitory effect of DPHC on fatty acid synthesis-related proteins in adipocyte cells. These results show
that DPHC could significantly inhibit fatty acid synthesis by downregulating adipogenic-specific
proteins, including perilipin, FAS, FABP4, and leptin. Resistin, an adipocyte-derived cytokine,
may contribute to the development of obesity. This study showed that DPHC treatment decreased
the expression of resistin in the adipocytes. Collectively, DPHC acts by regulating adipogenic-specific
proteins through the inhibition of fat accumulation and fatty acid synthesis in adipocyte cells.

Figure 2. The effect of DPHC treatment on adipogenic-specific protein levels in 3T3-L1 adipocytes.
The 3T3-L1 preadipocytes were incubated in a differentiation medium with or without the indicated
concentrations of DPHC for eight days (from day 0 to day 8). The expression of sterol regulatory
element-binding protein 1c (SREBP-1c), peroxisome proliferator-activated receptor-γ (PPARγ),
CCAAT/enhancer-binding protein α (C/EBPα), and adiponectin were assessed by Western blotting
(A). The expression of perilipin, fatty acid synthase (FAS), fatty acid binding protein (FABP4), and leptin
were assessed by Western blotting (B). Immunoblot figures are representative of three independent
experiments, and each value is expressed as the mean ± SE of three determinations. Significant
differences from the control group were identified at * p < 0.05.
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2.3. Effects of DPHC on the Activation of AMPK and ACC in 3T3-L1 Adipocytes

The 5’ adenosine monophosphate-activated protein kinase (AMPK) is a major regulator of
whole-body energy homeostasis, which gets activated by lower intracellular ATP levels. Recent reports
suggest that AMPK plays an important role in the metabolism of energy, glucose, and ATP
production [20]. We investigated the effect of DPHC on the phosphorylation of AMPK and acetyl-CoA
carboxylase (ACC) in adipocytes. As shown in Figure 3, DPHC treatment significantly increased
both AMPK and ACC phosphorylation in 3T3-L1 adipocytes. These results indicate that DPHC could
inhibit fat accumulation by activating AMPK and ACC in 3T3-L1 cells.

 
Figure 3. DPHC suppresses the activation of p-AMPKα and p-ACC in 3T3-L1 preadipocytes.
3T3-L1 preadipocytes were maintained in Dulbecco’s Modified Eagle Medium (DMEM) with or
without different concentrations of DPHC for eight days (from day 0 to day 8) until their differentiation
into adipocytes. Immunoblot figures are representative of three independent experiments, and each
value is expressed as the mean ± SE of three determinations. Significant differences from the control
group were identified at * p < 0.05.

3. Discussion

Fat accumulation in adipose tissues is a complex process involving a number of different
metabolic and signaling pathways. Adipocytes play a vital role in the regulation of energy intake,
energy expenditure, and lipid and carbohydrate metabolism [21]. Excessive fat accumulation in
adipocytes increases various risk factors including inflammation, hypertension, and heart diseases.
Many recent studies have focused on developing antiobesity agents from natural substances,
which could inhibit fat accumulation in adipocytes [22,23]. However, few reports are available on the
antiobesity effects of polyphenol compounds from seaweeds. In the present study, investigations were
done to evaluate the antiobesity effects of DPHC and its mode of action in adipocytes. Fat accumulation
is regarded as a regulatory process, whereas a number of adipocyte-specific proteins are involved in
the mediation of lipid synthesis, lipolysis, and glucose uptake in adipocytes. These adipocyte-specific
proteins get induced during the differentiation of preadipocytes into adipocytes and play an essential
role during adipogenesis. The differentiation of 3T3-L1 preadipocytes into adipocytes is mainly
controlled by the family of adipogenic-specific factors, including C/EBPα, SREBP-1c, PPARγ, perilipin,
FAS, FABP4, and leptin [24,25]. Thus, reducing the expression of adipogenic-specific factors may be an
effective strategy for inhibiting fat accumulation in adipocytes. Several recent studies have focused
on the potential of polyphenols such as dieckol, epigallocatechin-3-gallate, and resveratrol upon the
inhibition of fat accumulation in differentiating 3T3-L1 cells via measuring the decreased expression
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levels of adipogenic-specific factors [26–30]. Our results indicate that DPHC treatment plays a critical
role in inhibiting fat accumulation via decreasing the expression levels of adipogenesis-associated
proteins in 3T3-L1 cells. Activation of AMPK increases glucose transport and fatty acid oxidation
in adipocytes. Promising strategies for treating obesity include the reduction of fat accumulation
through inhibiting adipogenesis-specific proteins and activating the AMPK pathway. A number
of researchers have reported that AMPK is a member of the metabolite-sensing kinase family of
proteins and plays a central role in regulating glucose and lipid metabolism. It has previously been
reported that activated AMPK inhibits lipogenesis and adipocyte differentiation. Furthermore, ACC is
a multi-subunit enzyme that regulates enzymes involved in malonyl-CoA production, fatty acid
synthesis, and fatty acid oxidation in adipocytes [31,32].

We found that DPHC treatment could significantly increase both AMPK and ACC
phosphorylation in adipocyte cells. These results indicated that DPHC inhibits the fat accumulation by
activating AMPK and ACC in adipocytes.

4. Materials and Methods

4.1. Materials

The brown alga I. okamurae was collected from the coast of Jeju Island, Korea. All collected samples
were washed with tap water to remove salt, sand, and epiphytes attached to the surface, followed by
careful rinsing with fresh water and were then maintained in a refrigerator at −20 ◦C. Next, the frozen
samples were lyophilized and homogenized with a grinder before the extraction.

Dulbecco’s modified Eagle’s medium (DMEM), fetal bovine serum (FBS), bovine serum (BS),
phosphate-buffered saline (pH 7.4; PBS), and penicillin–streptomycin (PS) were purchased from
Gibco BRL (Grand Island, NY, USA). All chemicals and reagents used were of analytical grade and
obtained from commercial sources. 3-Isobutyl-1-methylxanthine (IBMX), dexamethasone, insulin,
and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) were purchased from Sigma
Chemical Co. (St. Louis, MO, USA). Antibodies to CCAAT/enhancer-binding protein-α (C/EBPα;
#2295; Cell Signaling), fatty acid binding protein (FABP4; F2120; Cell Signaling), and adenosine
monophosphate-activated protein kinase (AMPK; #2535; Cell Signaling) were purchased from Cell
Signaling Technology (Bedford, MA, USA). Antibodies to sterol regulatory element binding protein-1c
(SREBP-1c; sc-13551; Santa Cruz), peroxisome proliferator-activated receptor-γ (PPARγ; sc-7273;
Santa Cruz), adiponectin, perilipin, fatty acid synthase (FAS; sc-715; Santa Cruz), and leptin were
obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA).

4.2. Extraction and Isolation

Dried I. okamurae powder was extracted three times with 80% methanol and filtered. The filtrate
was rotary-evaporated at 40 ◦C to obtain the methanol extract, which was suspended in distilled
water and partitioned using chloroform. The chloroform fraction was fractionated by silica column
chromatography with stepwise elution by a chloroform–methanol mixture (30:1→1:1) to separate the
active fractions in the chloroform extract. The active fraction was subjected to further purification
using a Sephadex LH-20 column with 100% methanol. The selected active fraction was further purified
by reversed-phase high-performance liquid chromatography (HPLC) using a Waters HPLC system
(Alliance 2690; Waters Corp., Milford, MA, USA) equipped with a Waters 996 photodiode array detector
and C18 column (J’sphere ODS-H80, 250 × 4.6 mm, 4 μm; YMC Co., Kyoto, Japan) by stepwise elution
with a methanol–water gradient (UV absorbance detection wavelength, 296 nm; flow rate, 1 mL/min).
The eluate was finally purified by high-performance liquid chromatography (HPLC), and the structure
of DPHC was determined (Figure 4). The DPHC contents of the 80% methanol extract from I. okamurae
ranged from ~2 to 3%. The compound was dissolved in dimethyl sulfoxide (DMSO) and employed in
experiments in which the final concentration of DMSO in the culture medium was adjusted to <0.01%.
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Figure 4. Chemical structure of diphlorethohydroxycarmalol (DPHC).

4.3. Cell Culture

3T3-L1 preadipocytes obtained from the American Type Culture Collection (Rockville, MD, USA)
were cultured in DMEM containing 1% PS and 10% bovine calf serum (Gibco BRL) at 37 ◦C under
a 5% CO2 atmosphere. To induce differentiation, 2-day post-confluent preadipocytes (designated
as day 0) culture media was replaced with MDI differentiation medium (DMEM containing 1% PS,
10% FBS, 0.5 mM IBMX, 0.25 μM dexamethasone, and 5 μg/mL insulin) for 2 days. The cells were
then maintained for another 2 days in DMEM containing 1% PS, 10% FBS, and 5 μg/mL insulin.
Thereafter, the cells were maintained in post-differentiation medium (DMEM containing 1% PS and
10% FBS), with the replacement of the medium every 2 days. To examine the effects of test samples on
the differentiation of preadipocytes to adipocytes, the cells were cultured with MDI medium in the
presence of test samples. Differentiation was measured by the expression of adipogenic markers and
the appearance of lipid droplets and was completed on day 8.

4.4. Cell Viability Assay

Cytotoxicity of DPHC against 3T3-L1 cells was assessed via a colorimetric MTT assay.
3T3-L1 preadipocytes plated on 24-well plates were treated with DPHC at 37 ◦C for 48 h. MTT stock
solution (100 μL; 2 mg/mL in PBS) was then added to each well to a total reaction volume of 600 μL.
After 4 h of incubation, the plates were centrifuged (800× g, 5 min) and the supernatant was aspirated.
The formazan crystals in each well were dissolved in 300 μL of DMSO, and the absorbance was
measured with an ELISA plate reader at 540 nm.

4.5. Determination of Lipid Accumulation by Oil Red O Staining

To induce adipogenesis, 3T3-L1 preadipocytes were seeded in 6-well plates and maintained for
two days after reaching confluence. The media was then exchanged with differentiation medium
(DMEM containing 10% FBS, 0.5 mM IBMX, 0.25 μM Dex, and 10 μg/mL insulin) and cells were
treated with test samples. After two days, the differentiation medium was replaced with adipocyte
growth medium (DMEM supplemented with 10% FBS and 5 μg/mL insulin), which was refreshed
every two days. After adipocyte differentiation, the cells were stained with Oil Red O for measure
lipid content. Briefly, cells were washed with PBS, fixed with 10% buffered formalin and stained with
Oil Red O solution (0.5 g in 100 ml isopropanol) for 60 min. After removing the staining solution,
the dye retained in the cells was eluted into isopropanol and the optical density was measured at
520 nm. Images were collected on an EVOS microscope (ThermoFisher Scientific, Waltham, MA, USA).

4.6. Western Blot Analysis

Cells were lysed in lysis buffer (20 mM Tris, 5 mM EDTA, 10 mM Na4P2O7, 100 mM NaF,
2 mM Na3VO4, 1% NP-40, 10 mg/mL aprotinin, 10 mg/mL leupeptin, and 1 mM PMSF) for 1 h and
then centrifuged at 12,000 rpm for 15 min at 0 ◦C. The protein concentrations were determined
by using a BCATM protein assay kit. The lysate containing 40 μg of protein was subjected to
electrophoresis on sodium dodecyl sulfate (SDS)–polyacrylamide gels, and the gels were transferred
onto nitrocellulose membranes. The membranes were blocked in 5% nonfat dry milk in TBST (25 mM
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Tris–HCl, 137 mM NaCl, 2.65 mM KCl, 0.05% Tween 20; pH 7.4) for 1 h. The primary antibodies
were used at a 1:1000 dilution. Membranes were incubated with the primary antibodies at 4 ◦C
overnight. Then, the membranes were washed with TBST and incubated with the secondary antibodies
(at 1:3000 dilutions). Signals were developed using an Enhanced chemiluminescence (ECL) Western
blotting detection kit and exposed to X-ray films.

4.7. Statistical Analysis

Data were analyzed using the Statistical Package for the Social Sciences (SPSS) for Windows
(Version 8). Values were expressed as means ± standard error (SE). A p-value of less than 0.05 was
considered significant.

5. Conclusions

In conclusion, our data demonstrated that DPHC suppressed adipocyte differentiation and fat
accumulation by inhibiting adipogenesis-specific proteins in adipocytes. Taken together, these results
suggest that DPHC can be a useful candidate and a potential therapeutic agent for treating obesity.
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Abstract: Recent animal studies found the potential of a collagen peptide derived from skate skin
to have anti-obesity effects through the suppression of fat accumulation and regulation of lipid
metabolism. However, no studies have yet been performed in humans. Here, this very first human
randomized, placebo-controlled, and double-blinded study was designed to investigate the efficacy
and tolerability of skate skin collagen peptides (SCP) for the reduction of body fat in overweight
adults. Ninety healthy volunteers (17 men) aged 41.2 ± 10.4 years with a mean body mass index of
25.6 ± 1.9 kg/m2 were assigned to the intervention group (IG), which received 2000 mg of SCP per
day or to the control group (CG) given the placebo for 12 weeks and 81 (90%) participants completed
the study. Changes in body fat were evaluated using dual energy X-ray absorptiometry as a primary
efficacy endpoint. After 12 weeks of the trial, the percentage of body fat and body fat mass (kg) in
IG were found to be significantly better than those of subjects in CG (−1.2% vs. 2.7%, p = 0.024 and
−1.2 kg vs. 0.3 kg, p = 0.025). Application of SCP was well tolerated and no notable adverse effect
was reported from both groups. These results suggest the beneficial potential of SCP in the reduction
of body fat in overweight adults.

Keywords: Skate skin; Raja kenojei; collagen; body fat; obesity

1. Introduction

The global burden of cardiovascular diseases (CVD), which is the most common cause of
death is increasing rapidly despite tremendous treatment options for diabetes, hypertension and
dyslipidemia [1]. It is believed to be mainly attributed to failing to control the growing number
of populations who are obese as a sedentary lifestyle and westernized eating habits have become
prevalent worldwide [2]. Obesity is the root cause of chronic diseases that have been afflicting about
one-third of the total population globally and the crucial factor to solve for prevention of fatal health
issues [3]. Although medical experts have been struggling to find out effective treatment options for
obese people, there have been only a few medications used to suppress appetite by working on the
central neurologic system, which often brings about unexpected side effects such as the urge of suicide,
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aggravation of depression or other psychological issues [4]. Therefore, it is necessary to discover a
material with an anti-adipogenic effect to help lose weight that comes from naturally available sources
without any concerns of side effects.

In an attempt to make these possible, numerous products are now being developed and
commercialized. Among them is collagen that has been widely used as a material in food, cosmetic, and
pharmaceutical industries due to its biological and functional properties [5]. In a recent randomized
controlled trial, post-exercise supplementation of a collagen peptide in combination with resistance
training was seen to improve body composition and increase muscle strength in 148 elderly sarcopenic
men [6]. Especially, collagen peptides derived from sea fish have been recognized as a dietary
supplement which is beneficial to blood pressure [7] and glucose control [8], skin moisturizing [9] and
improved lipids [10].

Skate is quite a popular food consumed widely in Korea in both a raw and fermented form. From
a nutritional perspective, skate is known to contain taurine, which plays a role in the growth and
development of cells and is an energy booster, anserine that acts as a buffer for muscles [11]. In addition,
it is high in essential fatty acids such as linoleic and linolenic acid, which are beneficial to enhance
cognitive functions by reducing a high lipid level [12]. As many healthy nutrients that skate contains
are discovered [13,14], its demand has been on the rise in recent years. Accordingly, a great number of
by-products such as skin and cartilage remain and go waste in the process of the meat part of the skate.
However, the nutritional values of by-products from skate are also reported to be fairly high [15],
so these can be a useful resource in the fish-supplements industry [16,17]. Previous information
suggests that skate can serve as a good nutrition source for the development of highly functional
collagen peptide materials [11].

In very recent study, Woo et al. found the anti-obesity effects of collage peptide derived from skate
skin by suppressing fat accumulation and regulation of lipid metabolism in genetic and high-fat diet
(HFD)-induced obese animal model [18], presenting that using skate skin might be an effective and
safe approach for humans to resolve obesity-related health problems. Although an HFD-induced obese
animal is considered to have similar pathophysiology to that of an obese person [19], a well-designed
clinical trial is necessary to confirm the effect and safety of skate skin collagen peptide (SCP) in humans.
However, the effects of collagen from skate skin on changes in body weight have never been explored
in humans. Thus, our study aimed to assess the efficacy and tolerability of SCP for the reduction of
excess body fat in overweight adults. We hypothesized that SCP is an effective, safe agent for the
treatment of obese people.

2. Results

2.1. General Characteristics of the Study Subjects

Five participants in IG and four in CG withdrew consent for personal reasons that were not
considered associated with the trial. The characteristics of these nine participants were similar to ones
of the others who completed the study. Compliance was satisfactory with participants taking more
than 90% of the supplements given in both IG and CG. Randomization was successful, as the two
groups generated were comparable for most variables and no significant differences were observed
in the baseline demographic and anthropometric characteristics between the two groups (Table 1).
The majority of the participants were women (81.1%) and the mean age of total participants was
41.2 ± 10.4 years. The average BMI of both IG and CG was over 25.6 ± 1.9 kg/m2, which is more
than the cutoff for defining obesity in Korea [20]. Furthermore, no statistically significant intergroup
differences were observed for alcohol drinking, smoking, calorie intake and physical activities at
baseline. During the whole study period, the double-blind requirement was well maintained.
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Table 1. Baseline characteristics of the study subjects.

Variable
Intention to Treat Analysis Per Protocol Analysis

CG (n = 45) IG (n = 45) p * CG (n = 41) IG (n = 40) p *

Male (%) 8 (17.8) 9 (20.0) 0.788 8 (19.5) 8 (20.0) 0.956
Age (years) 40.8 ± 11.1 41.7 ± 9.7 0.750 41.1 ± 11.2 41.8 ± 9.9 0.817

BMI (kg/m2) 25.8 ± 1.9 25.5 ± 2.0 0.467 25.8 ± 1.9 25.4 ± 2.0 0.404
Alcohol user (%) 23 (51.1) 18 (40.0) 0.290 20 (48.8) 17 (42.5) 0.570

Smoker (%) 2 (4.4) 1 (2.2) 0.559 2 (4.9) 1 (2.5) 0.573
Calorie intake (kcal/day) 1660 ± 495 1594 ± 357 0.410 1667 ± 515 1601 ± 360 0.427

IPAQ (METs) 1151 (363–1726) 740 (33–2170) 0.813 1158 (396–1658) 903 (33–2655) 0.502

BMI, body mass index; IPAQ, international physical activity questionnaires; SAD, sagittal abdomen distance.
Data was presented as mean ± standard deviation or number (%) except for IPAQ with median (interquartile).
* By Chi-square test or two sample t-test except for IPAQ using Mann-Whitney’s U test.

2.2. Changes inBody Composition

There were no significant changes in calorie intake (Δ IG: 133.1 kcal/day, p = 0.715 vs. Δ CG:
−51.7 kcal/day, p = 0.436) and physical activities (Δ IG: −205.6 METs, p = 0.166 vs. Δ CG: 129.4 METs,
p = 0.551) checked at baseline and the 12th week of the trial among the participants, reflecting
no additional effect that might have influenced body composition aside from the intervention.
After 12 weeks of the trial, CG subjects showed a slight rise in BW by 0.7 kg (p = 0.018), and accordingly
BMI by 0.3 kg/m2 (p = 0.015), while IG participants had no significant increase in BW and BMI (Table 2).
However, BF in IG after 12 weeks was found to decline (−0.6%, p = 0.017) from the baseline with a little
decrease of lean body mass. In contrast, there was no change in body composition among CG subjects.
In terms of comparison between the groups after 12 weeks, IG subjects turned out to have more body
fat loss than the CG ones (−1.2 kg vs. 0.3 kg, p = 0.025). This intergroup difference in the percentage of
BW change was observed from the sixth week of the trial and lasted until the 12th week (Figure 1).

Figure 1. The percentage of changes in body fat during the 12 weeks of the study. P-values were
derived from Mann-Whitney’s U test with the intention to treat analysis (n = 90).

2.3. Changes in Laboratory Measurements

In both groups, adiponectin levels rose a bit with a larger increase found in IG although it was
not a significant difference between the groups after 12 weeks. When it comes to the lipid profile, no
changes were observed except for n aHDL-C decrease in IG.

2.4. Safety

Most of the subjects completed the protocol without adverse symptoms. One subject in IG
complained of dyspepsia and decided to withdraw consent for that reason. However, this symptom
was not determined to have anything to do with taking SCP. No clinical changes in the levels of liver
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enzyme, creatinine and glucose were observed in each group. No intergroup differences in these
figures were found during the study period (Table 3).

Table 2. Comparison of changes in measurements in the intention to treat (ITT) population.

Variable
Observed Values Changes from Baseline

CG (n = 45) IG (n = 45) p * CG (n = 45) p ** IG (n = 45) p ** p *

Weight (kg)
Baseline 68.0 ± 8.5 66.6 ± 8.5 0.364 1

At 12 weeks 68.7 ± 8.8 66.8 ± 8.8 0.228 1 0.7 ± 1.9 0.018 4 0.2 ± 1.3 0.183 4 0.155 2

SAD (cm)
Baseline 19.6 ± 2.0 19.3 ± 1.6 0.226 1

At 12 weeks 19.5 ± 2.2 19.2 ± 1.8 0.433 2 −0.1 ± 1.1 0.489 3 −0.1 ± 1.0 0.701 4 0.840 4

BMI (kg/m2)
Baseline 25.8 ± 1.9 25.5 ± 2.0 0.467 2

At 12 weeks 26.1 ± 2.2 25.6 ± 2.0 0.274 2 0.3 ± 0.7 0.015 3 0.1 ± 0.5 0.265 3 0.153 1

Body fat (%)
Baseline 40.5 ± 4.7 41.2 ± 5.5 0.255 1

At 12 weeks 40.3 ± 4.4 40.6 ± 5.3 0.455 1 −0.2 ± 1.4 0.364 3 −0.6 ± 1.5 0.017 4 0.226 1

Fat mass (kg)
Baseline 27.4 ± 4.0 28.2 ± 7.0 0.744 1

At 12 weeks 27.7 ± 4.0 27.0 ± 4.3 0.458 2 0.3 ±1.4 0.154 3 −1.2 ± 4.8 0.072 4 0.025 1

Lean mass (kg)
Baseline 40.5 ± 7.0 39.8 ± 8.2 0.260 1

At 12 weeks 41.1 ± 7.0 39.8 ± 7.5 0.139 1 0.6 ± 1.4 0.154 3 −0.1 ± 4.0 0.011 4 0.762 1

Adiponectin (ug/mL)
Baseline 3.95 ± 2.0 4.36 ± 2.1 0.314 1

At 12 weeks 4.23 ± 1.8 4.79 ± 2.3 0.456 1 0.28 ± 0.7 0.003 4 0.43 ± 1.48 0.007 4 0.762 1

Total Cholesterol (mg/dL)
Baseline 199.4 ± 28.9 203.0 ± 33.6 0.592 2

At 12 weeks 200.6 ± 32.7 205.8 ± 32.6 0.448 2 1.2 ± 24.5 0.753 3 2.8 ± 17.9 0.292 3 0.288 1

Triglyceride (mg/dL)
Baseline 128.3 ± 114.3 124.2 ± 88.4 0.741 1

At 12 weeks 138.0 ± 85.9 136.8 ± 102.1 0.710 1 9.7 ± 95.0 0.009 4 12.6 ± 51.2 0.095 4 0.301 1

HDL-Cholesterol (mg/dL)
Baseline 55.0 ± 10.5 57.7 ± 13.7 0.290 2

At 12 weeks 54.6 ± 11.2 55.6 ± 12.8 0.490 1 −0.4 ± 8.9 0.141 4 −2.1 ± 5.9 0.020 3 0.665 1

LDL-Cholesterol (mg/dL)
Baseline 118.8 ± 28.1 120.9 ± 26.9 0.711 2

At 12 weeks 119.1 ± 26.8 122.8 ± 27.5 0.529 2 0.4 ± 23.8 0.739 3 1.8 ± 17.1 0.474 3 0.355 1

BMI, body mass index; HDL, high density lipoprotein; LDL, low density lipoprotein; SAD, sagittal abdomen
distance. Shapiro-Wilk’s test was employed for test of normality assumption * p values were compared within each
group from baseline. ** p values were compared between groups. 1 p values were derived from Mann-Whitney’s U
test. 2 p values were derived from independent t test. 3 p values were derived from paired t test. 4 p values were
derived from Wilcoxon’s signed rank test.

Table 3. Changes in laboratory results related to safety in the ITT population.

Variable
Control (n = 45) Collagen (n = 45)

Week 0 Week 12 p Week 0 Week 12 p

AST (IU/L) 24.51 ± 7.9 20.93 ± 5.8 0.003 23.84 ± 10.0 24.87 ± 11.8 0.066
ALT (IU/L) 22.31 ± 13.3 20.76 ± 9.5 0.876 24.02 ± 19.7 25.44 ± 20.1 0.932
Cr (mg/dL) 0.69 ± 0.14 0.66 ± 0.1 0.016 0.71 ± 0.1 0.69 ± 0.1 0.812

Glucose (mg/dL) 91.67 ± 11.8 88.6 ± 9.7 0.033 90.07 ± 10.5 89.58 ± 12.6 0.244

AST, aspartate aminotransferase; ALT, alanine aminotransferase; Cr, creatinine. p values were compared within
each group from baseline.

3. Discussion

To our best knowledge, this study is the first randomized, double-blind, placebo-controlled
trial to identify the efficacy, safety, and tolerability of SCP in overweight people. Although the
molecular mechanism underlying the anti-obesity effect of fish collagen peptides has now been
discovered, the influence of them on body fat in humans had yet to been addressed before our study.
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Thus, we aimed to see whether SCP could reduce human body fat as well. Our results showed that
oral SCP of 2000 mg daily for 12 weeks decreased a small amount of body fat and was tolerated
without reducing calorie intake and increasing physical activities.

The biological underlying mechanism of this current outcome can be found in previous animal
studies conducted recently [21,22]. Lee et al. observed in obese mice that the oral administration
of fish collagen peptide (FCP) significantly reduced body weight gain induced by HFD without a
significant difference in food intake, confirming that FCP has an anti-adipogenic effect in in vitro
and in vivo models [21]. Their findings demonstrate that subcritical water-hydrolyzed FCP inhibits
lipid accumulation during the differentiation of 3T3-L1 preadipocytes into adipocytes by suppressing
the expression of adipogenic master transcription factors such as peroxisome proliferator-activated
receptor-γ (PPAR-γ), CCAAT/enhancer binding protein-alpha (C/EBP-α) and adipocyte protein 2
(aP2) genes, which mainly regulate the differentiation and maintenance of adipocytes, leading to a
significant decrease in adipocyte size. Moreover, FCP improved the lipid profile showing reduced
serum levels of TC, TG, and LDL-C while increased HDL-C. Another study conducted by Astre G et al.
confirmed the previous results showing HFD-fed mice supplemented by FCP exhibited a significantly
lower weight gain as soon as the 12th week of treatment, whereas no effect was observed in control
group mice [22]. Additionally, lower glucose and a decrease of inflammatory cytokines were seen
among mice treated with FCD, presenting a potential effect of FCP on insulin sensitivity.

Although Lee et al. [21] and Astre G et al. [22] did not use skate as a source of collagen peptides
in their studies, skate skin is also reported as a good source of collagen, consisting of properties of
amino acid-rich collagen. The major amino acids of skate skin are arginine, proline, and glutamic acid.
Of the total amino acids, approximately 19.8% of arginine and 12% of proline are presented in the skin
part [12]. The stability of collagen is proportional to the total amount of collagen and associated with
the pyrolidine (proline + hydroxyproline) content [23], thus it can be enhanced by using skate skin.
A large amount of skate skin is being disposed of as skate is becoming popular in both the fresh and
fermented form owing to the recognition of its high quantity of nutrients and unique flavor in Korea.
From an environmental perspective, therefore, it would be a good solution to prevent by-products
from being excessively generated.

More recent findings of Woo et al. [18] specifically using collagen peptide derived from skate skin
were consistent with the previous research. In this study, a reduced increase in body weight and visceral
adipose tissue was observed in the SCD-fed groups compared to the control group. The anti-obesity
effects of SCP were attributed to being mediated by regulating transcription factors and enzymes which
regulate hepatic lipid metabolism. Histological analysis of the liver revealed that SCP suppressed
hepatic lipid accumulation and reduced the lipid droplet size in the adipose tissue. TG-lowering effect
of SCP significantly suppressed adipose tissue differentiation in a dose-dependent manner, which was
also demonstrated by the histologic results in adipose tissue. Additionally, the researchers observed
that the intake of SCP increased the hepatic protein expression of phosphorylated 5’ adenosine
monophosphate-activated protein kinase (p-AMPK) with elevated adiponectin and reduced leptin
levels. As a regulator of energy balance by affecting whole body fuel utilization, AMPK induces
fatty acid oxidation and inhibits adipocyte differentiation and the synthesis of hepatic fatty acid,
cholesterol [24] emerging as a key target for obesity resolution. It is also involved in the regulation of
adiponectin, which can activate p-AMPK [25]. In line with this result, our study showed a slightly
larger increase in the adiponectin level in IG than that in CG; although this difference between the
groups was not statistically significant. For now, we cannot determine whether this increase in
adiponectin shown in the human study is mediated by the same way that SCP works on p-AMPK in
an animal model. However, our finding can be clinical evidence that p-AMPK may be a good target
with respect to SCP related human experimental study in the future.

In our study, IG saw no statistically significant difference in fat mass (kg). However, there was a
significant change in the body fat percentage (%). Methodologically, body fat (%) by DXA indicates
the body fat (kg) normalized by total body weight (body fat (%) = body fat (kg)/total body weight
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(kg)) [26]. Thus, an increase in total body weight causes underestimated body fat (%) and a decrease in
body weight comes with overestimated body fat (%) even though actual body fat is the same. Our data
shows that the total body weight of CG after 12 weeks was slightly higher than that of IG in which the
difference was not statistically significant. This point may be attributable to the non-significance in fat
mass (kg) change.

In contrast to those animal studies, the present study failed to find improvements in lipid profile
with a slight HDL-C decrease found in IG. The authors cannot infer a convincing explanation for that
from the current findings. Presumably, it was probably because HDL-C is known to mainly increase
by boosting physical activity [27], which was not conducted in our study. From a clinical point of
view, although there was a statistically significant HDL-C reduction in IG, the absolute amount seems
not clinically important since both levels of HLD–C before and after SCD administration were still at
a desirable level from a CVD prevention perspective. Additionally, lipid metabolism is much more
complicated in humans than in animal models and many other factors may have been involved in the
process that our study missed including covariates. Furthermore, our primary outcome was a change
in body fat. Therefore, the size of the study might not be large enough to identify the effect of SCD on
lipids with a study period of 12 weeks. Most importantly, previous animal studies induced weight
gain by feeding a high-fat diet in order for mice to reach a hyperlipidemic state before administration
of SCD while the majority of our study subjects had normal lipid levels at the baseline and this study
did not apply the intervention to the subjects for an improvement in lipid levels.

To fight against obesity and related metabolic disorders, several anti-obesity drugs have been
approved by the FDA for the treatment of obesity. However, it is unclear whether these medications
actually bring about improved health outcomes including the prevention of CVD and improve the
quality of life given that trials of medication-based weight loss interventions showed high study
drop-out rates (≥35% in half the included trials) and the differences in these outcomes were small
among those on medication compared with placebo [28]. Known adverse effects, financial burden by
hefty prices of medications, and failure of the significant outcome of losing weight seem to force obese
people to seek alternative treatments with fewer side effects. In this context, many natural products
have been tested as potential alternative therapies for obesity and our study was one of them.

Consequently, although the absolute amount was small, body fat loss found in our IG was quite
impressive, when considering the fact that the duration of the intervention was relatively short and
that the study did not require the participant to engage in any program in order to increase physical
activity and cut down on calorie intake so that they could keep their daily routine as they usually
had done. Most of the time, subjects who are involved in studies which are designed to demonstrate
the efficacy of anti-obesity drugs are provided with dietary advice to decrease calorie intake and are
encouraged to participate in moderate physical activity programs at least three times a week, which
can be difficult for the subjects to adhere to the trial to the end showing a high drop-out rate and leads
to a lower weight loss outcome than expected [29,30]. Additionally, in our study, the reduction in body
fat occurred as soon as 6 weeks after taking SCD, showing a significant difference from CG and this
gap was sustained until the study ended. On the other hand, recent research has focused on the roles
of gastrointestinal peptides in obesity control [31,32]. They are known to be potential regulators of
satiety such as cholecystokinin (CCK) and to influence food intake, which is critical when it comes to
losing weight [33]. With regards to this point, further study is needed to see if SCD has an impact on
gastrointestinal peptides.

The present study has some limitations. We included woman-dominant participants (81%) who
are considered relatively better at complying with a study protocol and more conscious about their
weight and appearance than men, which may result in a more favorable outcome in weight control
intervention. Moreover, since a 24-h dietary recall is affected by day-to-day variation, the one-day
investigation may not represent the usual intake of the subjects [34]. The IPAQ also has a substantial
measurement error with the tendency to overestimate, although it consists of 27 questions which
reflect on the previous seven days’ physical activities [35]. These weaknesses of self-report surveys
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led to the result of a negative caloric balance shown in our subjects. However, the researchers asked
the participants not to try to change their eating and physical patterns throughout the trial except for
taking SCD so that we could assess the effect of SCD possibly only. In this context, the main purpose of
the 24-h dietary recall and IPAQ in our study was to see if there were significant differences of before
and after SCD administration in the overall calorie intake or expenditure in the daily routine of the
subjects. Consequently, our data showed no changes between the two cited time points as planned.
If there were any changes in them, we would have analyzed data adjusting for the amount of calories
that the participants consumed and spent. Lastly, the current study was conducted by a single center,
which can be limited to generalize the results.

Despite these limitations, our study is considerably valuable owing to several strengths. Firstly,
to the best of the authors’ knowledge, it is the first clinical study to examine the efficacy and tolerability
of SCP on obesity. Moreover, the measurements of body composition were checked by DXA that is
more accurate [36] than bioelectrical impedance analysis, which is most commonly used in the clinical
study and private clinics due to its lower cost and simplicity to apply [37]. Furthermore, many trials
of weight loss interventions have focused on body weight as their primary efficacy endpoint [28].
However, when it comes to resolution of obesity, what is fundamentally important is whether the
intervention can effectively reduce body fat, not just body weight. The current study measured the
change in body fat by using a reliable quantitative method through DXA.

We confirmed that there was no toxicity or severe adverse effect when SCP was applied to
humans. More importantly, only SCD supplement for three months without having to change dietary
habits and physical performance decreased more body fat than the placebo significantly (−1.2 kg vs.
+0.3 kg, p = 0.025) and its effect came out as soon as six weeks after it was taken whereas no effect was
observed in CG. The study suggests that SCD can help reduce excess body fat and it can be considered
a potential alternative treatment for obesity itself and associated disorders. If it is combined with
exercise and dietary intervention, the effect of SCD can be greater. However, a replicated study with a
larger population is needed so as to reconfirm this favorable effect of SCP on body composition and to
elucidate the mechanism responsible for the action of SCP in humans.

4. Materials and Methods

4.1. Study Design and Study Subjects

The present study was designed as a randomized, placebo-controlled, double-blind controlled
clinical trial and approved by the Institutional Review Board at Pusan National University Yangsan
Hospital (IRB No. 02-2017-012). We carried out the study in accordance with the principles of the
Declaration of Helsinki from 26 June 2017 through 5 June 2018. Written informed consents following a
fully detailed description of the study protocol were obtained from all participants before enrollment.
This trial is registered with ClinicalTrials.gov Identifier: NCT03409705.

Eligible subjects were overweight, or obese, defined according to the guidelines of the Korean
Society for the Study of Obesity [20]. One hundred adults aged between 20 and 60 years with any
value from 23 to 30 kg/m2 of body mass index (BMI) were enrolled through recruitment posting at a
tertiary hospital in Yangsan. The individuals were excluded if they had any conditions as following;
(1) previously taken any medication or supplements that can cause a change in body weight within
the past one month including anti-depressants, anti-absorptive agents, appetite suppressors and any
other hormonal products, (2) history of engagement in commercial anti-obesity programs within
the past three months, (3) being treated for hyperthyroidism or hypothyroidism, (4) alcohol abuser,
(5) quit smoking within three months of enrollment, (6) uncontrolled blood pressure, blood glucose,
or gastrointestinal symptoms, (7) an aspartate aminotransferase (AST) or alanine aminotransferase
(ALT) serum level greater than 80 mg/dL or a creatinine (Cr) level greater than 1.5 mg/dL, (8) pregnant
or lactating women or (9) allergic to the ingredient involved. In addition, for safety reasons,
candidates diagnosed with cardiovascular diseases or any cancer during the six months prior to study
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commencement were also excluded. Four participants met the exclusion criteria and ten participants
declined to participate.

4.2. Randomization

One hundred adults were recruited for screening and 90 (90%) participants were finally enrolled.
After undergoing baseline measurements, they were randomly assigned to either one of the two groups
through block randomization methods using randomized numbers and given identification numbers
on recruitment: the intervention group (IG) (n = 45), which received 2000 mg of SCP per day in the
form of capsules, or the control group (n = 45) which was given a placebo (Figure 2). Randomization
codes were created by an expert in statistics using nQuery Advisor 7.0. Those who were responsible
for deciding on study eligibility and conducting the measurements were kept unaware of the results of
the randomization throughout the whole study process. All of the participants were asked to visit the
center four times in total (visit 1; for screening, visit 2; randomization and start taking supplements,
visit 3; 6 weeks after intervention, visit 4; 12 weeks later).

Figure 2. Flow diagram of the study subjects.

4.3. Intervention

The dosage of SCP applied to the subjects had been determined based on the results from previous
animal studies where mice fed 300 mg of SCP daily had shown a significant reduction in body fat
without any adverse events. Given the dosage of 300 mg applied to mice of which an average body
weight was in these studies [18,19], 2000 mg of SCP was considered appropriate to be given to humans
with an average body weight of 60 kg according to the guidance for estimating the maximum safe
starting dose in initial clinical trials for therapeutics in adult healthy volunteers [38]. Two capsules
(500 mg per capsule) of SCP were taken twice a day in the morning and evening by the subjects
in IG (total four capsules each day) for 12 weeks. Subjects in CG were given the placebos with
the same protocol and duration. Capsules were visually identical and supplied by Serom Co., Ltd.
(Jeonnam, South Korea). Compliance was assessed by counting the remaining capsules at every visit
and less than 80% of the taken number of capsules was considered to have dropped out from the study.
Reports of any adverse event or unpredicted drug reaction were reported throughout the study.
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4.4. Evaluation of Dietary Intake and Physical Activities

At baseline and the 12th week of the trial, the study subjects were asked to answer the
questionnaire on dietary intake and physical activities that mainly determine the change in body
weight so as to check if there was a significant alteration in their daily routine and to take into account
the extra possible effect on their body composition. Dietary intake was investigated by the 24-h recall,
which is an open-label nutritional survey method for estimating all food products ingested by the study
subjects during the previous 24 h, together with dietary information (time, location, types of food,
amount, and cooking method) and hereby reflecting the recent calorie intake of individuals [39,40].
Alcohol drinking was defined as consumption of alcohol with an average of seven cups for men
and five or more for women, more than two times a week [41] Frequency, intensity and type of
physical activities that the participants had done during the previous weeks were reported using the
international physical activity questionnaires (IPAQ) [35] and the number of physical activities were
represented as the metabolic equivalent of task (METs).

4.5. Measurements

As the primary outcome was changed into body fat mass (kg) and body fat percent of each
subject, dual-energy X-ray absorptiometry (DXA) (Lunar Prodigy 8.50, Lunar Radiation Corp.,
Madison, WI, USA) was implemented twice at baseline and 12th week of the study. The fat mass
percentage was calculated as fat mass/(fat mass + lean mass + bone mineral content). Secondary
outcome variables were changes in BMI, sagittal abdomen distance (SAD), fat mass (kg) and lean
mass (kg) checked by DXA, lipid profile (triglyceride (TG), total cholesterol (TC), high density
lipoprotein cholesterol (HDL-C), low density lipoprotein cholesterol (LDL-C)), free fatty acid (FFA),
and adiponectin. The participants were asked to maintain a fasting state for at least 4 h before the test.
SAD was measured while the participants were lying supine on their back. A caliper with two sliding
arms attached parallel to a vertical scale (Holtain-Kahn Abdominal Caliper 50 cm (98.609XL), U.K.)
(Holtain-Kahn Abdominal Caliper Extra Long 50 cm (Holtain Model 609 XL), Seritex Inc, 1 Madison
St. East Rutherford, NJ, USA) according to the standard method for the use of the caliper [42]. The upper
arm of the caliper was lowered without compressing the abdomen and the arm of the caliper was
placed at the level of L4–L5 under the participant. The reading on the vertical scale with a normal
exhalation was noted in cm. BMI was calculated by dividing weight (kg) by height squared (m2).
To measure blood pressure (BP), a mercury sphygmomanometer was used in the sitting position after
a 10-min rest period. Two readings of systolic and diastolic BP were checked at 3-min intervals, and
averages were recorded in the analysis. Blood samples were collected at baseline and after 12 weeks
of study after a 12-h fast. Fasting blood glucose was reported using a glucose oxidase test method
(LX-20, Beckman Coulter, Fullerton, CA, USA). Serum AST, ALT, and Cr were measured using a
Toshiba TBA200FR biochemical analyzer (Toshiba Co. Ltd., Tokyo, Japan).

4.6. Statistical Methods

The sample size of the study was calculated based on the research by Min et al. [43]. The estimated
sample size was 45 patients per group for an 80% power to detect a difference in the mean investigator
assessment score of 0.8, assuming a standard deviation of 1.2472 in the primary outcome variables
and an alpha error of 5% with a 10% of drop-off rate. When a result of a test was unavailable, the
last recorded data entry was included in the analysis (the last observation carried forward method).
Efficacy analysis was conducted on both an intention to treat (ITT) basis on subjects that received
at least one dose of SCP or placebo and that underwent at least one assessment post-baseline and
per protocol (PP) only including data from subjects that completed the study protocol as planned.
The Shapiro-Wilk’s test was employed to test the normality assumption. Intergroup comparisons of
baseline characteristics and their changes at the 12th week of the trial were done using the two-sample
t-test for continuous variables (or Mann-Whitney’s U test in case of valuables showing non-normal
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distributions) or the chi-square test for categorical variables (or Fisher’s exact test in case of valuables
showing non-normal distributions). Intragroup comparisons were conducted using the paired t-test for
continuous variables (or Mann-Whitney’s U test in case of valuables showing non-normal distributions).
An analysis of covariance (ANCOVA) was performed to compare intergroup differences in outcomes
after adjustment for physical activities and covariates that had shown a statistical significance between
the groups at baseline. A p-value of less than 0.05 was considered statistically significant. SPSS version
22.0 (SPSS Statistics for Windows Version 22.0, Armonk, NY, IBM Corp) was employed for the analysis.
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Abstract: Obesity is associated with several health complications and can lead to the development
of metabolic syndrome. Some of its deleterious consequences are related to insulin resistance,
which adversely affects blood glucose regulation. At present, there is a growing concern regarding
healthy food consumption, owing to awareness about obesity. Seaweeds are well-known for their
nutritional benefits. The brown alga Ishige okamurae (IO) has been studied as a dietary supplement
and exhibits various biological activities in vitro and in vivo. The bioactive compounds isolated
from IO extract are known to possess anti-obesity and anti-diabetic properties, elicited via the
regulation of lipid metabolism and glucose homeostasis. This review focuses on IO extract and its
bioactive compounds that exhibit therapeutic effects through several cellular mechanisms in obesity
and diabetes. The information discussed in the present review may provide evidence to develop
nutraceuticals from IO.

Keywords: Ishige okamurae; marine alga; obesity; diabetes; nutraceuticals

1. Introduction

Over the past 50 years, obesity has become a global public health issue that negatively affects
quality of life and increases the risk of various illnesses and healthcare costs worldwide [1–3]. Obesity is
considered a risk factor for coronary artery diseases, cerebrovascular accidents, type-2 diabetes
mellitus, systemic hypertension, various cancers, fatty liver disease, osteoarthritis, and gynecological
disorders [4]. An understanding of the molecular basis of obesity-associated diseases is required
to approach its prevention. The properties of adipose tissue and adipocytes in obesity have been
studied [5], and Higdon and Frei [6] also emphasized that obesity is a chronic oxidative stress condition
due to an imbalance among tissue active oxygen, reactive oxygen species (ROS) and antioxidants.

Oxidative stress also plays a key role in the pathogenesis of many other progressive diseases
including diabetes, atherosclerosis and cancer [7–9]. In addition, lipid accumulation has been
correlated with various markers of systemic oxidative stress [10]. Furukawa et al. [11] reported
that oxidative stress mediates the obesity-associated development of metabolic syndrome via two
mechanisms: (1) increased oxidative stress due to lipid accumulation leads to dysregulated production
of adipocytokines, and (2) selective increase in ROS production due to lipid accumulation leads to
elevation in systemic oxidative stress. Oxidative stress can activate a series of stress pathways involving
a family of serine/threonine kinases, resulting in a negative effect on insulin signaling [12], and an
increase in the production of free radicals or impaired antioxidant defenses. Diabetes is characterized
by hyperglycemia and insufficiency in the secretion or action of endogenous insulin [13]. An increase
in oxidative stress can lead to hyperglycemia in both type-1 and type-2 diabetes [14,15]. Tan et al. [16]
showed that hydrogen peroxide (H2O2) stimulated the inhibition of insulin-induced glucose uptake
in vitro. In that study, oxidative stress directly causes insulin resistance via overactivation of
extracellular signal-related kinase (ERK).
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Current available therapies for obesity and diabetes have either limited efficacy or cause side
effects. Therefore, many studies have suggested that natural sources can be used as complementary
treatments and preventive materials with less toxic and fewer side effects [17]. Marine algae have been
identified as rich sources of structurally diverse bioactive compounds including pigments, fucoidans,
phycocolloids, and phlorotannis, with nutraceutical and biomedical potential [18,19]. Ishige okamurae
(IO) is an edible brown seaweed found in temperate coastal areas, such as the Korean peninsula [20].
It is abundant along the coast of Jeju Island and is a potential functional food. In this review, we
discuss the anti-obesity and anti-diabetic effects of IO extract and its cellular mechanisms of action.
We also suggest its use as a potential nutraceutical source.

2. Anti-Obesity and Anti-Diabetic Properties of IO Extract

Ishige is a genus of brown algae with two species—Ishige foliacea and IO. Studies on the extracts
of Ishige, including Ishige foliacea and IO, have reported various in vitro and in vivo activities, such
as antioxidant, anti-diabetic, and anti-obesogenic effects [21–23]. Owing to these bioactivities, these
extracts have been gaining increased attention in recent years for potential nutraceutical application in
metabolic syndrome.

Metabolic syndrome is characterized by an increase in ROS levels, which cannot be counteracted
by endogenous antioxidant systems [24]. The increase in ROS levels plays a key role in the
development of metabolic diseases, which could lead to changes in glucose uptake, exacerbating
diabetes mellitus, obesity, cardiovascular diseases, or cancer [24,25]. The antioxidant properties of
Ishige foliacea and IO methanol extracts have been investigated in terms of their free-radical which
includes 1,1-diphenyl-2-picryl hydrazyl (DPPH); 2,2-azobis(3-ethylbenzothiazoline-6-sulfonate (ABTS)
and nitrite scavenging activity [21]. Furthermore, Heo and Jeon [26] reported that IO enzymatically
extracted with different carbohydrases and proteases exhibits antioxidative effects. In particular,
Ultraflo extract, which is a carbohydrase-based enzymatic extract, can scavenge free radicals, and
Kojizyme extract, which is a protease-based extract, can reduce the DNA damage caused by hydrogen
peroxide (H2O2). Thus, the antioxidant efficacy of IO extracts indicates that it is a potential functional
food, which can be used as a supplement for patients with metabolic syndrome.

Diabetes and obesity are common, closely interrelated disorders and are caused by poor metabolic
conditions. Obesity, a characteristic feature of metabolic syndrome, involves the accumulation of
abnormal or excessive fat that may interfere with the maintenance of an optimal state of health [27].
It is also associated with a systemic increase in oxidative stress, resulting in adipokine imbalance [28].
Previous in vitro and in vivo studies have suggested that oxidative stress can cause obesity through
increased proliferation of pre-adipocytes and increased size of differentiated adipocytes [29,30].

Cha and Cheon [31] showed that IO extract can inhibit lipid accumulation induced during
adipogenesis of 3T3-L1 preadipocytes. The concerted regulation of gene expression by various
adipogenic factors is required for the differentiation of preadipocytes to adipocytes. Furthermore,
research on the mechanism underlying preadipocyte mitogenesis and differentiation into adipocytes
may help understand the initiation and progression of obesity and its associated diseases. Peroxisome
proliferator-activated receptors (PPARγ) has been studied for its involvement in the regulation of
nutrient sensing and glucose and lipid metabolism [32]. Expression level of PPARγ is highest in adipose
tissue [33] when it regulates the transcriptional cascade involved in adipocyte differentiation [34].
The hormone nuclear receptor PPARγ plays an important role in the regulation of downstream
adipogenic genes [33]. Expression levels of PPARγ mRNA were significantly decreased by the IO
extract during 10 days of induction [31]. Thus, the antioxidant effect of IO extract can inhibit the
accumulation of lipids and modulate PPARγ expression. Although IO extract can decrease the levels
of PPARγ, previous studies showed the effect of IO extract against obesity through other adipogenic
transcription factors. The IO extract can suppress the increase in lipid droplet size by reducing the
expression of adipogenic transcription factors in white adipose tissue (WAT), which is larger in a

98



Mar. Drugs 2019, 17, 202

high-fat diet (HFD)-fed mice than in mice on a normal diet [35,36]. Therefore, IO extract can reduce
body weight gain by preventing an increase in WAT mass and ameliorating HFD-induced obesity.

Adipose tissue helps maintain glucose and lipid homeostasis through the secretion of various
factors and through neural networks [37–39]. Diabetes in obese people occurs mostly due to insulin
resistance and subsequent hyperinsulinemia through adipogenesis and the insulin signaling pathway.
In addition, oxidative stress has been linked with disruption of insulin secretion by pancreatic
β-cells [40], glucose transport in muscle [8], and adipocytokines [41].

A widely used preclinical model of diabetes is db/db mice, characterized by hyperglycemia,
hyperinsulinemia, hyperleptinemia, and obesity, similar to type-2 diabetes [42]. C57BL/KsJ-db/db
mice were fed a standard semi-synthetic diet (AIN-93G) with IO extract (0.5%, w/w; IO extract
supplementation), resulting in downregulated fasting blood glucose levels. IO extract supplementation
controlled blood glucose levels during the intraperitoneal glucose tolerance test (IPGTT) [22].
Homeostatic model assessment (HOMA) is a method for assessing insulin resistance (IR) and is
a useful index of insulin sensitivity [43]. It has been shown that HOMA-IR is lowered following
IO extract supplementation [22]. Previous studies have suggested that therapeutic agents may be
required to prevent hyperglycemic conditions in patients with early-stage type-2 diabetes. IO extract
supplementation significantly lowered glycated hemoglobin (HbA1c) levels [22], which is useful for
monitoring glycemic control in diabetic patients [44]. Taken together, IO extract supplementation can
control blood glucose levels and improve insulin resistance in db/db mice. We suggest that IO extract
can be used as an antidiabetic supplement.

3. Composition of IO

Many brown algae species are used as food ingredients and supplements and possess a
variety of biological activities. These biological activities are related to the presence of polyphenols,
polysaccharides and pigments. Among polyphenols, one of the most common classes of secondary
metabolites derived from polymerized phloroglucinol units are phlorotannins [45]. Phlorotannins are
tannin derivatives composed of several phloroglucinol units isolated from brown algae [19]. It has
been reported that brown algae are richer in phlorotannins than other marine algae. Polyphenols can
react with oxidants in one-electron reactions, pairing with the free electron of the oxidant to become
chemically inactive. Therefore, polyphenols act as antioxidants that inhibit the formation of free
radicals in biological systems [46]. In addition, previous studies have examined various biological
activities associated with polyphenols from brown algae, including antioxidant, anti-coagulant,
anti-bacterial, anti-inflammatory, and anti-cancer effects [18,47,48]. Thus, phlorotannins isolated
from brown seaweeds represent the most widely studied class of secondary metabolites in marine
organisms, with potential use in the nutraceutical and functional food industry.

Yoon et al. [49] studied the secondary metabolites of IO extract with antioxidant effects, including
phloroglucinol, 6,6′-bieckol, and diphlorethohydroxycarmalol (DPHC). Octaphlorethol A (OPA)
was also isolated and purified from IO extract [50]. Recently, a novel polyphenol-compound,
ishophloroglucin A (IPA) with α-glucosidase inhibitory activity was isolated from IO extract [51].
Zou et al. [52] evaluated the antioxidant effects of 6,6′-bieckol and DPHC by using the electron spin
resonance (ESR) technique. The two phlorotannins displayed potent radical scavenging activities
against DPPH as well as hydroxyl, alkyl, and superoxide radicals. Moreover, effective concentration
(EC50) values of phlorotannins, defined as the concentration at which the radicals were scavenged by
50%, are summarized in Table 1. Heo and Jeon [53] reported the cytoprotective effect of DPHC in Vero
cells against oxidative stress induced by hydrogen peroxide (H2O2).
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Table 1. EC50 values of phlorotannins from Ishige okamurae.

EC50 (μM ± SD)

DPPH Hydroxyl Alkyl Superoxide

6,6′-bieckol 9.1 ± 0.4 23.7 ± 1.1 17.3 ± 1.0 15.4 ± 0.9
Diphlorethohydroxycarmalol (DPHC) 10.5 ± 0.5 27.1 ± 0.9 18.8 ± 1.2 16.7 ± 0.6

Phloroglucinol Not determined 408.5 ± 3.7 103.5 ± 1.9 124.7 ± 2.4

Several studies have reported that among the pigments of brown algae, fucoxanthin can reduce
oxidative stress and symptoms of metabolic syndrome via its anti-diabetic and anti-obesogenic
effects [54–57]. In addition, Kang et al. [58] reported that fucoxanthin isolated from IO can reduce high
glucose-induced oxidative stress in human umbilical vein endothelial cells (HUVEC) and in zebrafish
models. Taken together, the antioxidative effects of IO may be effective as supplementary treatment of
metabolic syndrome, including obesity and diabetes.

3.1. Anti-Obesity Effect of IO

When caloric expenditure is lower than caloric intake, adipocytes play a critical role by storing
triacylglycerol and regulating metabolism in obesity. In fat tissue, adipocyte differentiation and
lipid accumulation occur through adipocyte-specific proteins including enhancer binding protein
(C/EBP), sterol-regulatory element-binding protein 1c (SREBP-1c), peroxisome proliferator activated
receptor-γ (PPARγ), adiponectin, perilipin, fatty acid synthase (FAS), fatty acid binding protein
(FABP4), and leptin [59]. According to Cha and Cheon [31], IO extract is known to inhibit lipid
accumulation, which is induced during adipogenesis from 3T3-L1 preadipocytes. Previous studies
have focused on the inhibition of lipid accumulation in 3T3-L1 cells through decreased expression
levels of adipogenic-specific factors by polyphenols such as dieckol [60], epigallocatechin-3-gallate [61],
and resveratrol [62]. Several studies have found that IO extract inhibited fat accumulation in 3T3-L1
cells through a molecular mechanism involving adipocyte-specific proteins.

DPHC from IO extract has potential antiadipogenic effects elicited via the inhibition of adipocyte
differentiation and adipogenesis. Kang et al. [63] reported that levels of the adipogenesis-specific
proteins including C/EBPα, SREBP-1c, PPARγ, and adiponectin were decreased to activate molecular
mechanisms involved in 3T3-L1 adipocyte differentiation. These transcription factors are highly
expressed in adipocytes and are involved in the mediation of lipid synthesis, lipolysis, and glucose
uptake in adipocytes. DPHC can disrupt fatty acid synthesis by downregulating adipocyte-specific
proteins including perilipin, FAS, FABP4, and leptin. Furthermore, DPHC can activate adenosine
monophosphate-activated protein kinase (AMPK) and acetyl-CoA carboxylase (ACC), resulting in the
inhibition of lipogenesis, adipocyte differentiation, and fatty acid synthesis in adipocytes. Besides the
increase in AMPK and ACC, preadipocyte apoptosis also has an anti-obesity effect. Park et al. [64]
reported that DPHC induced apoptosis in 3T3-L1 preadipocytes through the intrinsic pathway by
regulating the protein levels of Fas, Bax, Bcl-2, caspase-9, caspase-3, and PARP. Taken together, DPHC
can be used as a potential therapeutic agent against obesity.

3.2. Anti-Diabetic Activity of IO

Diabetes, a serious chronic metabolic disease, may develop with obesity and ageing in the
general population. In addition, rapidly increasing blood glucose levels are a result of the
hydrolysis of starch by pancreatic α-amylase and glucose uptake by intestinal α-glucosidases.
These enzymes play a crucial role in the effective regulation of glucose absorption [65]. Therefore, an
important strategy for suppressing postprandial hyperglycemia is the inhibition of α-amylase and
α-glucosidase activities [66,67]. A previous study with C57BL/KsJ-db/db mice showed that IO extract
supplementation prevented insulin resistance and regulated blood glucose levels in hyperglycemia [22].
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Lee and Jeon [19] focused on developing potential anti-diabetic nutraceutical and functional foods
from phlorotannins.

Furthermore, several studies found that IO extract showed anti-diabetic activity by inhibiting
α-amylase and α-glucosidases. Phlorotannins isolated from IO extract have excellent anti-diabetic
properties. DPHC (IC50 = 0.53 ± 0.08 and 0.16 ± 0.01 mM) showed effective inhibitory effects against
α-amylase and α-glucosidase compared to acarbose (IC50 = 1.10 ± 0.07 and 1.05 ± 0.03 mM), which
was used as the positive control [68]. DPHC significantly suppressed the increase in postprandial
blood glucose levels in both streptozotocin-induced diabetic and normal mice after the consumption
of starch [68]. Moreover, Lee et al. [69] described that DPHC treatment protected high glucose-induced
damage in RINm5F pancreatic β-cells. The dysfunction of pancreatic β-cells has a central role in
the pathogenesis of type-2 diabetes [70]. Therefore, DPHC can delay the absorption of dietary
carbohydrates and improve secretory responsiveness of insulin following stimulation with glucose.

Recently, IPA, a novel polyphenol-compound derived from IO extract showed a solid
α-glucosidase inhibitory activity [51]. The study showed the application of IPA in standardizing
the inhibition of α-glucosidase activity of IO extract and proposed IPA potential in the application of
marine-derived nutraceuticals.

4. Potential Nutraceutical Use of IO

The role of food is to provide enough nutrients to meet metabolic requirements, which is relevant
to well-being, good health, and disease management [71]. Recently, consumer awareness of bioactive
compounds as functional ingredients has increased, and knowledge about their various health benefits
is increasing. Seaweeds are rich sources of structurally diverse bioactive compounds with valuable
nutraceutical, pharmaceutical and cosmeceutical potentials [72]. Antioxidant properties of seaweeds
enable their use as nutraceuticals and functional food ingredients [73]. A considerable number of
bioactive compounds has been isolated from seaweeds and evaluated for their potential as functional
food ingredients to assist in the treatment of metabolic diseases such as cancer, hypertension and
diabetes [73].

IO is an edible brown seaweed that grows on rocks in the upper and middle intertidal zones
in the northwest Pacific Ocean (Korea, Japan, and China), where it forms continuous bands [20].
As shown in Table 2, previous studies have discussed the usefulness of bioactive compounds from IO
as functional ingredients [49,58,74]. Additionally, the antioxidant properties of the methanol extract
and enzymatic extract from IO were evaluated to develop potential functional food materials against
oxidative stress [21,26]. IO extract is rich in secondary metabolites such as phlorotannins, carotenoids,
and polysaccharides with various bioactive properties.

Table 2. Bioactivities of functional ingredients from Ishige okamurae.

Functional Ingredient Bioactivities References

Methanolic extract Antioxidant, anti-MMP, and anti-diabetic [21,22,74]
Ethanolic extract Anti-inflammatory [75]

Enzymatic extract Antioxidant [26]
Fermented extract Radioprotective and antioxidant [76]

6,6′-Bieckol Cholinesterase inhibition [49]
Diphlorethohydroxycarmalol

(DPHC)
Antioxidant, anti-cancer, anti-HIV,

anti-obesity, and anti-diabetic [52,53,64,68,69,77–79]

Fucoxanthin Antioxidant, anti-inflammatory [58,80]
Ishigoside Antioxidant [20]

Ishophloroglucin A (IPA) α-glucosidases inhibition [51]
Phloroglucinol Cholinesterase inhibition [49]

6,6′-bieckol is another phlorotannin from IO which possesses in vitro and in vivo neuroprotective
effects. 6,6′-bieckol suppresses acetylcholinesterase (AChE) activity with an IC50 value of
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46.42 ± 1.19 μM [49]. AChE plays a key role in the regulation of several physiological reactions
by hydrolyzing the neurotransmitter acetylcholine in the cholinergic synapses [81,82]. In addition,
Alzheimer’s disease (AD) is related to a deficit in cholinergic functions in the brain [83]. Thus, the
application of 6,6′-bieckol as an alternative for AChE inhibitors suggests a therapeutic potential in
AD. Fucoxanthin, an accessory pigment in chloroplasts, is a well-known brown seaweed carotenoid
with numerous important bioactive properties [84]. It is also one of the major constituents of IO.
Kim et al. [80] showed that fucoxanthin from IO reduced the production of nitric oxide (NO) and
inflammatory mediators, including inducible nitric oxide synthase (iNOS) and cyclooxygenase-2
(COX-2), and inhibited nuclear factor (NF)-κB activation and mitogen-activated protein kinases
(MAPKs; JNK, ERK and p38) signal pathways in LPS-stimulated RAW264.7. In LPS-treated
macrophages, pro-inflammatory cytokines and gene expression were upregulated through NF-κB
activation and MAPK signaling pathways [85,86]. Cancer is characterized by uncontrolled cell growth
and spread [87]. Fucoxanthin has the potential to inhibit the proliferation of melanoma cell lines
(B16F10 cells) through cell cycle arrest during the G0/G1 phase and the apoptotic pathway [64].
Fucoxanthin also decreases Bcl-xL expression level, which is a critical regulator of the apoptotic
pathway. Moreover, it has been shown that fucoxanthin suppressed in vivo growth of B16F10
melanoma in Balb/c mice. Therefore, researchers have been interested in identifying new anti-cancer
drugs from marine sources, which supposedly have fewer adverse side effects unlike synthetic
drugs [88].

5. Conclusions

Obesity is associated with lipid accumulation together with oxidative stress, which increases
insulin resistance and eventually results in diabetes. In this review, we have discussed the antioxidant
properties of IO extract and the mechanisms of action underpinning its anti-obesity and anti-diabetic
effects (Figure 1).

 
Figure 1. Mechanisms involved in the anti-obesity and anti-diabetic effects of Ishige okamurae.

The significant health benefits associated with IO may represent an interesting progress in the
search for novel functional applications. IO can also be used as a therapeutic agent and functional food
against metabolic syndrome.
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Abstract: Marine organisms, particularly cyanobacteria, are important resources for the production of
bioactive secondary metabolites for the treatment of human diseases. In this study, a bioassay-guided
approach was used to discover metabolites with lipid-reducing activity. Two chlorophyll derivatives
were successfully isolated, the previously described 132-hydroxy-pheophytin a (1) and the new
compound 132-hydroxy-pheofarnesin a (2). The structure elucidation of the new compound 2

was established based on one- and two-dimensional (1D and 2D) NMR spectroscopy and mass
spectrometry. Compounds 1 and 2 showed significant neutral lipid-reducing activity in the zebrafish
Nile red fat metabolism assay after 48 h of exposure with a half maximal effective concentration
(EC50) of 8.9 ± 0.4 μM for 1 and 15.5 ± 1.3 μM for 2. Both compounds additionally reduced neutral
lipid accumulation in 3T3-L1 multicellular spheroids of murine preadipocytes. Molecular profiling
of mRNA expression of some target genes was evaluated for the higher potent compound 1, which
indicated altered peroxisome proliferator activated receptor gamma (PPARγ) mRNA expression.
Lipolysis was not affected. Different food materials (Spirulina, Chlorella, spinach, and cabbage) were
evaluated for the presence of 1, and the cyanobacterium Spirulina, with GRAS (generally regarded as
safe) status for human consumption, contained high amounts of 1. In summary, known and novel
chlorophyll derivatives were discovered from marine cyanobacteria with relevant lipid-reducing
activities, which in the future may be developed into nutraceuticals.

Keywords: zebrafish Nile red fat metabolism assay; anti-obesity drugs; chlorophyll derivatives;
murine pre-adipocytes; PPARγ

1. Introduction

In recent years, the discovery of natural products was extended to new pharmaceutical targets
in addition to the traditional targets explored in the past decades, for example, in the search of new
anti-obesogenic compounds [1]. Obesity is a complex metabolic disease characterized by an abnormal
fat accumulation in adipocytes which are also important regulators of the whole metabolism and
homeostasis [2]. This disease is an increasing epidemic, since a considerable percentage of the world’s
population is overweight, which is associated with several chronic diseases like diabetes, cardiovascular
diseases, and cancer [2,3].
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The ineffective pharmacological treatment of current anti-obesity drugs available on the market
is due to the limitation of long-term success, potentially dangerous side effects, and high costs [4].
Alternatively, some natural products and derived compounds are being used in the clinic to treat
obesity, for example, orlistat, a synthetic derivative of lipostatin isolated from Streptomyces toxytricini [5].
Yoshinone A isolated from the marine cyanobacterium Leptolyngbya sp., and other marine natural
products containing a 7-en-γ-pyrone moiety showed promising anti-obesogenic activity [6].

Although the marine environment is a rich source of new natural products with a high range of
applications [7], this environment is still largely underexploited due to inaccessibility and difficulties
in retrieving these organisms from their habitat into laboratorial cultures. Cyanobacteria, a group
of ancient photoautotrophic microorganisms, are interesting resources for natural product discovery
in marine environments [8]. These organisms are known to produce a wide range of bioactive
secondary metabolites and most often adapt well to laboratorial culture conditions [9,10]. Our in-house
cyanobacterial culture collection (LEGEcc) currently harbors about 500 cyanobacterial strains isolated
from the Portuguese coast and other environments that overall represent a largely untapped source
for discovery of new secondary metabolites [11]. Some natural compounds were already successfully
isolated from this collection, for example, hierridin B [12], bartolosides (A–K) [13,14], and portoamides
(A–D) [15], all with cytotoxic activity on cancer cell lines.

Zebrafish (Danio rerio) is an attractive model organism for biomedical research. In the study of
complex metabolic disorders like obesity, the use of more complex in vivo model systems as small
whole animal models can bring significant advantages. For drug discovery, zebrafish assays can be used
complementary to rodent assays with easier handling, high predictive validity and cost-efficiency, while
compatible with high-throughput screening [16]. Zebrafish possess higher physiological relevance than
cellular in vitro models, more interactions between tissues and have genetic homology to mammals, as
well as significant similarities in lipid metabolism [16,17]. The original procedure of the zebrafish Nile
red fat metabolism assay was published by Jones et al. [18] and analyzed the capacity of compounds to
reduce neutral lipids in zebrafish larvae in vivo. The authors concluded that the zebrafish organism
model can be used for identifying non-toxic molecules for treating clinical obesity due the conservation
of signal transduction pathways that regulate lipid metabolism.

The aim of this study was to uncover new cyanobacterial compounds with lipid-reducing activity
using the zebrafish Nile red fat metabolism assay optimized in our laboratory. We report the isolation
and structural elucidation of a known and a novel chlorophyll derivative from the marine cyanobacteria
Cyanobium sp. LEGE 07175 and Nodosilinea sp. LEGE 06001, respectively. Their lipid-reducing activity
was additionally evaluated in a three-dimensional (3D) cell culture model of murine pre-adipocytes.
Initial molecular profiling was performed for the more potent compound 1. Furthermore, the presence
of 1 was evaluated in different photoautotrophic organisms (Spirulina, Chlorella, spinach, and cabbage),
with GRAS (generally regarded as safe) status for human consumption.

2. Results

2.1. Isolation of Compound 1

Compound 1 was obtained as a green dark amorphous solid from the cyanobacterium Cyanobium
sp. LEGE 07175. The isolation required several chromatographic steps and was guided by a strong
reduction of lipid content observed in the zebrafish Nile red fat metabolism assay. An LC-ESI-LRMS
(liquid chromatography-electrospray ionization-low resolution mass spectrometry) analysis revealed
a mass consistent with 132-hydroxy-pheophytin a (data not shown), through comparison with
spectroscopic data reported on the literature [19,20]. An HR-ESI-MS analysis was performed and
showed a monoisotopic m/z 887.5697 value for [M + H]+ consistent with the molecular formula of
C55H74N4O6 of 132-hydroxy-pheophytin a (Figure 1). One- and two-dimensional (1D and 2D) NMR
experiments and HR-ESI-MS/MS analysis also corroborated this assignment, revealing the typical
resonances and correlations of this chlorophyll derivative [19,20].
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Figure 1. Planar structure of compounds 1 and 2.

2.2. Isolation and Sctructure Elucidation of Compound 2

The zebrafish Nile red fat metabolism assay-guided fractionation of the CH2Cl2/MeOH
(dichloromethane/methanol) extract of the cyanobacterium Nodosilinea sp. LEGE 06001 yielded
compound 2 as a brownish green amorphous solid. The molecular formula was determined as
C50H64N4O6 on the basis of HR-ESI-MS data, m/z 817.4522 [M + H]+, which demanded 15 degrees of
unsaturation. The 1H and 13C NMR data for compound 2 showed similarities to what was observed
for 1, indicating that 2 could be a chlorophyll derivative. Comparison of the HR-ESI-MS/MS data
between 1 and 2 suggested that compound 2 bears a farnesyl moiety instead of a phytyl group. The
difference between the mass of the pseudomolecular ion at m/z 817.4522 [M +H]+ and the fragment
at m/z 609.2697 [M + 2H − farnesyl]+ (Δ m/z 208.1825) is consistent with the presence of a farnesyl
substituent as opposed to phytyl (Δ m/z 279.36; m/z 909.55 [M +Na]+ and m/z 607.20 [M − phytol]+) [18].
Therefore, compound 2 was named 132-hydroxy-pheofarnesin a.

The 1H NMR spectrum of 2 (Table 1) showed all the typical resonances of the porphyrin ring:
three singlets and an aromatic methyl multiplet (δH 1.59 m, 3.28 s, 3.44 s, 3.90 s), one methyl triplet (δH

1.72) and two diastereotopic benzylic proton signals (δH 3.64, 3.77) corresponding to an aromatic ethyl
substituent, three olefinic singlets (δH 8.71, 9.56, 9.77), a methyl singlet (δH 3.76) corresponding to a
methoxy group, and a vinyl moiety (δH 6.19, 6.35, 8.03) with the characteristic exomethylene coupling
pattern (J = 18.7 and J = 11.4 Hz). The attached farnesyl moiety was recognized by a large number of
overlapping proton signals of aliphatic methylene and methyl functions. Indicative proton resonances
were the oxymethylene resonances (δH 4.44, 4.5 at F1), the vinylic resonances for H-F2 (δH 5.14), and
H3-F31 (δH 1.61), as well as those for the geminal dimethyl at F111 and F12 (δH 0.85 d).
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Table 1. 1H and 13C (600 MHz) data (δ, ppm) of compound 2 at 600 MHz in CDCl3 (deuterated
chloroform).

Position δH (J in Hz) δC Position δH (J in Hz) δC

1 141.3 15 102.0/100.4 2

2 131.5 16 166.3
2 1 3.44 s 11.5 17 4.07 dd (7.4) 53.1

3 133.4 17 1 2.56 dd (7.7)
1.83 dd (9.1) 30.7

3 1 8.03 dd (11.5, 17.8) 128.3 17 2 2.46 m
2.17 m 31.7

3 2 6.35 d (18.7)
6.19 d (11.4) 122.1 173 173.4

4 135.9 18 4.46 m (7.8) 49.7
5 9.56 s 99.1 18 1 1.59 m 21.7
6 155.7 19 171
7 136.6 20 8.71 s 93.3

7 1 3.28 s 10.8 F1 4.5 m 4.44 m (6.8) 60.8
8 145.6 F2 5.14 t (6.5) 117.1

8 1 3.77 m
3.64 m 19.0 F3

8 2 1.72 t (7.7) 17.0 F3 1 1.61 s 15.8
9 149.9 F4 1.89 m (7.7) 39.9
10 9.77 s 103.4 F5 1.29 m (7.4) 22-24 1

11 128.8 F6 1.01 m 36.6
12 131.5 F7 1.33 m 32.1

12 1 3.90 s 11.9 F7 1 0.8 m 19.2
13 133.2 F8 2.35 t (7.5) 32.6

13 1 1 F9 1.65 m (7.3) 24.3
13 2-OH 6.11 s 110.4/102.0 2 F10 1.11 m 38.9

133 170.8 F11 1.51 m 27.4
134-OCH3 3.76 s 53.4 F11 1 0.85 m (6.6) 22.1

14 140.2 F12 0.85 m (6.6) 22.1
1 13C spectra signal not detected or very-low-intensity signal. 2 Assignment undetermined due lack of
specific correlations.

The 13C NMR and 2D NMR data (COSY, HSQC, and HMBC) for 2 allowed the assignment of
all carbons on the porphyrin ring and the location of the functional groups, with the exception of
the carboxyl group at C-131 (Figure 2 and Figure S10, Supplementary Materials). The connection
between the four pyrrole rings was established by the long-range HMBC correlations (Figure 2) of the
olefinic protons H-5 to C-4 (ring A), H-10 to C-8 (ring B), C-11, and C-12 (ring C), and H-20 with C-18
(ring D), C-1, and C-2 (ring A). The presence of the methoxycarbonyl group was deduced from the
long-range HMBC correlation of the singlet protons of a methyl group resonating at δH 3.76 H3-134 to
a carbonyl carbon (δC 170.8 C-133). This assignment was corroborated by comparison with reported
data for similar moieties [19,21,22]. A singlet at δH 6.11 without an HSQC correlation, but with HMBC
correlations to C-132, C-133, and C-15 suggested the presence of a hydroxy group in ring E. Its position
at C-132 was deduced by the significant low field shifts of carbons at 132 and 15 (δC 100.4 and 102,
respectively). Moreover, the HMBC data allowed the connection of the farnesyl moiety to the porphyrin
system by a long correlation of the methylene group H2-F1 (δH 4.44/4.5) with the carboxyl group at
C-173. The assignments from F1 to F12 were confirmed through 1H-1H TOCSY and 1H-1H COSY
experiments (Figure 2 and Figure S12, Supplementary Materials).
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Figure 2. Key 13C-1H HMBC, 1H-1H COSY, and 1H-1H TOCSY correlations for 2.

The relative stereochemistry of 2 was confirmed by ROESY experiments and comparison with
literature data. Strong ROESY interactions between H-17/H2-172 and H2-172/H3-181 indicated that these
protons lay on the same side of the molecule plane (Figure S13, Supplementary Materials). Moreover,
the alpha (α) orientation of these protons results from the natural biosynthesis of chlorophylls, in
which occurs a stereo-specific reduction of the C-17/C-18 bond of ring D [23]. The stereochemistry
of the hydroxy group at C-132 varies naturally to an alpha or beta position (δOHβ 5.47 to 5.53 in
CDCl3 [19,24]; δOHα 5.35 in CDCl3 [24]). A correlation of the stereochemistry at C-132 was studied in
several pheophytin derivatives comparing the shielding level of the H-17 [25]. It was established that,
when the hydroxy group was located on the same side of the molecular plane as H-17 (H-17α and
OHα-132), the proton was distinctly deshielded, displaying chemical shifts between δH 4.54 and 4.69.
By contrast, when the hydroxy group had β orientation and the H-17 had α orientation, there was a
lack of significant deshielding, and the chemical shift was between δH 4.13 and 4.29. Thus, despite any
strong ROESY signal being observed for this chiral center, the stereochemistry was determined as S
(OHβ-132) in accordance with these findings. Therefore, the structure of compound 2 was identified as
132(S)-hydroxy-pheofarnesin a.

2.3. Lipid-Reducing Activity of 1 and 2, but not of Chlorophyll a and b

To characterize the lipid-reducing activity of the two isolated chlorophyll derivatives, the zebrafish
Nile red fat metabolism assay was used. Exposure of the zebrafish larvae to compounds 1 and 2

resulted in significant neutral lipid-reducing activity in this assay after 48 h (Figure 3A). A significant
decrease in Nile red staining was observed for compound 1 at 10, 5, and 2.5 μg/mL, and for compound
2 at 10 and 5 μg/mL (Figure 3B), with half maximal effective concentration (EC50) values of 8.9 ± 0.4 μM
(7.5 ± 0.3 μg/mL) for 1 and 15.5 ± 1.3 μM (12.7 ± 1.3 μg/mL) for 2. Toxicity and malformations were
evaluated on zebrafish larvae exposed to these two compounds considering general toxicity (death
after 24 h or 48 h) and malformations of larval morphological features. No such adverse effects were
observed for both compounds. REV (resveratrol) was used as a positive control at a final concentration
of 50 μM and significantly reduced the Nile red lipid staining in all bioassays. The solvent control,
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0.1% DMSO (dimethyl sulfoxide), did not cause any observable toxicity or malformations toward the
zebrafish larvae. Chlorophylls a and b were tested for lipid-reducing activity in this same assay, but
neither reduced the fluorescence intensity of Nile red in any of the tested concentrations (156 ng/mL to
10 μg/mL) as shown in Figure 3B.

Figure 3. (A) Representation of the zebrafish Nile red fat metabolism assay. Strong fluorescence signal
is present in zebrafish larvae from the solvent control around the yolk sac and stomach/intestine.
Compounds 1 and 2 decreased the Nile red staining, in contrast to chlorophyll a and b. (B) Quantification
of lipid-reducing activity in the zebrafish Nile red fat metabolism assay after exposure over 48 h.
Solvent control was 0.1% dimethyl sulfoxide (DMSO) and positive control was 50 μM resveratrol (REV).
Values are expressed as mean fluorescence intensity (MFI) relative to the DMSO group and are derived
from six to eight individual larvae per treatment group. The data are represented as box-whisker plots
from the fifth to 95th percentiles. Asterisks highlight significant altered fluorescence intensities that
indicate changes of neutral lipid level (**** p < 0.0001; *** p < 0.001; ** p < 0.01; * p < 0.05).
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2.4. Confirmation of Lipid-Reducing Activity in Differentiated 3T3-L1 Spheroids, and Analysis of Lipolysis

The lipid-reducing activity of 1 and 2 was evaluated in 3T3-L1 spheroids, obtained after a seven-day
differentiation period (Figure S16). A significant reduction of lipid accumulation was observed following
48 h of exposure to 1 at 7.5, 15, and 30 μg/mL, and to 2 at 30 μg/mL (Figure 4A). The concentrations were
chosen based on the EC50 values of compound 1 and 2 in the zebrafish fat metabolism assay. The uptake
of this lipids was blocked without affecting cell differentiation, since the impairment of lipid accumulation
did not occur in spheroids at the beginning of adipogenesis. No significant reduction of viability of
spheroids was observed for exposure to 1 and 2 at 7.5 to 30 μg/mL. Lipases hydrolyze triglycerides into
glycerol and free fatty acids making the latter available for cell incorporation [26]. By analysis of the
free glycerol content, we observed that compounds 1 and 2 did not induce lipolysis on spheroids of
differentiated adipocytes.

Figure 4. Quantification of lipid content (Nile red) and viability (calcein AM) in differentiated 3T3-L1
spheroids after exposure to 1 and 2 over 48 h. (A) Results of quantification of fluorescence by CellProfiler
software (mean ± SD). (B) Representative images from fluorescence microscopy. Statistical differences to
the solvent control were analyzed by one-way ANOVA, followed by a Dunnett’s multiple comparison
post-test (*** p<0.001, ** p< 0.01, * p< 0.05). (C) Quantification of free glycerol on the medium where 3T3-L1
organoids were exposed to 1 and 2 over 48 h. Data represent means ± SD. No significant alterations on free
glycerol content in the medium were observed. Kolmogorov–Smirnov test was used to test normality of
the data, followed by a Dunnett’s multiple comparison post-test (*** p <0.001, ** p < 0.01, * p < 0.05).
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2.5. qPCR Indicates PPARγ for 1

In order to study the effects of 1 in lipid metabolism at the transcriptional level, the messenger
RNA (mRNA) expression of fasn, mtp, pparγ, and sirt1 was analyzed in pools of zebrafish larvae, which
were exposed to 1 at the EC50 concentration for 48h. PparγmRNA was increased two-fold in response
to exposure, while the other genes did not show any significant alteration of their mRNA expression
level (Figure 5).

Figure 5. Analysis of messenger RNA (mRNA) expression of fasn, mtp, pparγ, and sirt1 after exposure
to 1 at the half maximal effective concentration (EC50) for 48 h. Data are presented as box-whisker plots
(5–95%) from n = 8 replicates, consisting of each replicate from a pool of 10 zebrafish larvae. Significant
differences are presented as asterisks, * p < 0.05.

2.6. Quantification in Different Source Material of 1

To understand whether metabolite 1 could be found in biomass suitable for human consumption,
the presence of the compound was analyzed by LC-ESI-MS in methanolic extyracts derived from
various algae- and plant-based materials. When compared to the strain producing 1, i.e., Cyanobium sp.
LEGE 07175 (100%), Spirulina sp. biomass contained a slightly higher amount of 1 (120.4%), while
lower values were observed for Chlorella vulgaris (18.0%), spinach (14.7%), and cabbage (33.0%), as
shown in Figure 6.
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Figure 6. Comparative quantification of 1 in different materials. (A) Quantification data are shown as
percentage relative to the producing strain of 1. Samples were prepared at 1 mg/mL in MeOH (100%).
(B) LC-ESI-MS analysis of the selected samples showing the presence of 1 in all selected materials,
compared to the standard (compound 1) retention time. The peaks selected for analysis had a mass
range of m/z 887.5593–887.5793 and the following retention times: Compound 1, 29.67 min; LEGE
07175, 30.27 min; Spirulina sp., 29.41 min; Chlorella vulgaris, 29.54 min; spinach, 29.42 min; and cabbage,
28.97 min.

3. Discussion

Chlorophylls are among the most abundant biological molecules on earth, essential for
photosynthesis and ubiquitous in photoautotrophic organisms including cyanobacteria. Chlorophylls
are porphyrins, which comprise closed and completely conjugated rings, also referred to as tetrapyrroles.
The structure of chlorophyll a, the most widely distributed chlorophyll in nature, features a chelated
magnesium atom in the center of tetrapyrrole macrocycle, a characteristic isocyclic fifth ring (ring
E) conjoined with ring C, a vinyl group at carbon-3, a ketone at carbon-131, a carbomethoxy group
at carbon-132, and a propionic acid moiety at carbon-17 esterified with phytol [27–30]. Numerous
structural alterations occur naturally for chlorophyll a, for example, the formation of magnesium-free
pheophorbides and pheophytins, as well as metallo-chlorophyll derivatives. Pheophytin a and
pheophorbide a possess some biological properties beneficial for human health including antioxidant
properties [31], anti-inflammatory activity [31,32], anti-mutagenic activity [33], cytotoxic effects on
cancer cells [34], antiviral activity against hepatitis C virus [35], antimicrobial activity [36], and
induction of neuro-differentiation [37]. Regarding metabolic diseases, pheophytin a and pheophorbide
a isolated from Laminaria japonica inhibited the formation of AGE (advanced glycation end-products)
(half maximal inhibitory concentration (IC50) 228.71 μM and 49.43 μM, respectively) and of aldose
reductase activity (IC50 >100 μM and 12.31 μM, respectively) [38]. Reduction of lipid content in
differentiated murine 3T3-L1 preadipocytes was shown for a pheophytin (a and b)-rich extract of a
plant at 100 μg/mL [39].

However, for the herein presented chlorophyll derivative 1, only a few bioactivities are known.
For example, 132(S)-hydroxy-pheophytin a (compound 1) was shown to have some cytotoxicity
(9.9–24.8 μM) on different cancer cells [40]. An anti-proliferative effect on LNCaP cells (prostate cancer)
was shown for 1 with an IC50 of 20 μM [41]. A methanolic extract from a red alga containing 1 as
a minor component amongst seven other compounds (major peaks were unidentified compounds)
showed anti-inflammatory activity in vitro at 10 μg/mL [42]. Here, we observed for the first time the
lipid-reducing activity of 1 and of the novel compound 2 in the zebrafish Nile red fat metabolism
assay. Both effectively reduced the fluorescent staining of neutral lipids with EC50 concentrations
of 8.9 and 15.5 μM, respectively. Interestingly, neither chlorophyll a nor chlorophyll b showed any
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activity in that same assay, which highlights the importance of the structural differences found in
compounds 1 and 2 for the observed lipid-reducing activity. The zebrafish Nile red fat metabolism assay
belongs to the category of small whole animal assays, which have a higher physiological relevance
compared to the traditionally used cell assays. Zebrafish larvae were shown to react with known
lipid modulator drugs in a similar manner as humans [18]. The zebrafish Nile red fat metabolism
assay was already successfully used to identify structurally modified polyphenolic compounds with
lipid-reducing activity with EC50 values of 0.07–1.67 μM [43], as well as anthraquinone compounds
from a marine fungus with EC50 values of 0.17–0.95 μM [44]. In comparison to such studies, chlorophyll
derivatives 1 and 2 showed lower potency (micromolar range). However, chlorophyll molecules are
ubiquitous to photoautotrophic organisms, and may be easy to purify from sources with GRAS status
(generally regarded as safe) for human consumption. Here, we quantified the more potent compound
1 by LC–MS/MS in various sources (Spirulina, Chlorella, cabbage, and spinach) in comparison to our
cyanobacterial strain. Compound 1 is produced in a higher quantity in Spirulina, but is also present in
lower quantity in cabbage, spinach, or Chlorella. This result is in line with a study that showed that,
amongst chlorophylls, the hydroxy-pheophytins are present in low quantity in different microalgae
species [45].

The differentiation of murine 3T3-L1 preadipocytes is one of the most used bioassays to identify
compounds that interfere with adipogenesis or that act on differentiated adipocytes. In a comparative
study utilizing 3T3-L1 adipocytes, zebrafish staining of neutral lipids and the diet-induced obese mice,
an effect of chrysophanic acid was detected consistently in all three model systems [46]. Here, we
intended to confirm the lipid-reducing activity of 1 and 2 observed for zebrafish larvae in another model
system and selected 3T3-L1 preadipocytes. Since 3D cell culture systems present a physiologically
relevant alternative to monolayer cell culture, we analyzed the possibility to grow multicellular
spheroids (MCS) with 3T3-L1 cells and to induce their differentiation. A similar approach was chosen
for immortalized preadipocytes, as well as primary cells from the stromal vascular fractions isolated
from adipose tissue from human and mice [47]. Previously, spheroids of 3T3-L1 cells were formed
by surface coatings of ELP-PEI (elastin-like polypeptide conjugated to polyethyleneimine), and such
spheroids showed higher TG (triglycerides) content and uptake of FA (fatty acids) compared to
monolayer cells [48]. The lipid-reducing activity of 1 and 2 was confirmed in MCS from 3T3-L1, as well
as the higher potency of 1 that was chosen for the following analyses regarding its molecular mode of
action. Toxicity and malformations were evaluated in the same zebrafish whole small animal assay,
and, for both 1 and 2, no general toxicity or malformations were observed. Accordingly, exposure of
MCS of differentiated 3T3-L1 did not show any significant viability reduction for both compounds.

In order to get initial insights into the mechanism of action of 1, lipolysis was analyzed in the MCS of
differentiated 3T3-L1 cells, but such activity was not confirmed. The qPCR analysis of some target genes
in zebrafish showed a two-fold induction of pparγ in response to 1. Peroxisome proliferator activated
receptors are involved in the regulation of lipid and carbohydrate metabolism, and PPARγ plays a key
role in adipocyte differentiation, lipid storage, and lipogenesis [49]. The yolk cells in zebrafish were
shown to process lipids during development, and the exposure of zebrafish with a PPARγ antagonist
changed the composition of the lipid profile of 5DPF larvae with increasing/decreasing effects on
different lipid species, mainly phospholipids [50]. Studies in mice and clinical trials of PPARγ agonists
as thiazolidinediones showed that PPARγ had a role on the distribution of body fat [51]. As a response
to TZD (thiazolidinedione) treatment, the metabolically more harmful adipose tissue (the visceral
adipose tissue) decreased, while subcutaneous adipose tissue increased, which in part explained the
beneficial effects of TZD. Hypothetically, the observed pparγ induction in zebrafish in response to 1

may be responsible, to some degree, for the regulation of lipid distribution or alteration of lipid profiles,
but our data are not conclusive in this regard. Future studies are needed to identify the mechanism of
action of 1.

Recent studies indicated the existence of absorption and metabolization of oxidized chlorophyll
derivatives in both in vitro and in vivo models, establishing a good indication for the future success
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of compound 1 as a nutraceutical. On the one hand, Chen and Roca demonstrated that oxidized
derivatives have a preferential absorption in Caco-2 human intestinal cells (heterogeneous human
epithelial colorectal adenocarcinoma cells) over phytylated and other chlorophylls [52]. On the other
hand, Vieira et al. highlighted that derivatives with phytyl chains are available for absorption from
dietary sources and accumulate to be further metabolized in mice liver [53].

4. Materials and Methods

4.1. General Experimental Procedures

One- and two-dimensional (1D and 2D) NMR spectra were acquired with a 400-MHz Bruker
Avance III (Bruker, Karlsruhe, Germany) for samples in DMSO-d6 and with a 600-MHz Bruker Avance
III HD frequency for samples in CDCl3 and DMSO-d6 (deuterated dimethyl sulfoxide). Both chemical
shifts (1H and 13C) are expressed in δ (ppm), referenced to the solvent used, and the proton coupling
constants J are given in hertz (Hz). Spectra were assigned using appropriate COSY, HSQC, HMBC,
TOCSY, and ROESY sequences.

LC-ESI-HRMS analysis was performed on an UltiMate 3000 HPLC (Thermo Fisher Scientific,
Waltham, MA, USA) using an ACE Ultracore 2.5 SuperC18 (ACE, United Kingdom), 75 × 2.1 mm
inner diameter (id) and the column oven was set to 40 ◦C. The samples were eluted at 0.35 mL/min
over a gradient of 99.5% solvent A (95% H2O, 5% MeOH, 0.1% v/v HCOOH) to reach 10% solvent B
(95% isopropanol, 5% MeOH, 0.1% v/v HCOOH) for 0.5 min, followed by an increase to 60% solvent B
for 8 min and by another increase to 90% for 1 min, maintaining those isocratic conditions for over
6 min and returning to the initial conditions for over 1.5 min, before equilibrating for a final 2 min.
Analyses were done on a Q Exactive Focus Hybrid Quadrupole Orbitrap Mass Spectrometer (Thermo
Fisher Scientific) in the negative and positive ion mode (switching) and controlled by Xcalibur 4.1.
The capillary voltage of the heated electrospray ionization (HESI) was set to 3.8 kV. The capillary
temperature was 300 ◦C. The sheath gas and auxiliary gas flow rates were at 35 and 10 (arbitrary units
as provided by the software settings).

LC-ESI-HRMS/MS analysis was performed using the same equipment and conditions mentioned
previously but with the following gradient: 99.5% solvent A to reach 10% solvent B for 0.5 min, followed
by an increase to 60% solvent B for 8 min and by another increase to 90% for 1 min, maintaining those
isocratic conditions for over 9 min and returning to the initial conditions for 2 min, before equilibrating
for a final 2 min. The UV absorbance of the eluate was monitored at 254 nm, 410 nm, and 665 nm and a
full MS scan at the resolution of 70,000 FWHM (full width at half maximum; range of 150–2000 m/z),
and data-dependent MS2 (ddMS2, Discovery mode) at the resolution of 17,500 FWHM (isolation
window used was 3.0 amu and normalized collision energy was 35).

Reverse-phase HPLC data were obtained with a Waters Alliance e2695 instrument coupled with
a PDA (photodiode array) detector (Mildford, MA, USA) for compound 2 and a Waters 1525 binary
pump, coupled to a Waters 2487 detector (monitored wavelengths: 230 and 254 nm) for compound 1.
The software Empower 2 was used for data interpretation.

Precoated silica gel plates (Merck, KGaA, 60 F-254, 0.5 mm) were used for preparative TLC with
visualization under UV light (λ 254 nm).

The phase contrast and red fluorescence images of zebrafish bioassays were obtained with a Leica
DM6000B microscope.

4.2. Cyanobacterial Growth, Extraction and Fractionation

Initial screening assays led to the selection of two cyanobacterial strains, Cyanobium sp. LEGE
07175 and Nodosilinea sp. LEGE 06001 isolated from the Portuguese coast [11] and maintained in the
LEGEcc in CIIMAR, Matosinhos, Portugal. Strains were cultured in Z8 medium supplemented with
marine tropical salt (25 g/L), at 25 ◦C, with a photoperiod of 14 h/10 h light and dark, respectively,
and at a light intensity of 10–30 μmol photons·m−2·s−1. Cyanobium sp. LEGE 07175 cultures were
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grown in 20-L flasks with constant aeration and, at the exponential phase, cells were harvested through
centrifugation, before being frozen and freeze-dried. For the Nodosilinea sp. LEGE 06001 strain,
available freeze-dried biomass was used, which followed the same growth conditions. The biomass
of LEGE 07175 (13 g) and LEGE 06001 (56.5 g) was extracted by repeated percolation with a warm
mixture of CH2Cl2/MeOH (2:1, v/v), yielding a crude extract of 1.9 g and 8.74 g, respectively. Both
crude extracts were fractionated by normal-phase (Si gel 60, 0.015–0.040 mm, Merck KGaA, Darmstadt,
Germany) VLC (vacuum liquid chromatography) with an increasing polarity grade, from 90% n-hex to
100% EtOAc and 100% MeOH [12], giving a total of nine fractions each.

4.3. Compound 1 Isolation and Structure Elucidation

VLC fractions E and F (3:2 and 4:1 EtOAc/n-Hex, v/v; ethyl acetate/hexane) showed a lipid-reducing
activity with the zebrafish assay; thus, they were pooled and further sub-fractionated by gravity column
chromatography using Si gel 60 (0.040–0.063 mm, Merck KGaA, Darmstadt, Germany) as a stationary
phase and a gradient of increasing polarity from 1:3 EtOAc/n-hex (v/v) to MeOH producing 12 fractions.
The sub-fractions E4 to E6, eluted in 1:3 to 2:3 EtOAc/n-hex (v/v) demonstrated the previous bioactivity,
so they were joined. Then, a SPE (solid-phase extraction) separation was performed, using an Si 5g
cartridge (Strata SI-1, Phenomenex) and a gradient of 3:2 EtOAc/n-hex (v/v) to MeOH, yielding 14
fractions. Sub-fractions E4E and E4F eluted in 3:2 EtOAc/n-hex (v/v) demonstrated bioactivity and,
thus, were submitted to HPLC using a Synergi 4u Fusion (250 × 10 mm 80 Å RP, Phenomenex, Torrance,
California, USA) column and using a linear gradient from 7:3 MeCN (aq; acetonitrile) to MeCN for
30 min, before being maintained for 30 min at MeCN (3 mL/min flow). Compound 1 was isolated
as the major component at 60 min RT (real-time), yielding 17 mg of pure compound. It was then
subjected to LRMS analysis, with a chromatographic column Luna-C18 (250 mm × 4.6 mm, 5 μm, 100 Å,
Phenomenex). Samples were eluted at 0.8 mL/min with a gradient starting with 80% H2O/MeCN and
passing to 100% MeCN in 20 min before maintaining in isocratic conditions for 10 min and returning to
the initial conditions for 3 min, followed by 5 min of stabilizing. The monoisotopic mass value 887.33 m/z
appeared to be the major compound. Through a search of this mass, a hit was found, corresponding to
132-hydroxy-pheophytin a. Then, 1D and 2D NMR analysis, together with HR-ESI-MS and MS/MS
analysis, was performed to confirm the hit (Figures S1–S7, Supplementary Materials).

132-hydroxy-pheophytin a (1): green dark powder, HR-ESI-MS m/z 887.5697 [M +H] +, m/z 909.5493
[M +Na] +, C55H74N4O6. HR-ESI-MS/MS m/z 869.5542 [M − OH] +, m/z 609.2696 [M − phytol] +, m/z
591.2602 [M − OH − phytol]+. 13C NMR (101 MHz, DMSO-d6) δ 192.53 (C-131), 172.88 (C-173), 172.46
(C-133), 168.67 (C-19), 160.59 (C-14), 156.19 (C-16), 153.93 (C-1), 151.07 (C-6), 147.35 (C-3), 147.29 (C-11),
146.71 (C-13), 145.42 (C-9), 143.79 (C-8), 141.79 (C-P3), 138.47 (C-4), 135.18 (C-2), 133.78 (C-7), 130.34
(C-31), 128.08 (C-12), 120.01 (C-32), 118.05 (C-P2), 109.61 (C-15), 106.97 (C-10), 99.65 (C-5), 93.24 (C-20),
89.88 (C-132), 60.40 (C-P1), 52.19 (C-134), 48.81 (C-17), 48.66 (C-18), 36.65-23.65 (C-P4-P14), 29.93 (C-171),
29.90 (C-172), 22.76 (C-181), 22.54 (C-P151), 22.45 (C-P16), 19.58 (C-P71), 19.50 (C-P111), 18.88 (C-81)
17.72 (C-82), 15.84 (C-P31), 12.53 (C-121), 12.25 (C-21), 10.87 (C-71) ppm.

1H NMR (400 MHz, DMSO-d6) δ 9.70 (1H, s, H-10), 9.35 (1H, s, H-5), 8.53 (1H, s, H-20), 8.14 (1H, dd, J =
17.7, 11.5 Hz, H-31), 7.24 (1H, s, H-132-OH), 6.23 (1H, dd, J = 17.8, 1.8 Hz, H-32E), 6.02 (1H, dd, J = 11.6,
1.7 Hz, H-32Z), 5.06 (1H, m, H-P2), 4.53 (1H, m, H-17), 4.47 (1H, m, H-18), 4.37 (2H, d, J = 7.1 Hz, H-P1),
3.79 (2H, q, J = 7.6 Hz, H-81), 3.61 (3H, s, H-121), 3.50 (3H, s, H-134), 3.30 (3H, s, H-21), 3.27 (1H, s,
H-71), 2.68–1.75 (H-P4-P14), 2.3–1.8 (H-171-H-172), 1.68 (3H, t, J = 7.6 Hz, H-82), 1.55 (3H, d, J = 7.2 Hz,
H-181), 0.82 (6H, d, J = 6.6 Hz, H-P151, H-P16), 0.77 (3H, d, J = 6.6 Hz, H-P71), 0.72 (3H, d, J = 6.6 Hz,
H-P111) ppm.

4.4. Compound 2 Isolation and Structure Elucidation

Fraction E (35.27 mg), resulting from the VLC separation and eluted with n-hex/EtOAc (2:3, v/v),
had the most interesting activity in the zebrafish bioassay, and was, thus, further fractionated over
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prepacked normal-phase SPE SiO2 cartridges (55 μm, 70 Å, 2 g, Phenomenex) using CH2Cl2/MeOH
(from 1:0 to 0:1, v/v), resulting in seven sub-fractions (E1 to E7). Subsequently, sub-fraction E4 eluted
with a mixture of CH2Cl2/MeOH (1:0 and 99:1, v/v) had the desirable bioactivity level. This sub-fraction
was subjected to another round of SPE chromatography using n-hex/CH2Cl2 (from 7:3 to 0:1, v/v) and
CH2Cl2/MeOH (from 1:0 to 0:1, v/v), to provide an additional six sub-fractions (E4A to E4F). The active
fraction E4C was submitted to further fractionation through reverse-phase HPLC using a Luna-C18
column (250 mm × 10 mm, 10 μm, 100 Å, Phenomenex, Torrance, CA, USA). The elution was done
with a mixture of MeCN/CH2Cl2 (1:1, v/v) in a flow of 3 mL/min for 25 min with a continuously
polar gradient MeCN/CH2Cl2 (from 3:2 to 1:1, v/v). This separation afforded three sub-fractions and,
according to the result of zebrafish bioassay, fraction E4C11 was further purified by preparative TLC
using precoated silica gel plates with a mixture of MeOH/CH2Cl2 (0:1, v/v). The final purification
yielded 0.3 mg of compound 2.

132-hydroxy-pheofarnesin a (2): brownish green amorphous solid, HR-ESI-MS m/z 817.4522 [M +H]+,
calculated for C50H64N4O6 (816.4825), HR-ESI-MS/MS m/z 840.4339 [M +H +Na]+, 609.2697 [M + 2H –
farnesyl]+, 591.2604 [M − OH − farnesyl]+, 13C and 1H NMR (600 MHz, CDCl3) data (see Table 1); for
NMR and ESI-MS spectra, see Figures S8–S15 (Supplementary Materials).

4.5. Determination of 132-hydroxy-pheophytin a by LC–MS

For quantification and confirmation of 1, HRMS and HRMS/MS data of the extracts were acquired
on an Accela HPLC fitted with a Synergi C18 column (4 μm, 80 A, 4.6 mm id × 250 mm, Phenomenex,
Torrance, CA, USA), coupled to an Accela PDA detector, Accela autosampler, and Accela 600 pump,
and to an LTQ OrbitrapTM XL hybrid spectrometer, controlled by LTQ Tune Plus 2.5.5 and Xcalibur 2.1
(Thermo Scientific). Firstly, 20 μL of each sample was injected and samples were eluted over a gradient
of 10% solvent H2O (0.1% v/v HCOOH) to reach 100% solvent MeCN (0.1% HCOOH) for 20 min at
a flow rate of 0.8 mL/min. The wavelengths were 235, 285, and 650 nm. The LTQ spectrometer was
operated in positive ion mode, and the capillary voltage of the electrospray ionization source (ESI) was
set to 3.1 kV. The capillary temperature was 300 ◦C. The sheath gas and auxiliary gas flow rates were at
40 and 10 (arbitrary unit as provided by the software settings). The capillary voltage was 36 V and the
tube lens voltage was 85 V. MS data handling software (Xcalibur 2.1.0 QualBrowser software, Thermo
Fischer Scientific) was used.

Five different samples were used to assess the production of 1: Cyanobium sp. LEGE07175
was obtained from the LEGEcc (as previously described); Spirulina sp. and Chlorella Vulgaris were
commercially available; leaves of spinach and cabbage were bought from local supermarkets.

Approximately 1.0 g of powder from each sample was dissolved in 70 mL of MeOH (100%) by
stirring for 2h twice at room temperature [54]. The supernatants were collected and dried by a rotatory
evaporator to obtain crude extracts. Each extract was then prepared at a concentration of 1 mg/mL for
LC–MS, and 0.2 mg/mL for MS/MS in MeOH (100%). A standard of 1 at 16 μg/mL (MeOH 100%) was
also prepared for comparison with the samples prior to publication.

Xcalibur 2.1.0 software was used to search for 1 using a reference value interval of 887.50–888.50 m/z.
The PDA chromatogram was analyzed at a wavelength of 428 nm, as it was the maximum of absorption
of 1. Additionally, this software was used to confirm the presence of 1 in the five different samples
through comparison of the mass fragmentation pattern (Figure S17, Supplementary Materials).

4.6. Zebrafish Nile Red Fat Metabolism Assay

The lipid-reducing activity of compounds was analyzed with the zebrafish Nile red assay as
previously described [43,44]. An approval by an ethics committee was not necessary for the presented
work, since chosen procedures are not considered animal experimentation according to the EC Directive
86/609/EEC for animal experiments. In brief, zebrafish embryos were raised from one DPF (days post
fertilization) in egg water (60 μg/mL marine sea salt dissolved in distilled H2O) with 200 μM PTU
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(1-phenyl-2-thiourea) to inhibit pigmentation. From three DPF to five DPF, zebrafish larvae were
exposed to cyanobacterial fractions at a final concentration of 10 μg/mL with daily renewal of water
and fractions in a 48-well plate with a density of 6–8 larvae/well (n = 6–8). A solvent control (0.1%
DMSO) and positive control (REV, resveratrol, final concentration 50 μM) were included in the assay.
Neutral lipids were stained with Nile red overnight at the final concentration of 10 ng/mL. For imaging,
the larvae were anesthetized with tricaine (MS-222, 0.03%) for 5 min and fluorescence analyzed with a
fluorescence microscope (Olympus, BX-41, Hamburg, Germany). Fluorescence intensity was quantified
in individual zebrafish larvae by ImageJ (http://rsb.info.nih.gov/ij/index.html). EC50 values of purified
compounds and of chlorophyll a (chl a) and b (chl b) analytical standards (Sigma-Aldrich) were
determined by dose–response curves in further assays by using a dilution series from 156 ng/mL to
10 μg/mL in seven dilution steps.

4.7. Differentiated Murine Preadipocytes Grown as Spheroids

Murine preadipocytes 3T3-L1 cell line (ATCC, USA) at 50,000 cells/mL were seeded in an Ultra-Low
attachment 96-well plate in Dulbecco’s modified Eagle medium (DMEM, Invitrogen, Carlsbad, CA)
supplemented with 10% fetal bovine serum (FBS), 1% penicillin/streptomycin, and 0.1% amphothericin
B, and kept under 37 ◦C at 5% CO2 for five days. Differentiation was then induced on the newly formed
spheroids of 3T3-L1 with DMEM supplemented with 10 μg/mL insulin (Sigma-Aldrich, St. Louis, USA),
250 nM dexamethasone (Sigma-Aldrich, St. Louis, MO, USA), and 500 μM isobutylmethylxanthine
(Sigma-Aldrich) for three days. The differentiation medium was changed to a maintenance medium
containing only insulin (10 μg/mL) on DMEM culture medium, for five days. Spheroids were then
exposed to 1 and 2 at three different concentrations, 30 μg/mL, 15 μg/mL, and 7.5 μg/mL, over 48 h
in two independent assays with six replicates each (n = 6). After exposure, spheroids were stained
with Calcein AM (Life Technologies, Carlsbad, CA, USA ) 3 μM and Nile red 4 μM (Sigma-Aldrich,
St. Louis, USA) for 1h, and then fluorescence was quantified in an Olympus BX41 coupled with
an Olympus DP47 camera, and images were analyzed with Cell Profiller software [55] followed by
statistical analysis.

4.8. Lipolysis

Lipolysis was evaluated by quantifying the free glycerol content present in 50 μL of the medium
where 3T3-L1 organoids were exposed to 1 and 2 over 48 h. Then, 80 μL of free glycerol reagent
was added (Sigma-Aldrich, St. Louis, USA), and the mixture was incubated at 37 ◦C for 5 min.
Absorbance was recorded at 540 nm. A calibration curve with glycerol standard (0.052 mg/mL) and
blank (deionized water) was performed in order to calculate glycerol content (mg/mL) according to the
following equation:

(A sample − A blank)/(A standard − A blank) × standard concentration. (1)

4.9. Real-Time PCR

Zebrafish larvae were exposed to 1 and 2 at EC50 concentration and to a solvent control group
(DMSO 0.1%) for 48 h between 3DPF and 5DPF as described above. Eight biological replicates
consisting of a pool of 10 zebrafish larvae each were sampled per group. The protocol for RNA
extraction, quantification, and further processing for real-time PCR analysis followed the one described
in Reference [43]. Target gene expression (fatty-acid synthase (FASN), sirtuin 1 (SIRT1), peroxisome
proliferator activated receptor gamma (PPARγ), microsomal triglyceride transfer protein (MTP) was
normalized to the combination of reference genes (beta-2 microglobulin, B2M/ elongation factor 1-alpha,
EF1A). A multiple reference gene approach was chosen for normalization of mRNA expression in
order to avoid quantification bias [56]. Real-time PCR was performed using the iQ5 real-time PCR
machine (Bio-Rad) and samples were run as described in Reference [57].
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4.10. Statistics

The data from bioactivity quantifications and mRNA expression are represented as box-whisker
plots with values in 5–95 percentiles. The Gaussian distribution was tested by a Kolmogorov–Smirnov
normality test (p value< 0.05), and homogeneity of variance was determined by Bartlett’s test. One-way
ANOVA followed by Dunnett post hoc test (parametric distribution) and Kruskal–Wallis followed by
Dunn’s post hoc test (non-parametric distribution) were used to compare the solvent control group
(DMSO) and the fractions. Statistically significant differences were considered with p-values <0.05.

The data from dose–response curves were used to determine EC50 values for bioactivity level.
Mean intensity fluorescence data were normalized to the mean values of the solvent control (100%)
and to mean values of the 50 μM resveratrol positive control (0%), and concentrations of the compound
were log-transformed. A non-linear regression was applied with a variable slope and least square
fitting to obtain the dose–response curves.

5. Conclusions

A known and a novel chlorophyll derivative were discovered from marine cyanobacteria with
significant lipid-reducing activities in the zebrafish Nile red fat metabolism assay and in MCS of
differentiated 3T3-L1 adipocytes. The more potent compound 1 is produced in large quantities in
Spirulina, which has the GRAS status for human consumption. Lipolysis is not involved in the
lipid-reducing activity, but pparγmRNA expression was altered. Regarding its biological properties
and sources for production, 1 could be developed as a nutraceutical with lipid reduction activity in
the future.
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Abstract: Low-fat diets, lipid-modifying nutraceuticals and a higher level of physical activity are
often recommended to reduce dyslipidemia. A double-blind, randomized, crossover, controlled trial
was designed to evaluate the independent and synergistic effects of Arthrospira (Spirulina) maxima
supplementation (4.5 g·day−1) with or without performing a physical exercise program (PEP: aerobic
exercise (3 days·week−1) + high-intensity interval training (2 days·week−1)) on blood lipids and BMI
of 52 sedentary men with excess body weight. During six weeks, all participants were assigned
to four intervention treatments (Spirulina maxima with PEP (SE), placebo with PEP (Ex), Spirulina
maxima without PEP (Sm), placebo without PEP (C; control)) and plasma lipids were evaluated
spectrophotometrically pre- vs. post intervention in stratified subgroups (overweight, obese and
dyslipidemic subjects). Pre/post comparisons showed significant reductions in all plasma lipids in
the SE group, particularly in those with dyslipidemia (p ≤ 0.043). Comparing the final vs. the initial
values, BMI, total cholesterol, triglycerides and low-density lipoprotein cholesterol were decreased.
High-density lipoprotein cholesterol increased in all treatment groups compared to C. Changes were
observed mostly in SE interventions, particularly in dyslipidemic subjects (p < 0.05). Spirulina maxima
supplementation enhances the hypolipidemic effect of a systematic PEP in men with excess body
weight and dyslipidemia.

Keywords: Arthrospira maxima; dyslipidemia; physical exercise; obesity; double-blind; randomized
controlled trial

1. Introduction

Dyslipidemia is an abnormal clinical condition characterized by the altered level of one or
more plasma lipids, including but not restricted to total (TC), low-density lipoprotein (LDL-C) and
high-density lipoprotein (HDL-C) cholesterol and triglycerides (TG). Dyslipidemias often increase
concomitantly with body mass index (BMI) and central adiposity, increasing the risk for metabolic
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Mar. Drugs 2019, 17, 270

syndrome and cardiovascular diseases (CVD) [1]; its pathophysiology is multifactorial but excess of
body weight and sedentarism are two of the most important factors [2]. Effective control measures to
stop the pandemic obesity-dyslipidemia consortium are a priority for health systems worldwide [3].

Lifestyle changes aimed to reduce people’s sedentarism and the promotion of healthy eating
patterns have been widely used to prevent and even treat obesity and dyslipidemias [4,5]. However,
moderate physical activity alone is not effective to lose weight or body fat [6] but systematic exercise
programs based in high-intensity protocols reduces CVD risk and dyslipidemia [7]. A heart-healthy
diet aimed to reduce the intake of saturated/ trans fatty acids and cholesterol, due to their unfavorable
metabolic fate, must include functional foods (e.g., plant and marine proteins) and nutraceuticals
(e.g., n-3 fatty acids, phytosterols and polyphenols) [8,9]. Arthrospira maxima, commercially known
as Spirulina maxima (S. maxima), is a cyanobacteria used as a nutritional supplement due to its high
content of protein, essential fatty acids, vitamins, polyphenols, carotenoids and phycocyanins [10]
with cardio-protective and antioxidant activity. In this regard, Moura et al. [11] reported that
Spirulina supplementation decreases circulating LDL-C levels more effectively than aerobic training in
diabetic Wistar rats while Spirulina intake and aerobic physical exercise resulted in even better effects.
Mazzola et al. [12] demonstrated that Spirulina and physical reduces plasma TG levels in Wistar rats
Kata et al. [13] reported reduced levels of TC, TG and LDL-C in hypercholesterolemic rabbits. However,
these studies were conducted in animal models and therefore their results cannot be extrapolated to
humans, and clinical studies conducted in humans are still very scarce [14].

This study aimed to assess the independent and synergistic effect of S. maxima supplementation
(4.5 g·day−1) and the practice of systematic physical exercise on plasma lipid levels in young subjects
with overweight, obesity or defined dyslipidemia. We hypothesize that S. maxima intake with or
without a systematic physical exercise program will decrease the BMI while improving plasma lipids
in male patients with overweight and obesity.

2. Results

Fifty-two male young (26 ± 5 years) subjects with excess weight (BMI ≥ 25 kg·m−2) were enrolled
in the study (Table 1).

Table 1. Baseline characteristics of participants.

Total Overweight Obese

n 52 27 25
Age (years) 26 ± 5 26 ± 4 27 ± 6

Body weight (kg) 90 ± 13 81 ± 8 100 ± 12
Height (m) 1.72 ± 0.1 1.72 ± 0.1 1.73 ± 0.1

BMI (kg·m−2) 30.2 ± 4 27.4 ± 1.2 33.3 ± 3.8
Energy intake (kcal·day−1) 2054 ± 104 1977 ± 139 2054 ± 151

Total cholesterol (mg·dL−1) * 196 ± 36 177 ± 28 218 ± 30
Triglycerides (mg·dL−1) 142 ± 41 136 ± 35 150 ± 46

LDL-C (mg·dL−1) * 134 ± 36 115 ± 27 158 ± 31
HDL-C (mg·dL−1) 34 ± 9.6 35.3 ± 8.2 32.5 ± 10.9

Data are expressed as mean ± SD. Asterisk (*) means statistical differences comparing overweight and obese
individuals (p < 0.05); n: Sample size, BMI: body mass index, LDL-C: low-density lipoprotein-cholesterol, HDL-C:
high-density lipoprotein-cholesterol.

Baseline characteristics of subjects at day 0 and 56 (wash-out period) did not show differences
(p < 0.05; see Supplementary File S3). Of all the participants, 52 and 48% were overweight and
obese, respectively, while dyslipidemic subjects were distributed as follow: High TC (7 overweight,
8 obese), high TG (11 overweight, 16 obese), high LDL-C (17 overweight, 21 obese) and low HDL-C
(17 overweight, 18 obese).
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2.1. Diet

The daily energy intake after the six weeks of supplementation showed no statistical differences
(p < 0.05) for dietary variables at the beginning (2054 ± 104 kcal·day−1) compared with those at the end
of the study (2146 ± 98 kcal·day−1). No adverse effects of dietary or S. maxima supplementation were
reported during the study.

2.2. Intra Group Comparisons (Pre vs. Post) on the Blood Lipid Profile

After 42 days of treatment, there was an improvement (p < 0.05) between basal (pre) and final
(post) levels of TC, LDL-C and HDL-C in the SE intervention, and by Ex only in LDC-C considering all
participants (overweight + obesity, Table 2a). Analysing dyslipidemic participants only, SE presented
an improvement for all analysed parameters of blood lipids (p < 0.05), Ex on TC, LDL-C and HDL-C,
and Sm on TC, TG and HDL-C (Table 2b).

Table 2. Effect of treatments on the blood lipid profile within the total and dyslipidemic participants.

Blood lipid
2a (Overweight and obese subjects)

C SE Ex Sm

TC

Basal 190±31 196±35 197±38 201±39
Final 186±31 163±33 177±36 183±37

p value (n) 0.619 (12) 0.001 (14) * 0.053 (14) 0.103 (12)

TG

Basal 131±31 157±47 139±44 141±37
Final 125±32 135±37 124±42 127±34

p value (n) 0.517 (12) 0.070 (14) 0.212 (14) 0.176 (12)

LDL-C

Basal 131±32 128±36 137±38 138±37
Final 127±30 93±34 115±36 117±38

p value (n) 0.680 (12) 0.001 (14) * 0.046 (14) * 0.062 (12)

HDL-C

Basal 35±12 34±9 31±9 35±10
Final 37±8 42±10 36±9 40±11

p value (n) 0.655 (12) 0.005 (14) * 0.059 (14) 0.071 (12)

Blood lipid
2b (Dyslipidemic subjects)

C SE Ex Sm

TC

Basal 219±16 226±22 232±23 233±21
Final 213±18 189±20 208±28 212±23

p value (n) 0.412 (6) 0.000 (7) * 0.025 (6) * 0.029 (6) *

TG

Basal 160±6 184±40 180±25 167±11
Final 153±12 156±29 164±21 148±19

p value (n) 0.156 (6) 0.043 (7) * 0.096 (7) 0.004 (7) *

LDL-C

Basal 140±29 141±29 148±33 148±33
Final 135±27 101±34 124±33 128±32

p value (n) 0.650 (9) 0.001 (10) * 0.030 (10) * 0.060 (9)

HDL-C

Basal 28±8 30±6 28±6 29±6
Final 31±5 40±10 33±6 35±10

p value (n) 0.172 (7) 0.001 (10) * 0.019 (10) * 0.040 (8) *

Data are expressed as mg·dL−1 and mean ± SD. Asterisk (*) means statistical differences between basal and
final blood lipid concentration (p < 0.05). SE: Spirulina and exercise; Ex: Exercise and placebo; Sm: Spirulina
without exercise; C: Control (Placebo without exercise); TC: total cholesterol, TG: Triglycerides; LDL-C: low density
lipoprotein-cholesterol, HDL-C: high density lipoprotein-cholesterol; n: Sample size.
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2.3. Inter-Group Comparisons of the Blood Lipid Profile

To achieve an objective comparison of the effects of each intervention, absolute changes were
calculated (Δ change = Post − Pre values) for TC and TG (Figure 1; mg·dL−1), LDL-C and HDL-C
(Figure 2; mg·dL−1) and BMI (Figure 3; kg·m−2). As compared to C (placebo+no exercise), important
reductions in plasma TC levels (Δ change, mg.dL−1 [upper; lower quartile]) were observed in
overweight (−24 [−43; −17], −17 [−22; −8]) obese (−34 [−44; −24], −23 [−34; −13]) and dyslipidemic
(−34 [−43; −29], −25 [−35; −14]) subjects enrolled in SE and Ex. Also, a mild yet significant (p < 0.05)
reduction in TC level was observed in obese subjects in the Sm treatment (−24 [−34; −18]) and TG level
in overweight (−26 [−36; −17]) subjects enrolled in the SE treatment.

Figure 1. Changes (Δ) in total cholesterol and triglycerides by treatments. SE: Spirulina and exercise; Ex:
Exercise and placebo; Sm: Spirulina without exercise; C: Control (Placebo without exercise); TC: Total
cholesterol; TG: Triglycerides. Data presented as box and whisker plots of the median (horizontal
line), upper and lower quartiles (box) maximum and minimum (error bars). Different letters indicate
statistical difference between treatments (p < 0.05), Kruskal-Wallis Test with Dunn’s post-hoc for all
panels of changes in TC and for changes in TG of overweight and dyslipidemic, ANOVA test for
changes in TG of obese subjects.

As compared to C, the LDL-C plasma level (Δ change; mg·dL−1; [upper; lower quartile] Figure 2)
in SE, Ex and Sm was lower in overweight (SE (−26 [−49; −19]) > Ex (−19 [−26; −13]) and Sm
(−19 [−24; −12])), obese (SE (−33 [−63; −20]) > Ex (−30 [−40; −17]) > Sm (−21 [−31; −17])), and
dyslipidemic (SE (−37 [−55; −26]) > Ex (−25 [−30; −16]) > Sm (−19 [−24; −16])) subgroups (p < 0.05).
On the other hand, HDL−C levels (Δ change, mg·dL−1 [upper; lower quartile]) only improved in
overweight (+7, [4; 11]) and dyslipidemic (+8, [4; 13]) subjects from the SE treatment.
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Figure 2. Changes (Δ) in lipoproteins levels by treatments. SE: Spirulina and exercise; Ex: Exercise and
placebo; Sm: Spirulina without exercise; C: Control (Placebo without exercise); LDL-C: Low-density
lipoprotein-cholesterol; HDL-C: High-density lipoprotein-cholesterol. Data presented as box and
whisker plots of the median (horizontal line), upper and lower quartiles (box) maximum and minimum
(error bars). Different letters indicate statistical difference between treatments (p < 0.05), Kruskal-Wallis
Test with Dunn’s post-hoc for all panels of changes in LDL-C and for changes in HDL-C of overweight
and dyslipidemic, ANOVA test for changes in HDL-C of obese subjects.

2.4. Inter-Group Comparisons on the Body Mass Index

BMI reduction (Δ change, kg·m−2; [upper; lower quartile]; Figure 3) was only observed in
overweight (−0.6 [−1.2; −0.60]; −0.4 [−0.7; −0.3]) and dyslipidemic (−0.7 [−1.3; −0.4]; −0.4 [−0.7; −0.3])
subjects enrolled in SE and Sm treatments. Such reductions in BMI directly correlated with TC (r = 0.49;
p < 0.01), TG (r = 0.22; p < 0.05), and LDL-C (r = 0.42; p < 0.01).

Figure 3. Changes (Δ) in body mass index by treatments. SE: Spirulina and exercise; Ex: Exercise
and placebo; Sm: Spirulina without exercise; C: Control (Placebo without exercise); BMI: Body mass
index. Data presented as box and whisker plots of the median (horizontal line), upper and lower
quartiles (box) maximum and minimum (error bars). Different letters indicate statistical difference
between treatments (p < 0.05), Kruskal-Wallis test with Dunn’s post-hoc for changes in BMI of obese
and dyslipidemic, ANOVA test for changes in BMI of overweight subjects.

3. Discussion

The excess of body weight is highly associated with dyslipidemias [15]; the world health care
systems yearly boost new initiatives to prevent and treat these and other CVD risks [16]. This study
provides unique evidence on the synergistic effects of S. maxima supplementation (4.5 g·day−1) and a
systematic exercise program on improving blood lipid levels in overweight, obese and dyslipidemic
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subjects by using a double-blind, randomized, crossover trial design. It is noteworthy that very few
studies have been focused on Spirulina supplementation on dyslipidemia. However, even without being
part of the hypothesis, the main finding of this study was the improvement on blood lipids concentration
of dyslipidemic men by six weeks of treatment with S. maxima supplementation (4.5 g·day−1) and/or
systematic physical exercise practice.

There is no information in the literature about clinical trials using Spirulina together with
aerobic exercise or high-intensity interval training. Only a few studies have focused on Spirulina
supplementation effects against dyslipidemia and CVD risk factors. Mani et al. [17] studied the effect
of Spirulina supplementation (2 g·day−1) during two months on the serum lipid profile of 15 patients
affected by type II diabetes mellitus (T2DM), resulting in a significant reduction of TG, TC, LDL-C, and
free fatty acid in blood concentrations. By means of a better-structured trial, Lee et al. [18] studied the
effect of Spirulina supplementation (8 g·day−1) during 12 weeks in 37 patients with T2DM, reporting a
significant reduction in TG levels after the intervention.

Many of the beneficial effects of Spirulina are attributed to its nutritional content, but its action
mechanisms are poorly understood [19]. Our findings corroborate previous investigations in animal
models. Some authors suggest that a possible component responsible of the S. maxima hypolipidemic
effect is C-phycocyanin protein, which improves the blood lipid profile. Iwata et al. [20] studied
the effect of a diet containing Spirulina compared to a high fructose diet in rats; they reported a
decrease in TG concentration after the intervention, and attribute the possible action mechanism to the
lipoprotein lipase activity in the lipoprotein metabolism. Other authors suggest that C-phycocyanin
increases endogenous enzymes activity, scavenging free radicals [21], and downregulates cofactors
in fat metabolism like adenine dinucleotide phosphate [22]. Nagaoka et al. [23] attribute Spirulina
hypolipidemic effects to the fact that dietary supplementation with the cyanobacteria seems to have
decreased the intestinal assimilation of cholesterol, probably because Spirulina compounds bind to bile
acids in the jejunum, affecting the micellar solubility of cholesterol before suppressing the cholesterol
absorption. These biological processes might explain the underlying mechanisms of S. maxima involved
in the significant improvement on TC, TG, and lipoprotein-associated cholesterol found in this research,
but appropriate clinical trials are needed to elucidate this.

Recent studies focus mainly on controlling serum LDL-C concentrations because this lipid is the
primary carrier of cholesterol in the blood (60–80% of TC), and when this lipoprotein is decreased, blood
TC is also decreased [24]. Although drugs exist against dyslipidemia, they are associated with adverse
effects like mild serum creatine kinase level elevations and skeletal muscle complaints, including
rhabdomyolysis and myopathy [25], reasons why different alternative treatments are investigated.
The main treatment of dyslipidemia is an adequate dietary therapy, including nutraceuticals or
functional foods [26], but it is essential to consider all possible factors that trigger this disease, like a
sedentary lifestyle.

Actual research focused on physical activity has found that the benefits of aerobic exercise are due
to changes in the physical structure of blood-carrier cholesterol proteins, resulting in an improvement
of lipid levels [27]. Specifically, systematic exercise increases the activity of lipoprotein lipase that
hydrolyzes blood TG, then it acts on lipoprotein particles through the capillaries, releasing free fatty
acids that may be taken up by skeletal muscle [28]. Nikolaidis et al. [29] suggest that this degradation
of endogenous lipids causes a shrinkage of lipoprotein particles, inducing the transference of lipids
between very low-density lipoprotein and the HDL-C.

Tan et al. [30], in a randomized trial, studied the effect of 10 weeks of supervised aerobic exercise
(five days per week, one hour per day) in 30 overweight women, resulting in a decrease in body weight,
BMI, body fat, and an improvement in the blood lipid profile. Cugusi et al. [31], in an observational
study, reported the effect of 12 weeks of an exercise program (50 min a day, 3 days a week) in 18 men
affected by type II diabetes mellitus; they report a reduction of TC, TG, and LDL-C. These studies
and others [32] support the conclusion that aerobic exercise reduces that blood lipid levels mostly
when there exists a decrease in body weight. We previously reported [33] a positive effect of physical
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exercise and S. maxima supplementation on the reduction of body weight and body fat. Type II diabetes
mellitus, sedentarism, dyslipidemia, and overweight are all related, a reason why a beneficial effect for
any of them can be related to the other ones [34].

The greater synergistic effect of S. maxima and systematic physical exercise observed in the
obesity group compared with the overweight one was not only due to their elevated BMI and to their
dyslipidemia problem. The fact that the participants with obesity that achieved a reduction in BMI
showed a difference only in SE compared with control group is not surprising, given that in obesity
there exists a lower activity of oxidative enzymes, resulting in an elevated intramuscular lipid content,
mostly TG [35]. For that reason, the capacity of obese subjects to use TG-derived fatty acids and
circulating LDL-C as fuel during physical activity resulted in a higher lipid oxidation, which can be
corroborated with the higher decrease of the blood lipid profile and the BMI in obesity [36].

The individual differences were wide-ranging due to different factors, like genetics [37] or gut
microbiota [38]; consequently, it is essential to clarify that our treatment could not be sufficient for
reducing cardiovascular risks, but trials of long duration or in different kind of populations can be
conducted, measuring not only the blood lipids, but specific markers like creatine kinase, glucose or
enzymatic activity to understand better the action mechanism of exercise and/or S. maxima intake.

The strong points of the present study were: no missing data, no participants dropped out during
the trial, and the double-blind randomized protocol. The beneficial results suggest a synergistic effect
of systematic physical exercise and S. maxima, resulting in an improvement of the blood lipid profile.
Limitations of the study were that only sedentary overweight and obese men were selected, so the
results may not be the same in other populations.

4. Materials and Methods

Spirulina maxima was obtained commercially from Alimentos Esenciales para la Humanidad
S.A. de C.V. (Mexico City, México) in January 2017, and its chemical/functional characterization and
biosafety were evaluated before being used in this clinical trial [33].

4.1. Ethics

The CONSORT checklist (Supplementary File S1) and flow diagram (Supplementary File S2) are
available as Supplementary Materials. All participants were informed of the study purpose, physical,
clinical and biochemical procedures. Their acceptance was formalized through informed consent, and their
anonymity and confidentiality were strictly enforced. The clinical procedures were previously described at
ClinicalTrials.gov with trial registration number NCT02837666 (Hypolipidemic and Antioxidant Capacity
of Spirulina and Exercise Registered 19 July 2016 https://clinicaltrials.gov/ct2/show/NCT02837666?cond=
Hypolipidemic+and+Antioxidant+Capacity+of+Spirulina+and+Exercise&rank=1). A detailed protocol
for this trial has been published previously [39]. This clinical trial was carried out in accordance with the
declaration of Helsinki and was approved by Universidad Autónoma de Ciudad Juárez (UACJ) Review
Board: (Reference number: CBE.ICB/062.09-15).

4.2. Participants’ Eligibility

Fifty-two sedentary male adults with a BMI over 25 kg·m−2 (27 overweight and 25 obese)
volunteered to participate from May to September 2017. For the recruitment of participants,
an intra-school campaign and personalized interviews were conducted to ensure eligibility.
The exclusion criteria of subjects were these: drinking more than 100 mL of alcohol a week, taking
drugs and/or diet supplements, presenting chronic disease, and having an impediment to practicing
regular physical exercise. The elimination criteria were attendance by the subject of < 80% to the
physical exercise sessions. No participants dropped out of the study.
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4.3. Baseline Measurements

Initially, each participant visited the exercise physiology laboratory at UACJ with a fasting of
8–10 h before the baseline evaluations. BMI measurements were performed with subjects lightly
dressed and barefoot, using an electronic balance (SECA 876, Hamburg, Germany) and the standing
height was measured with a stadiometer (SECA 206, Hamburg, Germany). Participants’ blood sample
was taken by an expert clinician from the antecubital vein.

4.4. Study Design

The clinical trial consisted of S. maxima (4.5 g·day−1) or placebo (4.5 g·day−1 of a low-calorie
saccharine powder) supplementation (both supplements were encapsulated in dark capsules to
present the same organoleptic characteristics) during 12 weeks in a randomized, double-blind,
placebo-controlled, and counterbalanced crossover trial in a 2 × 2 factorial design.

To avoid study desertion, eligible participants (N = 52) decided whether or not to participate in
the systematic physical exercise program (where they stayed during the two treatments of the clinical
trial). Then, they were randomly allocated to one of two possible supplementation interventions
(S. maxima or placebo) divided in four treatments, including physical exercise program with S. maxima
(SE) supplementation, physical exercise with placebo (Ex) supplementation, S. maxima supplementation
without physical exercise program (Sm), or placebo supplementation without physical exercise program
(C). The crossover was conducted for the supplementation interventions and to assess compliance to
the supplement intake. Participants returned each week to the laboratory to receive new capsules and
all treatment intake data were recorded on weekly case report forms.

The initial allocation was performed in such way that each group had almost the same proportion
of overweight: obese (1:1) individuals using a computer-generated random schedule, stratified by a
permuted block design because stratification in small trials confers an adequate balance and slightly
more statistical power and precision [40]. Participants’ group allocations were performed by an
independent researcher, who did not have any other participation during the study (double-blind).
The sample size was determined by using the statistical program G*Power [41], selecting a sample of
>52 subjects, with α = 0.05 and power = 0.85.

The first period of treatment was carried out for six weeks, followed by a two-week wash-out
period to avoid any possible delayed effect of S. maxima in the organism, and, finally, a further six
weeks of treatment for the second intervention groups (Figure 4). Due to the lack of information in
the literature, the durations for both the wash-out period (2 weeks) and treatment period (6 weeks)
were considered long enough according to a systematic review of clinical trials that used Spirulina as
treatment [42].
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Figure 4. Experimental design for the independent and synergistic effect of Spirulina maxima and
exercise. The same color means the same group of participants.

4.5. Blood Sample Collection and Biochemical Analysis

Four blood samples were collected during the clinical trial, first on day 0, second on the final of
first treatment (day 42), third after the washout period (day 56), and fourth at the end of the second
treatment (day 96). Blood samples (8 mL) were collected from the antecubital vein into ethylene
diamine tetra acetic acid (EDTA) tubes after 8–10 h of fasting. Plasma from blood samples was obtained
by refrigerated centrifugation (4 ◦C) at 3,000 g for 20 min. Plasma lipid profile (TC, HDL-C, and TG)
concentrations were analyzed by using standard enzymatic procedures (Spinreact, Girona, Spain) with
a microplate spectrophotometer (Epoch, Biotek, VT, USA) at 505 nm, and LDL-C was calculated with
Friedewald’s formula [43]. Abnormal cutoffs for TC, TG, LDL-C and HDL-C were >200, >150, >100,
and <40 mg·dL−1, respectively.

4.6. Dietary Analysis

All participants were subjected to a nutritional survey to define the daily calories required to
establish dietary recommendations. Dietary intake was monitored by two trained nutritionists using
three 24 h dietary recalls (semi-quantitative method), on days 0, 42, 56, and 98, and two food frequency
questionnaires (qualitative method), on days 0 and 98, according to Nelson’s guidelines [44], in order
to ensure the independence of both dietary assessment tools. Dietary records were first inspected for
missing data (e.g., missing food items or no complete responses) by a nutritionist and then analyzed
for total calories, protein, carbohydrate, and fat intake (Diet Analysis Plus, ESHA Research, Salem,
OR, USA). Lastly, compliance with the intake of supplements (S. maxima or placebo) and diet was
monitored weekly by scheduled laboratory visits and carried out by trained nutritionists.
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4.7. Systematic Physical Exercise Protocol

Exercise prescription was individual and accorded with the American College of Sports Medicine
(ACSM) recommendations for people with overweight and obesity [45]. Participants in SE and Ex
exercised for five days a week. The protocol began with a warm-up exercise (5–10 min), followed by
muscular endurance exercise (20–30 min), then 20–30 min of cardiovascular exercise (walking, jogging,
running, or cycling), and finally, five minutes of stretching. The intensity of cardiovascular exercise
was administered as follows: For three of the five days, the intensity was between 50% and 80% of
their heart rate reserve, and for the other two days, the intensity was between 80% and 90% of their
heart rate reserve, using high-intensity interval training.

Muscular endurance exercise consisted of working all muscle groups (arms, legs, chest, back,
and shoulders) once a week, using a medium-resistance repetition protocol divided in four different
exercises for each specific muscle group, doing three sets of 12–16 repetitions [45]. The protocol for the
high-intensity interval training consisted of 5 to 7 sets of 1 min of running at 80–90% heart rate reserve
followed by 3 min of active resting at 50–70% of this heart rate. Heart rate was monitored since it is
closely related to the percent of oxygen uptake reserve, making it easier to verify exercise intensity in
the exercise prescription program [46]. Subjects performed the physical exercise program in the UACJ
gym, always under the technical supervision of a personal trainer.

4.8. Main Physiological Outcomes

The primary outcome of the study was the response of treatments on the TC, TG, LDL-C, and
HDL-C blood levels of dyslipidemic overweight and obese subjects, because high levels of blood lipids
are of the major risk factors of CVD, and health organizations around the world recommend studies
focused on improving these response variables [1].

We included as secondary endpoints the BMI and the blood lipid profile of all the participants
of the study, since excess weight has been associated with CVD, regardless of whether dyslipidemia
occurs [47].

4.9. Statistical Analysis

All analyses were conducted using the software SPSS 22.0 (SPSS Inc., Chicago, IL, USA)
(Supplementary File S3). Data distribution normality was examined by the Shapiro–Wilk test,
and the homoscedasticity by the Levene test, for each group. A p-value of less than 0.05 was considered
statistically significant. In order to analyze statistical differences among treatments and time, univariate
repeated measures ANOVA design with two within-subjects (initial and final values), and four
inter-subjects (treatments) factors was used. In addition, initial and final values were compared using
paired t-tests. When the variables had a normal distribution (p > 0.05) and variances between groups
were the same, the Δ was analyzed by one-way ANOVA and Tukey Post-hoc test, but when the
variables did not have a normal distribution (p < 0.05) and variances between groups were different,
the Δ was analyzed by Kruskal-Wallis H and Dunn’s Post-hoc test with Bonferroni adjustment for
multiple comparisons. To evaluate the associations among variables, a Spearman correlation was
performed. Data are presented as the mean ± standard deviation (SD) and, when specified, as the
median with lower and upper quartiles.

5. Conclusions

According to the results, Spirulina maxima supplementation enhances the effect of a short-term
systematic physical exercise program on BMI and blood lipid profile observed in overweight and obese
men, but mostly in individuals with dyslipidemia.

Supplementary Materials: The following are available online at http://www.mdpi.com/1660-3397/17/5/270/s1,
Supplementary File S1: CONSORT 2010 Checklist of information to include when reporting a randomized
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trial, Supplementary File S2: CONSORT 2010 Flow Diagram of the progress through the phases of the trial.
Supplementary File S3: Statistical analysis.
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Abstract: Obesity is a complex disease resulting in several metabolic co-morbidities and is increasing
at epidemic rates. The marine environment is an interesting resource of novel compounds and in
particular cyanobacteria are well known for their capacity to produce novel secondary metabolites.
In this work, we explored the potential of cyanobacteria for the production of compounds with
relevant activities towards metabolic diseases using a blend of target-based, phenotypic and zebrafish
assays as whole small animal models. A total of 46 cyanobacterial strains were grown and biomass
fractionated, yielding in total 263 fractions. Bioactivities related to metabolic function were tested
in different in vitro and in vivo models. Studying adipogenic and thermogenic gene expression in
brown adipocytes, lipid metabolism and glucose uptake in hepatocytes, as well as lipid metabolism in
zebrafish larvae, we identified 66 (25%) active fractions. This together with metabolite profiling and
the evaluation of toxicity allowed the identification of 18 (7%) fractions with promising bioactivity
towards different aspects of metabolic disease. Among those, we identified several known compounds,
such as eryloside T, leptosin F, pheophorbide A, phaeophytin A, chlorophyll A, present as minor
peaks. Those compounds were previously not described to have bioactivities in metabolic regulation,
and both known or unknown compounds could be responsible for such effects. In summary, we find
that cyanobacteria hold a huge repertoire of molecules with specific bioactivities towards metabolic
diseases, which needs to be explored in the future.

Keywords: anti-obesity drugs; metabolite profiling; zebrafish Nile red fat metabolism assay;
uncoupling protein 1; bioactivity screening; diabetes; fatty liver disease; cyanobacteria

1. Introduction

The worldwide prevalence of obesity as a modern and imminent health hazard is clear and very
well documented [1]. If the current growth rates are maintained, 38% of the global adult population
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will be overweight and 28% obese by 2030 [2]. Obesity is defined by a body mass index (BMI) greater
than 30, and associated with complex co-morbidities such as type 2 diabetes, cardiovascular disease
and several types of cancer [3–6]. Exercise and healthy nutrition show only limited effects on weight
loss and patients tend to get back to or exceed the original weight after only a few years. Furthermore,
many anti-obesity drugs have adverse side-effects. One example is Sibutramine, which was withdrawn
in 2010 due to cardiovascular events and strokes [7]. In contrast, bariatric surgery is by far the most
effective treatment for obesity, however it has significant risk for complications and only a fraction of
obese patients is eligible for these operations.

Therefore, new sources of anti-obesity drugs and therapies are urgently needed. A current strategy
seems to return to basic natural product drug discovery [8]. Natural products are mostly secondary
metabolites from macro- and microorganisms that evolved through time to target specific molecules.
The potential of most natural products is still underexplored, in particular in marine environments,
and may represent a promising source of new anti-obesity agents, as already reported in a few studies
using marine cyanobacteria or marine sponge-associated fungi [9,10].

Cyanobacteria are a group of gram-negative prokaryotes widespread in the planet with numerous
biosynthetic routes that lead to structural diverse and biologically active secondary metabolites [11].
The Interdisciplinary Centre of Marine and Environmental Research (CIIMAR) hosts a cyanobacterial
culture collection (LEGE-cc) with approx. 400 strains mainly collected in freshwater, estuarine and marine
environments [12]. A small part of this chemical diversity was already explored for the identification of
anti-cancer activities [13]; however, the anti-obesity potential has not been analyzed before.

The aim of this work was to identify cyanobacterial strains with the potential to produce promising
secondary metabolites that have strong bioactivities towards obesity or obesity-related co-morbidities.
The screening focused on obesity and obesity-related bioactivities using cellular models in vitro and
physiologically relevant whole small animal models in vivo. Effects on lipid homeostasis were analyzed
in zebrafish, while effects on glucose and lipid metabolism were studied in human HepG2 cells and
complemented by analysis of compound activity towards adipocyte differentiation and thermogenic
gene expression in murine brown adipocytes. Metabolite profiling and toxicity studies further narrowed
the selection to the most promising 18 (7%) fractions. Produced metabolites were categorized into
known or unknown compounds by data base searches.

2. Results

2.1. Lipid Reducing Activity in Zebrafish Larvae

The library of cyanobacterial fractions was screened for lipid reducing activity using the zebrafish
Nile red fat metabolism assay. From the 263 analyzed fractions, 17 (6.5%) reduced the mean fluorescence
intensity (MFI) >50%, while 29 (11%) diminished the MFI >30% (Figure 1A,B). The most promising
fractions belong to 15 different cyanobacterial strains (12, 23, 130, 131, 141, 144, 161, 180, 187, 193, 196,
226, 232, 250, 256, 259, 262), with the majority from marine ecosystems (73%).

2.2. Anti-Steatosis Activity in HepG2 Cells

HepG2 cells were fed with 62 μM sodium oleate in order to induce the formation of lipid droplets.
Fat overloading works similarly in primary hepatocytes and HepG2 cells and is an established in vitro
model for hepatic steatosis [14]. Reduction of lipids was quantified after 6 h exposure to oleate and
individual cyanobacterial fractions. Oleate exposure increased HepG2 lipid content compared to cells
cultured in regular cell culture medium (Figure 1C,D). Among the 263 analyzed fractions, 50 (19%)
reduced lipid content (mean fluorescence intensity of Nile red; MFI >30%), and 32 (12.2%) reduced the
MFI >50%. Taking into account the toxicity of some fractions, as detailed below, the most promising
fractions (58, 77, 89, 90, 101, 102, 107, 108, 109, 177, 178, 192, 199, 202, 220, 231, 232) were derived from
11 cyanobacterial strains and 54.4% belong to marine ecosystems.
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2.3. Effects on Brown Adipocyte Differentiation and Thermogenic Gene Expression

Uncoupling protein-1 (UCP-1) is a brown adipocyte specific gene, which uncouples the
mitochondrial respiratory chain to produce heat instead of ATP. Thus, expression of UCP-1 is an
indicator for the thermogenic capacity of brown adipocytes and for distinguishing energy storing white
from energy dissipating brown adipocytes. However, gene expression analysis is just an indicator of the
functional protein, and hence, future confirmation is necessary. Assessment of UCP-1 gene expression
upon treatment with 10 μg mL−1 of each individual cyanobacterial fraction during differentiation
revealed significantly increased expression after exposure to fractions 168, 228, 229 and 232 (Figure 2A).
The cyanobacterial fractions were tested on their effect on brown adipocyte differentiation, as monitored
by expression of the key adipogenic transcription factor PPARγ. As shown in Figure 2B, the fractions
139, 141, 142, 155 and 232 significantly increased PPARγ expression, when cells were treated with the
individual fractions during the eight-day time course of differentiation.

Correlation analysis of UCP-1/PPARγ expression revealed that 168, 232, 228 and 229 increased
both UCP-1 and PPARγ expression. The fractions 139, 142, 143 and 155 resulted in overexpression of
PPARγ, but low levels UCP-1 expression. The fractions 18, 37, 80 and 46 reduced both UCP-1 and
PPARγ expression. However, reduction on both markers could also indicate toxicity and loss of cells
(Figure 2C).

Bright-field images of fully differentiated brown adipocytes at day 8 of differentiation that were
treated with cyanobacterial fractions during differentiation are shown in Supplementary Figure S13.
Differences in brown adipocyte morphology were observed upon treatment with the fractions. We
noticed that the adipocytes treated with fractions that showed an increased expression of UCP1 and
PPARγ (fractions 228, 168, 229 and 232) appeared elongated compared to the adipocytes treated with
fractions that reduced marker gene expression (fractions 18, 37, 46 and 80). None of the tested fractions
induced obvious signs of toxicity resulting in cell loss.

2.4. Glucose Uptake in HepG2 Cells

The library of cyanobacterial fractions was screened for activity on glucose uptake using
2-(N-(7-Nitrobenz-2-oxa-1,3-diazol-4-yl)Amino)-2-Deoxyglucose (2-NBDG) in HepG2 cells. From
the 263 analyzed fractions, five (1.9%) increased glucose uptake (MFI) >30%, while only one (0.4%)
increased glucose uptake >50% (Figure 2D). Most promising fractions, characterized by consistent
fluorescence values between replicates and no cytotoxicity, belong to four cyanobacterial strains, two
from marine ecosystems (25 and 130) and two from freshwater ecosystems (48 and 77).

2.5. Toxicity Evaluation

Cytotoxicity was accessed in HepG2 cells following the glucose uptake assay using an MTT
assay. Seven fractions revealed cytotoxicity higher than 30% (6, 7, 15, 32, 34, 119 and 149) and only
one fraction revealed cytotoxicity greater than 50% (229). The remaining fractions did not show any
cytotoxicity (Figure 2E). To determine the effect of cyanobacterial fractions on the viability of HepG2
cells, the sulforhodamine B (SrB) assay was performed following the anti-steatosis assay. The viability
was reduced more than 30% by 50 of the fractions (19%) (3, 5, 12, 14, 17, 21, 22, 23, 24, 50, 52, 59, 69,
66, 67, 68, 69, 76, 79, 88, 99, 110, 116, 119, 121, 129, 135, 143, 145, 150, 160, 184, 187, 189, 190, 193, 196,
210, 214, 216, 217, 219, 222, 225, 226, 235, 246, 250, 259, 262), while 11 fractions (3.8%) (4, 57, 122, 130,
141, 142, 144, 154, 223, 229, 253) reduced the viability more than 50% (Figure 2F). General toxicity was
evaluated in zebrafish larvae during the assessment of lipid homeostasis. Only one fraction (14) led to
the death of all zebrafish larvae within 48 h of exposure, while the remaining fractions did not show
any toxicity or malformations on the zebrafish larvae at the screening concentration of 10 μg mL−1.
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Figure 1. Bioactivity screening using the zebrafish Nile red fat metabolism assay and the anti-steatosis
assay in HepG2 cells. (A) Data are presented as mean fluorescence intensity (MFI) relative to the solvent
control. Zebrafish at 3 days post fertilization (DPF) were exposed for 48 h to 10 μg mL−1 cyanobacterial
fractions and lipids around the yolk sac and intestine were stained with Nile red. (B) Representative
images of zebrafish larvae (overlay of brightfield picture and red fluorescence channel). Solvent
control, 0.1% dimethyl sulfoxide (DMSO); positive control, 50 μM REV and exposure to fraction
#161 and #180. (C) Data are presented as MFI relative to solvent control (0.5% DMSO + O62 μM).
HepG2 cells were exposed for 6 h to 62 μM sodium oleate (O62 μM) and 10 μg mL−1 cyanobacterial
fractions. Nile red fluorescence stains neutral lipid reservoirs (red) and Hoechst 33342 the nucleus
(blue). (D) Representative images of HepG2 cells (overlay of red and blue fluorescence channel). 0.5%
DMSO + O62 μM; negative control, 0.5% DMSO; exposure to fraction #77 and #232.

2.6. Metabolite Profiling

The untargeted metabolite profiling of cyanobacterial strains was performed with an UPLC-QTOF
MS platform. The different fraction types of cyanobacterial strains (e.g., fractions D) were individually
analyzed. A principal component analysis (PCA) was used as the first step to identify metabolites
from cyanobacterial fractions that substantially differ from the majority of the other metabolite profiles
within the same fraction type. From 263 cyanobacteria fractions, 12 individual PCA´s were studied
(one for each fraction type), as shown in Table 1. This analysis provided a number of markers ranging
from 482 for fractions A to 1228 for fractions G, highlighting the chemical diversity of the fractions.
Each of the markers was a single mass peak, characterized by its specific retention time and accurate
mass. The first principal component (PC1) accounted from 11% to 27% of the total variance and the
second from 9% to 15% for all analyzed fractions. Fraction I had a higher variability, while fractions
E and H had the lowest variability. In the PCA´s, we searched for fractions that cluster differently
compared to the majority of fractions of the same type, which should represent those fractions with the
potential to produce different secondary metabolites. A summary of those fractions is given in Table 1,
while all the corresponding PCA plots are shown in Supplementary Figures S1–S12.
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Figure 2. Analysis of mRNA expression of genes involved in (A) thermogenesis (uncoupling protein-1
(UCP-1)) and (B) adipocyte differentiation (PPARγ) by qPCR in brown adipocytes (n= 3). (C) Correlation
between PPARγ and UCP-1 mRNA expression identifies three different groups (low UCP-1/low PPARγ;
low UCP-1/high PPARγ; high UCP-1/high PPARγ). Values are shown as mean ± SEM. (D) Glucose
uptake assay using 2-(N-(7-Nitrobenz-2-oxa-1,3-diazol-4-yl)Amino)-2-Deoxyglucose (2-NBDG) in
HepG2 cells. Cells were exposed for 2 h to 10 μg mL−1 cyanobacterial fractions. An increase in
fluorescence signal indicates higher uptake of the glucose analog 2-NBDG. Data are shown as mean
fluorescence increase relative to the solvent control, 0.5% DMSO. (E) Cytotoxicity analysis by MTT
from HepG2 cells following the glucose uptake assay. Data are presented relative to the solvent control,
0.5% DMSO. (F) Cytotoxicity of cyanobacterial fractions on HepG2 cells following the anti-steatosis
screening assay. Data are presented in percentage relative to the solvent control (0.5% DMSO) + O62
μM. (G) The fraction 14 was the only to induce general toxicity in the zebrafish assay at 10 μg mL−1

(100% of mortality after 24/48 h of exposure).

As next step, we matched the obtained information regarding the (i) potential to produce different
metabolites with (ii) bioactivity, and (iii) toxicity, in order to narrow the selection of promising fractions.
Two examples are shown in Figure 3. The principal component analysis of the metabolite profiling of E
fractions from all strains (Figure 3A) showed a central cluster with a relatively uniform distribution.
The E fractions of LEGE03283 (#110), LEGE07175 (#130), LEGE07075 (#142) and LEGE06104 (#58) had
a different distribution on the plot, but only the LEGE06104 fraction E (#58) showed anti-steatosis
activity and no cytotoxicity, while the others did not have any anti-steatosis activity. The analysis of its
chromatogram allowed the identification of several possible known compounds, but also contained a
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few peaks of possible unknown compounds with anti-steatosis activities (Supplementary Table S5).
Figure 3B shows the principal component analysis of G fractions. The G fractions of the majority
of the strains appeared together in one big cluster, except for LEGE07211 (#69), LEGE06174 (#122)
and LEGE00246 (#180). From those three fractions, only fraction G of the LEGE00246 strain (#180)
had strong bioactivity in the zebrafish fat metabolism assay and no toxicity. The analysis of the
chromatogram revealed a potential for the isolation of new compounds. (Supplementary Table S3).
From the total of 263 cyanobacterial fractions, a total of 66 (25% of 263 fractions) were identified with
relevant bioactivities. The metabolite profiling and toxicity evaluation allowed the selection of the
most promising 18 fractions (7%), which are summarized in Table 2.

Figure 3. Matching of metabolite profiling with bioactivities for the selection of most promising
cyanobacterial fractions. (A) PCA scores plot of E fractions colored according to anti-steatosis bioassay
in HepG2 cells. Bioactivity is indicated as percentage MFI, mean fluorescence intensity. Strain names
are indicated on the plot (e.g., LEGE07211). (B) PCA scores plot of G fractions colored according
to activity in the zebrafish Nile red fat metabolism assay. The analysis was based on 1002 and 1228
collected markers on fraction E and G, respectively. The fractions were prepared in triplicate, and each
replicate was run in triplicate.
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Table 1. Summary of principal component analysis (PCA) of the metabolite profiling of cyanobacterial
fractions. Each marker was a single mass peak characterized by its specific retention time and accurate
mass. Fractions that cluster differently were identified as those with the potential to produce different
secondary metabolites, in comparison to fractions that clustered together, which were regarded to
produce similar metabolites. IPE, increased polarity extraction; VLC, vacuum liquid chromatography;
PC, principal component.

Fraction/Extract Markers
Variance
PC1 (%)

Variance
PC2 (%)

Fractions with Potential to Produce Different
Metabolites

A (IPE) 485 18 14 201, 216, 225, 228, 234, 240, 243, 249, 255, 258
B (IPE) 1131 19 9 199, 202, 205, 214, 217, 220, 226, 229, 235, 244, 253, 256
C (IPE) 1028 13 13 197, 221, 224, 248, 251, 254, 260

A (VLC) 815 15 11 1, 54, 75, 106
B (VLC) 628 19 11 20, 29, 46, 64, 139
C (VLC) 816 15 14 3, 12, 21, 77, 108
D (VLC) 943 16 10 19, 66, 88, 141
E (VLC) 1002 13 9 23, 40, 58, 67, 110, 130, 142, 160
F (VLC) 914 26 11 80, 121
G (VLC) 1228 26 13 69, 122, 180
H (VLC) 1178 11 10 92, 103, 123, 134, 154, 181
I (VLC) 1105 27 15 83, 164

Table 2. Summary of most promising fractions with relevant bioactivities towards obesity, steatosis,
diabetes or thermal energy release.

Bioactivity Selected Fraction

Zebrafish—Lipid reducing

LEGE07175 H/#134
LEGE00246 G/#180
LEGE07172 A/#240
LEGE07172 C/#242
LEGE07173 B/#256

HepG2—Anti-steatosis

LEGE07084 D/#48
LEGE03283 C/#108
LEGE03283 D/#109
LEGE07167 B/#199
LEGE07160 B/#202
LEGE06134 B/#220

HepG2—Glucose uptake

LEGE06001 G/#25
LEGE06104 E/#58
LEGE07212 C/#77
LEGE07175 E/#130

Brown adipocytes—PPARγ and
UCP-1 inducing activities

LEGE00247 D/#168
LEGE06137 A/#228
LEGE06097 B/#232

The identification of known and unknown compounds for one fraction of each bioactivity is
represented in Figure 4, and the remaining chemical characterizations of promising fractions are
shown in the Supplementary Tables S3–S6. By database searches in MarinLit [15], ChemSpider [16]
and SciFinder [17], several known and unknown metabolites were identified, and the exact masses
of the mass peaks compared to those available in the databases. For example, in Figure 4A, the
search in databases resulted in the identification of eryloside T and a xanthin compound amongst
several unidentified mass peaks in the fraction LEGE07173B with lipid reducing activity in zebrafish.
In Figure 4B, the characterization of mass peaks identified leptosin F and a phaeophytin analogue in
the fraction LEGE07167B with anti-steatosis activity.
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Figure 4. Base peak intensity chromatograms of selected cyanobacterial fractions with a respective
identification of the compounds by database searches in MarinLit, ChemSpider and SciFinder.
(A) Fraction LEGE 07173B (#256) selected based on zebrafish Nile red fat metabolism assay. (B)
Fraction LEGE 07167B (#199), selected based on anti-steatosis bioassay. (C) Fraction LEGE 07172C
(#77) selected based on glucose uptake bioassay. (D) Fraction LEGE 00247D (#168) selected based on
PPARγ/UCP-1 expression levels. More information can be found in Supplementary Tables S3–S6.

3. Discussion

The use of natural products as anti-obesity agents had been discussed in the literature [18,19],
however, research in this field is still underexplored. While the striking potential of marine resources
as producer of unique chemical structures is largely recognized, the exploration is often limited by
the fact that the majority of species are not cultivable, by the lack of sustainable use of resources or
by difficulties in chemical synthesis [20]. Phenotypic screening approaches regained the attention of
many research groups and pharmaceutical companies [21]. These cell-based systems are efficient in
detecting bioactivity of a compound but still poorly predict the in vivo characteristics. Small whole
animal models were proposed to overcome the current limitation of the cell-based phenotypic assays,
by adding a level of complexity to the models and incorporating a rudimentary safety test early in
drug discovery [22]. In our study, we applied a blend of phenotypic cellular assays (lipid lowering and
glucose uptake in HepG2 cells), target-based assays (adipocyte differentiation, and thermogenic gene
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expression) and the zebrafish Nile red fat metabolism assay [23] as a whole small animal model in vivo
for lipid reduction. A total of 15 of the tested cyanobacteria fractions showed the capacity to reduce
neutral lipids in zebrafish larvae in vivo. The characterization of the most promising fractions with
lipid reducing activity led to the identification of the reported compounds eryloside T, pheophorbide
A and phaeophytin A. Those compounds are minor peaks of the analyzed fractions and besides
the literature reports them as bioactive, no obesity-related bioactivity is described. Phaeophyin A
and pheophorbide A are two products of chlorophyll A degradation and were reported as effective
anti-proliferative [24,25] and immunomodulatory [26–28] compounds. Those compounds seem to be
widespread among the analyzed fractions, representing, in many of them, major peaks. Eryloside T,
a minor peak in LEGE07173 B (#256), was previously isolated from the sponge Erylus goffrilleri and
shown to have toxicity against Ehrlich carcinoma cells [29]. Lipid reducing activity of those compounds
was not yet discovered. Other studies described bioactive compounds with lipid reducing potential in
zebrafish larvae. Talaromyces stipitatus, a sponge-associated fungus, produces several anthraquinones
and secalonic acid that show anti-obesity activity in the same animal model [10]. However, future
studies will be necessary to study whether those known compounds or other present, unknown
compounds in the fractions are responsible for the observed bioactivity.

The liver is the main organ responsible for coordination of energy metabolism and lipid conversion.
Non-alcoholic fatty liver disease (NAFLD) commonly appears as a result of excessive body fat gain [30].
As fat overloading works in a similar manner in primary hepatocytes and HepG2 cells, the latter
represents a suitable model of hepatic steatosis [14]. A total of 50 fractions had shown anti-steatosis
potential, however, many were cytotoxic, and finally, 17 fractions were selected with promising lipid
lowering activity. Recent efforts have been made to discover novel molecules for the treatment of
NAFLD. Siphonaxanthin, a marine carotenoid, isolated from green algae such as Codium cylindricum
Holmes, showed a strong in vitro inhibitory effect of hepatic lipogenesis on the HepG2 cell line
suppressing excessive lipid accumulation [31]. Another carotenoid, fucoxanthin, decreased lipid
accumulation in FL83B hepatocytes [32]. Our metabolite profiling approach led to the identification
of leptosin F, pheophorbide A, phaeophytin A and chlorophyll A in the promising fractions with
anti-steatosis activities. Leptosin F, found as a minor peak, is an inhibitor of DNA topoisomerases I
and II, important molecular targets of several potent anticancer agents, and cytotoxic effects in several
tumor cell lines [33]. Chlorophyll A promotes similar activities as its degradation products, namely
anti-proliferative [24,25] and immunomodulatory [26–28] activities. The pigment was, however, found
as a minor peak. Hepatic lipid lowering of these compounds is not known yet.

Hepatic glucose uptake and metabolism are important regulators of glycogen storage and de
novo lipogenesis. To this end, four cyanobacterial fractions increased glucose uptake in HepG2 cells
without any cytotoxicity. The characterization of those fractions identified, once again, chlorophyll A
and its degradation products, as well as several carotenoids and terpenes. Carotenoids and terpenes
are classes of compounds common in those fractions. Carotenoids are referenced for their diverse
bioactivities such as anticancer, anti-inflammatory, cardioprotective, anti-obesity and anti-diabetic
activities [34]. Terpenes are described for its health-related activities, such as cytotoxic, anti-microbial or
anti-angiogenic [35,36]. These classes were, however, found in minority, when compared to unknown
peaks. Similarly to our results, six polyoxygenated steroids, isolated from the marine sponge Clathria
gombawuiensis, demonstrated a moderate increase in 2-NBDG uptake in 3T3-L1 adipocytes [37]. Other
bioassays involving key macromolecules in DTM2 disease are more frequently applied, such as
the activity of the tyrosine phosphatase 1B (PTP1B). PTP1B is a negative regulator of the insulin
signalling pathway and considered a potential target to treat diabetes. Many compounds isolated
from algae, like bromophenols, phlorotannins and sterols have shown strong inhibitory activity [38].
A bisabolane-related metabolite, isolated from the marine sponge Axinyssa sp., showed potent inhibitory
effect of PTP1B [39].

The effect of the cyanobacterial fractions was also tested on brown adipocyte differentiation
and thermogenic gene expression. For this purpose, a clonal brown preadipocyte cell line was used,

147



Mar. Drugs 2019, 17, 280

selected for high differentiation capacity and robust expression of the mitochondrial uncoupling
protein 1 (UCP-1), which mediates heat production through mitochondrial uncoupling. PPARγ is
the key transcription factor promoting adipogenic differentiation and a well-established marker to
assess adipogenesis [40]. UCP-1 gene expression was selected as indicator of thermogenesis (heat
production), however, a confirmation by other methodologies will be necessary in the future to prove
the positive effects on thermogenesis. Four fractions increased UCP-1 mRNA expression, and the
metabolite profiling identified pheophorbide A, phaeophytin A, several terpenes and carotenoids,
already identified in the previous fractions. The pattern seen before remains, and chlorophyll
degradation products represent, in some cases, major peaks, but the other classes are minor. Several
major peaks correspond to unidentified compounds that can represent novel structures. The low
expression levels of UCP-1 and high expression of PPARγ upon treatment with four fractions were
indicative for a shift of the treated cells towards a more energy-storing white adipocyte-like phenotype,
while the reduction in both markers could indicate an inhibitory effect on adipogenesis in general.
The previously mentioned fucoxanthin was described to induce UCP-1 expression in white adipose
tissue [41]. Indeed, rats fed with the marine microalgae Tisochrysis lutea showed increased levels of
both UCP-1 and PPARγ [42].

Metabolite profiling is an excellent tool to identify and select fractions/extracts for lead
identification, as this technique is based on chemical profiling [43]. Due to the high amount of
data acquired during metabolomic studies, statistical and multidimensional analysis are crucial for
data mining and visualization. Principal component analysis (PCA) compares the variance between
different samples. When applied to the cyanobacterial fractions, this technique allowed selecting the
ones with a differentiating factor, representing different metabolites compared to the other samples.
PCA, allied to metabolite profiling, has successfully resulted in the identification of several secondary
metabolites, such as the 3-Alkyl Pyridine Alkaloids found in the sponge Haliclona rosea [44], or in
the isolation of those metabolites, as N-Acyl-Taurine Geodiataurine, isolated from the polar sponge
Geodia macandrewi [45]. In our study, the use of metabolite profiling and toxicity evaluation allowed
to reduce the list of bioactive fractions to a handful of fractions with promising properties. Those
properties have (i) relevant bioactivity towards diverse metabolic function, (ii) no toxicity in vitro
and in vivo, (iii) the potential to produce novel compounds. After careful analysis of the compounds
present in the cyanobacterial fractions, we expect that unknown compounds are causative for the tested
obesity-related bioactivities. Although the activities for the identified compounds have never been
studied in this context, they are only present as minor chromatographic peaks. Chlorophyll A and its
degradation products could, however, be responsible for some of the reported activities. Future work is
necessary in order to identify those compounds and to decipher the underlying molecular mechanism.

4. Materials and Methods

4.1. Growth of Cyanobacteria and Construction of Screening Library

Cyanobacterial strains used in this study were selected from Blue Biotechnology and Ecotoxicology
Culture Collection [12] and are listed in Supplementary Table S1. All cyanobacteria were grown under
a light/dark cycle of 14/10 h at 25 ◦C and a photon irradiance of approximately 30 μmol.m−2 s−1.
Freshwater and estuarine strains were cultured in Z8 medium [46]. Marine strains were cultured in Z8
medium supplemented with 25 g L−1 NaCl and 20 μg L−1 vitamin B12. At the exponential growth
phase, cells were harvested by centrifugation and freeze-dried. Lyophilized biomass was fractionated
to obtain a screening library for the different bioassays. Two different approaches were used: vacuum
liquid chromatography (VLC) fractionation or increasing polarity extraction.

4.1.1. Vacuum Liquid Chromatography Fractionation

Lyophilized biomass was repeatedly extracted by percolation with a warm (<40 ◦C) mixture of
dichloromethane:methanol (CH2Cl2:MeOH, 2:1 v/v) (VWR, Radnor, PA, USA). The resulting crude
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organic extract was separated using VLC with silica gel 60 (0.015–0.040 mm, Merck KGaA, Darmstadt,
Germany) as stationary phase and a step-wise mobile phase gradient from 100% n-hexane (VWR) to
100% ethyl acetate (EtOAc) (VWR) and then to 100% methanol (MeOH) (VWR), yielding 10 fractions [47].

4.1.2. Increasing Polarity Extraction

Lyophilized biomass was sequentially extracted with n-hexane, EtOAc and MeOH, with three
extraction steps for each solvent. Briefly, each solvent was added to the biomass, and placed for 30 s
in the ultrasonic bath, followed by 1 min in the vortex. Centrifugation at 4600 rpm for 15 min was
performed and the supernatant collected. Three fractions were obtained, one for each solvent extraction.
The fractions were dried and resuspended in dimethyl sulfoxide (DMSO) (VWR international, Radnor,
PA, USA) at 10 mg mL−1 and stored at −20 ◦C.

4.2. Zebrafish Nile Red Fat Metabolism Assay

Lipid reducing activity was analyzed by the zebrafish Nile red fat metabolism assay [10,23].
Approval by an ethics committee was not necessary as chosen procedures are not considered animal
experimentation according to the EC Directive 86/609/EEC for animal experiments. In brief, zebrafish
embryos were raised from 1-day post fertilization (DPF) on in egg water (60 μg mL−1 marine sea salt)
with 200 μM 1-phenyl-2-thiourea (PTU) to inhibit pigmentation. From 3 to 5 DPF, zebrafish larvae
were exposed to cyanobacterial fractions at a final concentration of 10 μg mL−1 with daily renewal of
water and fractions in a 48-well plate with a density of 6–8 larvae/well (n = 6–8). A solvent control
(0.1% DMSO) and positive control (REV, resveratrol, 50 μM) were included in the assay. Neutral lipids
were stained with 10 ng mL−1 Nile red overnight. The larvae were anesthetized with tricaine (MS-222,
0.03%) for 5 min before imaging on a fluorescence microscope (Olympus, BX-41, Hamburg, Germany).
Fluorescence intensity was quantified in individual zebrafish larvae by ImageJ [48].

4.3. Cell Culture

HepG2 cells were purchased from American Type Culture Collection (ATCC) (Manassas, VA,
USA) and cultured in Dulbecco Modified Eagle Medium (DMEM) (Gibco, Thermo Fisher Scientific,
Waltham, MA, USA). Cells were grown in DMEM supplemented with 10% (v/v) fetal bovine serum
(Biochrom, Berlin, Germany), 1% penicillin/streptomycin (100 IU mL−1 and 10 mg mL−1, respectively)
(Biochrom) and 0.1% amphotericin (GE Healthcare, Little Chalfont, UK). HepG2 cells were incubated
in a humidified atmosphere with 5% CO2, at 37 ◦C. A clonal cell line was derived from an SV40
large T immortalized brown preadipocytes, derived from the brown adipose tissue of a male C57Bl/6
mouse [49], based on high UCP-1 induction upon differentiation. Brown preadipocyte clones were
cultured in normal growth medium (DMEM + GlutaMAXTM, 4.5 g L−1 d-glucose, pyruvate, 10% Fetal
Bovine Serum (FBS) and 1% penicillin/streptomycin).

4.4. Anti-Steatosis Assay in HepG2 Cells and Sulforhodamine B (SRB) Assay

The anti-steatosis assay was adapted from [50] and [14]. Cells were seeded at 104 cells/well in
96-well plates and adhered overnight. The medium was changed to DMEM supplemented with 62 μM
sodium oleate (Sigma-Aldrich, St. Louis, MO, USA) and fractions were added at 10 μg mL−1. DMSO
and 0.5% MeOH were used as solvent control, 62 μM sodium oleate as a negative control (maximum
lipid accumulation) and resveratrol (REV) (Santa Cruz Biotechnology, Santa Cruz, CA, USA) as a
positive control. After 6 h, cells were stained with 75 ng mL−1 Nile Red (Sigma-Aldrich) and 10 μg
mL−1 Hoechst 33342 (HO-33342) (Sigma Aldrich) in Hanks Buffered Salt Solution (HBSS) (0.137 M
NaCl, 5.4 mM KCl, 0.25 mM Na2HPO4, 0.44 mM KH2PO4, 1.3 mM CaCl2, 1.0 mM MgSO4, 4.2 mM
NaHCO3, glucose free). After incubating at 37 ◦C for 10 min and in the absence of light, cells were
washed twice with HBSS. Fluorescence was read in a Synergy HT Multi-detection microplate reader
(Biotek, Bad Friedrichshall, Germany) at 485/572 nm excitation/emission for Nile red and 360/460 nm
for HO-33342 [51].
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Cytotoxicity of the fractions was tested on HepG2 cell line using the SRB (MP Biomedicals, LLC,
Illkirch-Graffenstaden, France) colorimetric assay. Following the anti-steatosis assay, cells were fixed
for 1 h at 4 ◦C, in the dark, adding 50% (w/v) ice-cold trichloroacetic acid (TCA) (Fisher Scientific,
Loughborough, UK) to the culture medium. Cells were washed four times with deionized water and
the plates air-dried. Then, 0.4% (w/v) SRB in 1% acetic was added to each well for 15 min, followed by
five washes with 1% acetic acid. The plates were again air-dried and 10 mmol L−1, pH 10.5 Tris–HCl
(VWR international, Gen-Apex) was added to each well. Absorbance was read at 492 nm with reference
at 650 nm on a Synergy HT Multi-detection microplate reader (Biotek, Bad Friedrichshall, Germany).

4.5. Glucose Uptake Assay in HepG2 Cells and MTT Assay

To evaluate the potential for diabetes of the library fractions, the uptake of 2-(N-(7-Nitrobenz-2-
oxa-1,3-diazol-4-yl)Amino)-2-Deoxyglucose (2-NBDG) (Life Technologies, Thermo Fischer Scientific)
was measured as described in [52]. Briefly, HepG2 cells were seeded in 96-well plates at a concentration
of 105 cells/well. Then, 24 h after seeding, cells were starved on Hank’s Buffered Salt Solution (HBSS)
for 16 h. Cells were then exposed to the fractions at 10 μg mL−1. Then, 0.5% DMSO was used as
solvent control and Emodin (TargetMol, Boston, Massachusetts, USA) as positive control. After 2 h
of incubation, 100 μM 2-NBDG was added to each well for 1 h. Cells were then washed twice with
ice-cold HBSS and the fluorescence was measured at 485/535 nm (excitation/emission) at Fluoroskan
Ascent CF (MTX Lab Systems, Bradenton, FL, USA).

The MTT assay (3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide) was used to
assess the cytotoxicity of the fractions on the HepG2 cells following the glucose uptake screening. Cells
were exposed to 0.2 mg mL−1 MTT and incubated at 37 ◦C for 2 h. The medium was removed and
100 μL DMSO added to each well. The absorbance was read at 570 nm on Synergy HT Multi-detection
microplate reader.

4.6. Brown Adipocyte Differentiation

Differentiation of brown pre-adipocytes was induced by adding DMEM containing 10% FBS,
1% penicillin and streptomycin, 500 μM IBMX, 5 μM dexamethasone, 125 μM indomethacin, 1 nM
Triiodothyronine (T3), 100 nM insulin and 1 μM rosiglitazone. After two days, the induction medium
was replaced by freshly prepared differentiation medium (DMEM containing 10% FBS, 1% penicillin
and streptomycin, 1 nM T3 and 100 nM insulin and until day 4, 1 μM rosiglitazone). The differentiation
medium was changed every other day until the cells were fully differentiated at day 8. To study the
effects of cyanobacterial fractions on brown adipocyte differentiation, preadipocytes were differentiated,
as described above, in the presence of 10 μg mL−1 cyanobacterial fractions from the day 0 until day 6.
Cell cultures were tested regularly negative for mycoplasm. Live cells were imaged with a Keyence
(America Inc.; BZ-9000 BioRevo, Chicago, IL, USA) microscope, using a Nikon Plan- Apochromatic
20x/0.75 objective (Nikon, Japan). Bright field images were captured using ‘Multi-color image capturing
software’ built in the BZ-9000 system.

PPARγ and UCP-1 mRNA Expression by Real-Time PCR

For mRNA expression analyses, RNA from differentiated brown adipocytes was isolated using
the QuickExtractTM RNA extraction kit (Epicentre Biotechnologies, Madison, WI, USA,), following
the manufacturer’s instructions. Synthesis of cDNA was performed in a Thermo Cycler by using the
high-Capacity cDNA reverse transcription kit (Applied Biosystem, Foster City, CA, USA), according to
the manufactures protocol. Real-time PCR with SYBR green was performed using iTaqTM Universal
SYBR® Green Supermix (BIO-RAD, Hercules, CA, USA) in a CFX384 Touch Real-Time PCR Detection
System (BIO-RAD). Relative mRNA expression was calculated after normalization by TATA-binding
protein (Tbp) expression. Primer sequences are listed in the Supplementary Table S2. Differential
expression levels were calculated via the ΔΔCt method [53].
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4.7. Metabolite Profiling

The metabolic profiling of cyanobacterial extracts was performed using a Waters ACQUITY UPLC
system (Waters, Milford, MA, USA), coupled to a Waters Synapt G1 mass spectrometer equipped
with electrospray ionization (ESI) probe (Waters, Wilmslow, UK). The analytical column ACQUITY
UPLC BEH C18 (2.1 × 100 mm, 1.7 μm) (Waters, Milford, MA, USA) was used for separation and
was maintained at 60 ◦C. Mobile phase A was water with 0.1% formic acid and mobile phase B was
acetonitrile with 0.1% formic acid. The flow was maintained at 0.45 mL min−1. A linear gradient was
used from 65% to 100% B during the first 8 min, followed by a column clean up at 100% B for 0.5 min
and reconditioning at the initial conditions for 1.5 min. The total chromatographic run time was 12 min.
The sample manager was maintained at 10 ◦C. The samples were analyzed in positive ionization mode
and the ionization source parameters were kept as follows: capillary voltage 3.5 kV; cone voltage 42 V;
source temperature 125 ◦C; desolvation temperature 450 ◦C, at a flow rate of 700 L h−1 (N2); cone gas
flow rate 50 L h−1. Data acquisition was carried out using MassLynx 4.1 and MarkerLynx XS was
used for peak picking, alignment and identification of markers (Waters, Milford, MA, USA). Markers
between 100 and 1500 Da were collected with an intensity threshold of 100 counts and retention time
and mass windows of 0.10 min and 0.050 Da, respectively. The noise level was set to 5.00. Statistical
analysis of the data was done using EZinfo 3.0 (Sartorius Stedim Biotech, Umea, Sweden) and SIMCA
15 (Sartorius Stedim Biotech).

5. Conclusions

This work demonstrates the potential of marine, estuarine and freshwater species of cyanobacteria,
to produce secondary metabolites with relevant bioactivities towards several metabolic functions.
The combination of screening assays with metabolite profiling and toxicity evaluation allowed the
selection of a few, very promising fractions. Within such fractions, several known and unknown
secondary metabolites were identified, however, major mass peaks corresponded to unknown
compounds. In the future, the compounds responsible for the bioactivities will be isolated and
structures elucidated, before exploring their role for the treatment of metabolic diseases.
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Table S1: List of the cyanobacterial strains used; Table S2: List of the qPCR primers used in the bioactivity
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adipocytes; Tables S3–S6 Identification of the compounds present on each fraction.
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Abstract: The acceleration of the process of understanding the pharmacological application of new
marine bioactive compounds requires identifying the compound protein targets leading the molecular
mechanisms in a living cell. The thermal proteome profiling (TPP) methodology does not fulfill
the requirements for its application to any bioactive compound lacking chemical and functional
characterization. Here, we present a modified method that we called bTPP for bioactive thermal
proteome profiling that guarantees target specificity from a soluble subproteome. We showed that
the precipitation of the microsomal fraction before the thermal shift assay is crucial to accurately
calculate the melting points of the protein targets. As a probe of concept, the protein targets of
132-hydroxy-pheophytin, a compound previously isolated from a marine cyanobacteria for its lipid
reducing activity, were analyzed on the hepatic cell line HepG2. Our improved method identified
9 protein targets out of 2500 proteins, including 3 targets (isocitrate dehydrogenase, aldehyde
dehydrogenase, phosphoserine aminotransferase) that could be related to obesity and diabetes,
as they are involved in the regulation of insulin sensitivity and energy metabolism. This study
demonstrated that the bTPP method can accelerate the field of biodiscovery, revealing protein targets
involved in mechanisms of action (MOA) connected with future applications of bioactive compounds.

Keywords: thermal proteome profiling; mechanisms of action; bioactive compound; label-free
quantitative proteomics; marine biodiscovery

1. Introduction

The identification of protein targets from novel bioactive compounds is one of the biggest
challenges of the field of biodiscovery. The function of those proteins would define the MOA of
any bioactive compound, predicting the mode of action at the cellular level, as well as possible
secondary or harmful effects. Phenotypic screening was the principal strategy for drug and bioactive
compound discovery until the 80s. This methodology has attracted renewed interest in connection
with biodiscovery programs for terrestrial natural sources [1]. As an alternative, targeted screening
had offered enormous success in drug discovery, but requires a preliminary rational approach to
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MOA and an extensive screening of compound libraries against specific purified proteins used as
targets [2]. Therefore, target selection should be restricted to proteins that can be expressed, purified,
and adapted for interaction assays. Those limitations are introducing an intrinsic bias in the research.
Moreover, considering that an average proteomic analysis from an homogenous cell could identify
around 2000 proteins [3], and that over 700 proteins have been estimated to be targeted by current
drugs [4], the traditional targeted screening approach faces difficulties to offer complete responses to
drug–target opportunities.

The target engagement of a bioactive compound in cells and tissue depends on its local
concentration, which is governed by parameters such as absorption, distribution, metabolism and
excretion; and its affinity, which is also regulated by structural factors, including activation state of
the protein target, co-factors, and post-translational modifications [5]. The challenge of evaluating
those parameters in the cellular environment was solved by the development of the cellular thermal
shift assay (CETSA) [6]. The biophysical principle of increase of thermal stability to unfolding of
proteins in complexes compared to individual soluble proteins was the basis of CETSA [7]. The next
step, extending the resolution power of this methodology to any possible protein targets within a cell,
is offered by the TPP method [8]. The TPP method enables the analysis of the thermal stability of a
proteome by applying quantitative mass spectrometry based on isobaric tandem mass tag 10-plex
reagents. The method has been applied to study drug–target interaction [9,10], protein–substrate
interaction in complex samples [11], and protein degradation [12].

The aim of biodiscovery is to understand the MOA of an array of newly discovered chemical
compounds with possible bioactivity, limited structural characterization, and absence of any mechanistic
knowledge. Identifying protein targets capable of interacting with the compound inside the cells
is a huge challenge. In marine biodiscovery, cyanobacteria are recognized as being an interesting
resource for obtaining novel compounds with applications in the field of human health. Cyanobacteria
synthesize a wide variety of bioactive compounds with antimicrobial, antiviral and anticancer activity,
among other things. Most secondary metabolites of cyanobacteria are lipopeptides, amino acids, fatty
acids, macrolides, and amides. Although small compounds of cyanobacterial origin have been revealed
to have activities of interest for application in pharmacology or as nutraceuticals, the strategies for
elucidating MOA are still based on methods with low resolution [13].

In this study, we propose that implementation of the TPP methodology is applicable to novel
bioactive compounds. The key implementation aims to gain in specificity and sensitivity for compound
with limited chemical characterization. It should be considered that the TPP method was targeted
to well-characterized drugs or druggable compounds. As phenotypic screening is the most common
strategy for selecting positive candidates for bioactivity, chemical characterizations are not available at
the early stages. The hydrophilic or hydrophobic nature of a new compound could compromise its
interaction with biological membranes such as microsomes as a result of cellular lysis and fractionation.
We evaluate the initial centrifugation step that determines the subproteome subjected to thermal shift
analysis. Here, we present a method named bioactive thermal proteome profiling (bTPP). This is an
improvement of the TPP method enabling sensitive analysis of protein targets across a proteome in
any novel bioactive compound. To demonstrate the applicability of bTPP to the field of biodiscovery,
we studied the protein targets of 132-hydroxy-pheophytin a, a chlorophyll derivative with novel
lipid-reducing activities that has recently been isolated from a marine cyanobacteria [14]. Given that
this molecule is produced in high quantities in Spirulina, and is approved for human consumption,
it is possible that a nutraceutical with anti-obesity activity may be developed in the future [14].
The identification of the direct targets of 132-hydroxy-pheophytin a (hpa) in HepG2 liver cells and the
discussion of possible MOA will provide important information in terms of its applicability.
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2. Results

2.1. Implementation of the Novel Methodology, bTPP

We presented the bTPP method which is a TPP-based method able to identify the protein targets
that interact with a bioactive compound. In particular, this method does not require preliminary
knowledge of the chemical structure or function of a bioactive compound (Figure 1).

Figure 1. Outline of the bTPP workflow. (1) Cell lysis: performed using sonication with a vertical
tip in the cell suspension. (2) Subcellular fractionation: soluble subproteome was collected in the
supernatant after centrifugation at 100,000 g, for 60 min at 4 ◦C. (3) Bioactive compound challenge: the
soluble protein was incubated with compound or vehicle at 25 ◦C for 10 min. (4) Thermal shift assay:
performed at 7 temperatures between 37 ◦C and 67 ◦C for 3 min, and at RT for 3 min. (5) Thermostable
protein fractionation: the studied sample was collected after centrifugation at 100,000 g for 20 min at
4 ◦C. (6) Trypsin digestion: the FASP method was applied. (7) Proteomic analysis: the peptides were
separated by label-free LC-MS/MS and analysis by shotgun proteomic. (8) Target protein identification:
protein data analysis was used to fit the melting curves of each protein.

We attempted to apply the TPP method as described for drug discovery [8]. We utilized ö, which
has lipid-reducing activity and was extracted from marine cyanobacteria, as the test compound; it
exhibited a green color in solution. The compound was dissolved in dimethyl sulfoxide (DMSO)
due to its hydrophobicity. The first visual observation was the accumulation of hpa in the pellet
following thermal shift assay centrifugation, which is defined in the TPP method as 100,000 g for 20 min
(Figure 2). We hypothesized that, with the thermal shift incubation, the hydrophobic compound would
be accumulated in the microsomes that were present in the soluble fraction. It has been described in
the literature that the sedimentation of microsomes requires a centrifugation force at least equivalent
to 100,000 g for 60 min [15–17]. Nevertheless, the TPP method applies only 100,000 g for 20 min to
define the soluble fraction, and this fraction therefore contains insoluble microsomal vesicles [18].
The TPP method contains a second centrifugation step of 100,000 g for 20 min after the thermal shift
assay, which would also precipitate additional microsomal vesicles. The TPP method is not able to
discriminate, based on centrifugation, between an increase in protein instability caused by thermal
effects and microsomal membranes precipitated with their sedimentation coefficient (Figure 2A). Thus,
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the first parameter to be modified is the definition of soluble subproteomes as a soluble protein free
from microsomes obtained after centrifugation at 100,000 g for 60 min [15].

Figure 2. Characterization of the differences between the soluble subproteomes utilized in TPP and
bTPP. (A) Schema summarizing the variation in the parameters: concentration of soluble protein,
vesicular-associated protein, and bioactive compound in response to the thermal shift assay using both
methodologies. (B) Pictures of the pellets after thermal shift assay centrifugation. (C,E) Representation
of the total protein concentration from the supernatant of TPP and bTPP for each temperature after
the second centrifugation step. (D,F) Representation of total protein concentration by % of soluble
protein (obtained by Gene ontology (GO) classification) and divided by 100 for each temperature in
TPP and bTPP.

The second modification aimed to reduce the time, cost and processing efforts without
compromising the robustness of the method. Our new temperature scale still covered the range from
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37 ◦C to 67 ◦C, as with the original method, but we selected only 7 temperatures, including: 37 ◦C,
42 ◦C, 47 ◦C, 52 ◦C, 57 ◦C, 62 ◦C and 67 ◦C (Figure 1).

The final modification involved applying label-free quantitative mass spectrometry instead
of multiplexed labelled quantitative mass spectrometry. This modification fits the purpose of the
bTPP method, gaining the flexibility to be applied to several compounds in parallel and facilitating
comparative analysis for more extended biodiscovery studies over extended periods of time.

2.2. Comparative Analysis of Protein Targets Applying TPP and bTPP

To validate our hypothesis, we compared the TPP and bTPP methods with a cell culture model of
HepG2 cell homogenates and hpa as the bioactive compound. All of the thermal shift assays were
performed at fixed concentrations of the protein and the bioactive compound. First, we deconvoluted
the theoretical adjustment of the parameters protein, and bioactive compound, along with the thermal
shift assay. This included changing the quality and quantity of the studied subproteome, as well as the
availability of the bioactive compound (Figure 2A).

In the TPP method, the concentration of the protein during the thermal shift incubation assay was
distributed between the soluble fraction and the microsomal vesicles in the solution. The concentration
ratio between both protein fractions is likely to remain constant at different temperatures. On the
other hand, the concentration of the bioactive compound was distributed between soluble compound
and compound embedded in the microsomes, as observed in the pellets following thermal shift
assay centrifugation (Figure 2B). The concentration of the bioactive compound decreased to below
the ideal concentration for the assay. Moreover, a temperature-dependent decrease was expected
in the size of the vesicles. The concentration of protein in the vesicular fraction should be constant,
but a higher number of smaller vesicles are expected at higher temperatures. Finally, the thermal
shift assay centrifugation will cause the precipitation of unfolded soluble proteins along with the
microsomes. Vesicular fractions would be precipitated depending on their specific sedimentation
coefficient. An increase in temperature would reduce the vesicular size, and a higher sedimentation
coefficient would be required to precipitate the smaller vesicles. Therefore, increase in temperature is
associated with a decrease in the precipitation of the protein from the vesicular fraction (Figure 2A,B
for TPP).

For the bTPP method, the schema shows that the concentration of protein or bioactive compound
remains constant with the increase of temperature, a fact which constitutes the conceptual basis of any
TPP-based method. In our method, only the protein is soluble, as the vesicular fraction has already
been sedimented through the cellular fractionation. The proteins accumulated in the pellets after the
thermal assay correspond to thermal unfolded proteins (Figure 2A,B for bTPP).

The experimental data confirm this theoretical prediction. In the control samples, the decrease in
protein concentration is temperature dependent in the bTPP for both total protein (soluble and vesicular
fraction) and soluble protein, whereas a bimodal solubility pattern is observed for TPP (Figure 2C,D).
In the presence of the compound, the protein thermostability limits are higher for TPP than for bTPP.
This is most likely a consequence of the variation in the concentration of the bioactive compound when
the TPP method is applied (Figure 2E). Both TPP and bTPP show a similar thermostability profile when
exclusively comparing the soluble fraction that is available to interact with the compound (Figure 2F).

The analysis of the soluble proteomes utilized in both methods showed different patterns in the
heatmaps. For the TPP method, the map indicates a higher precipitation of membrane-associated
proteins at lower temperatures. For the bTPP method, there was a greater abundance of soluble proteins
at lower temperatures (Figure 3A). Both TPP and bTPP followed a sigmoidal trend, making it possible
to calculate the melting curves that were fitted with the best R2 (Figure 3B). Target identification is
based on the shift in melting temperature (Tm) induced by the ligand, and is dependent on the steep
slope of the curve. At least 77% of all proteins showed curves with steep slopes in both methodologies
(Figure 4A). Examples of melting curves with steep and shallow slopes are displayed in Figure 4B.
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Figure 3. Thermal proteome profiling using TPP and bTPP. (A) Heat map of the protein thermostability
in TPP, and bTPP. The colors show the range of protein abundance of the soluble fractions normalized
to the soluble fraction at the lowest temperature. The soluble fraction here is composed of soluble
protein after thermal shift assay and centrifugation. (B) Examples of melting curves fitted with the best
R2 in both sets; the filter criterion was R2 > 0.8.

Figure 4. Differences in melting point between TPP and bTPP. (A) Volcano plots shown melting point
differences between the two vehicle conditions versus the absolute slopes for the two vehicles and
the two compound data sets. Proteins with an absolute slope below 0.06 are plotted in blue. (B)
Example of a melting curve with a steep slope (left) and one with a shallow slope (right). Melting
point reproducibility is dependent on the slope of the melting curve, with shallow slopes indicating
less reproducibility.

160



Mar. Drugs 2019, 17, 371

The number of identified and quantified proteins were similar in both methods, at approximately
2500 proteins. The protein identification confirms that both datasets were associated with different
subproteomes. The number of soluble proteins was lower in the subproteome that was utilized for
the TPP method than in that used for the bTPP method. The sets of target proteins obtained using
both methods differed in number and type of targets, with 19 proteins by TPP and 9 proteins by bTPP
(Tables 1 and 2).

Table 1. Protein targets based on the bTPP method. Melting temperatures (Tm) and p-values calculated
based on non-parametric analysis of response curves (NPARC).

Accession
Name

Protein Name
Tm Control

1 (◦C)

Tm
Treatment 1

(◦C)

Tm
Control 2

(◦C)

Tm
Treatment 2

(◦C)
p-Value

P08865 * 40S Ribosomal protein SA 45.74 47.16 45.32 49.00 0.0385
C9JC84 Fibrinogen gamma chain 44.09 45.32 44.74 47.63 0.1800

O75874 Isocitrate dehydrogenase [NADP]
cytoplasmic 47.49 48.86 48.00 49.23 0.6307

P04792 * Heat shock protein beta-1 45.23 49.82 47.94 51.40 0.0099
P17980 26S proteasome regulatory subunit 6A 44.67 47.01 44.18 46.65 0.1239

P30837 Aldehyde dehydrogenase X,
mitochondrial 44.34 44.97 44.19 46.96 0.6788

P60953 Cell division control protein 42 homolog 46.93 47.70 47.09 51.92 0.6179
P68363 * Tubulin alpha-1B chain 42.59 45.12 42.85 47.43 0.0242
Q9Y617 Phosphoserine aminotransferase 49.03 49.78 49.49 54.35 0.2253

* Proteins that passed quality criteria and p-values < 0.05.

Table 2. Protein targets based on TPP method. Melting temperatures (Tm) and p-values calculated
based on NPARC.

Accession
Name

Protein Name
Tm

Control 1
(◦C)

Tm
Treatment 1

(◦C)

Tm
Control 2

(◦C)

Tm
Treatment 2

(◦C)
p-Value

Q00341 Vigilin 47.04 50.62 46.91 47.60 0.2204
P42330 * Aldo-keto reductase family 1-member C3 47.64 52.02 48.57 52.08 0.0001
G3V180 Dipeptidyl peptidase 3 52.55 55.30 53.01 56.06 0.6632
O14980 Exportin-1 47.84 49.29 49.28 51.48 0.1985
P00558 Phosphoglycerate kinase 1 53.07 53.91 53.03 54.06 0.9584

P07339 * Cathepsin D 50.68 51.78 50.47 51.73 0.0045
P07814 Bifunctional glutamate/proline–tRNA ligase 43.83 46.51 42.48 46.70 0.2816
P08133 Annexin A6 52.45 53.03 52.99 55.30 0.9961
P09327 Villin-1 49.20 51.33 48.06 50.58 0.3429
P13674 Prolyl 4-hydroxylase subunit alpha-1 51.29 54.34 52.04 54.96 0.0954
P15559 NAD(P)H dehydrogenase [quinone] 1 49.21 50.48 49.08 49.30 0.8192

P30038 Delta-1-pyrroline-5-carboxylate
dehydrogenase, mitochondrial 42.97 44.66 42.77 43.22 0.9284

P45954 Short/branched chain specific acyl-CoA
dehydrogenase, mitochondrial 45.27 47.28 44.85 46.52 0.7475

P60709 * Actin, cytoplasmic 1 44.10 48.42 41.84 45.14 0.0455

Q06210 Glutamine–fructose-6-phosphate
aminotransferase [isomerizing] 1 47.31 48.12 47.14 47.55 0.9119

Q13347 Eukaryotic translation initiation factor 3
subunit I 46.89 48.21 46.64 46.91 0.6253

Q9NR45 Sialic acid synthase 53.17 53.41 53.22 54.67 0.4993
Q9Y490 Talin-1 49.93 51.85 51.75 53.92 0.1579
Q9Y696 Chloride intracellular channel protein 4 56.78 57.32 56.63 56.85 0.7306

* Proteins that met quality criteria with p-values < 0.05.

2.3. Deciphering the MOAs for 132-Hydroxypheophytine a by bTPP

The bTPP method was our method of choice for revealing the protein targets in our test compound,
132-hydroxypheophytine a. Although the compound was characterized in parallel with its analysis by
bTPP, neither chemical nor functional characterization are presumed or required prior to bTPP analysis.
The melting curves of the proteins that met all of the quality criteria for both biological replicates were
defined as the target proteins. From approximately 2500 proteins analyzed, only 9 target proteins were
determined (Figure 5A). These proteins include: 40S ribosomal protein SA (RPSA), which is involved
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in a wide variety of biological processes including cell adhesion, differentiation, migration, signaling,
neurite outgrowth and metastasis; fibrinogen gamma chain (FGG), which is a signaling binding receptor;
isocitrate dehydrogenase (IDH1), which is a peroxisomal matrix protein, the enzyme of which catalyzes
the reversible oxidative decarboxylation of isocitrate to yield α-ketoglutarate; heat shock protein beta-1
(HSPB1), which is a molecular chaperone and plays a role in stress resistance and actin organization;
26S proteasome regulatory subunit 6A (PSMC3), which is part of the ATP-dependent degradation of
ubiquitinated proteins; aldehyde dehydrogenase X (ALDH1B1), which is the enzyme participating
in the metabolism of corticosteroids, biogenic amines, neurotransmitters, and lipid peroxidation; the
cell division control protein 42 homolog (CDC42), which participates in the regulation of the cell
cycle; tubulin alpha-1B chain (TUBA1B), which is a structural protein in the cell; and phosphoserine
aminotransferase (PSAT1), which is involved in amino acid synthesis. The targets resulting from the
bTPP analysis were investigated for any implications on molecular pathways and cellular functions
that might offer initial clues to deciphering the MOA of this compound after interaction with liver cells.
The most relevant pathways discussed include serine oxidation, NADPH regeneration, and ethanol
oxidation (Figure 5B).

Figure 5. Target proteins and mechanism of actions based on bTPP analysis. (A) Melting curves of 3 of
the target proteins. (B) Pathways of phosphoserine aminotransferase (left), isocitrate dehydrogenase
(middle) and aldehyde dehydrogenase X (right).

3. Discussion

We present a TPP-based method that could provide an unbiased identification of target proteins in
bioactive compounds without any preliminary information about chemical, functional or phenotypical
characterization. The development of the method was specifically oriented towards novel compounds
found in the course of biodiscovery. Here, we present a proof-of-concept by applying the novel method
to a compound that has recently been isolated from a marine cyanobacteria due to its lipid-reducing
activities [14]. The compound is a chlorophyll derivative, 132-hydroxy-pheophytine a, which is present
in marine and terrestrial organisms. The high rate of production of this molecule in Spirulina may
enable the development of a future nutraceutical [14], and the identification of its protein targets will
be an important step towards this aim.

The TTP is a thermal proteome profiling method, a high-throughput approach that makes
it possible to examine an entire soluble proteome for its capability to interact with a drug in a
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single analytical experiment. Thermal shift-based methods have gained attention in the field of
drug biodiscovery since the introduction of proteome analysis and protein target detection on the
basis of mass spectrometry [8]. The improved method presented here, named bTPP, differs from
the previous TPP methods developed for drug discovery in terms of the definition of the soluble
fraction. This fraction is the subproteome analyzed by the thermal shift assay and is a pillar of the
method. The robustness of the method and the reproducibility of its results would greatly depend on
subjecting a single well-defined soluble proteome and compound to a series of incubations at range of
increasing temperatures. If those parameters are modified by the methodological constraints, and the
concentrations of the soluble proteins and the compound are variable, the proteomic analyses obtained
by the thermal shift assays will not be able to be compiled in order to obtain target identification.

By reviewing theoretical concepts in the field of cellular fractionation in connection with our
findings, we determined that the sedimentation force applied to differentiate the soluble proteins from
the vesicle-associated proteins using the TPP method [18] did not reach the minimal sedimentation
force required to remove microsomal vesicles- by centrifugation [15,17]. The definition of the protein
composition of a soluble fraction is not a universal concept. Rather, it is dependent on factors intrinsic
to the sample: cell type, composition of the extraction solution, and the method applied for cellular
homogenization. No less important are the extrinsic factors, including differential centrifugation, which
aim to differentiate soluble from membrane-associated proteins. The soluble fraction is frequently
obtained after applying 20,000 g for 20 min [8], or 100,000 g for 20 min of centrifugation [15,17,18].
These processes would barely be sufficient to clarify homogenized cells from the unbroken cells and the
nuclear fraction. This type of soluble fraction still contains an abundant portion of organellar fractions
such as mitochondria, lysosomes, peroxisomes and microsomal vesicles from the vesicular transport or
plasma membrane. Proteins from these vesicle-rich fractions are semi-stable in solution, and would
easily become unstable and have their precipitation prompted by the application of the additional
steps of centrifugation force required to reach their specific centrifugation coefficients. This is the
situation encountered by the TPP soluble fraction when a second centrifugation step at 100,000 g for
20 min is added in order to separate the unfolded proteins from the soluble proteins [18]. Therefore,
in the TPP method, the classical microsomal fraction is part of the soluble fraction that is incubated
with a bioactive compound. The presence of vesicle-associated proteins in the studied subproteome
interferes with the expected results at different levels.

First, the TPP method is based on the incubation of the soluble sample at a fixed concentration
that is close to the IC50 of the compound at a series of increasing temperatures. The semi-stable soluble
proteins after 20 min centrifugation contain vesicle-associated proteins. Those vesicles can potentially
interact with hydrophobic compounds and entrap them within the membranes. This was the case for
our test compound. The first consequence of this is that the concentration of the compound available for
direct interaction with soluble proteins would shift away from the IC50, and the concentration would
therefore be unknown. On the other hand, the compound inserted into the membranes could also
interact with the soluble proteins, potentially leading to precipitation in association with the membrane.

Secondly, the fraction of the compound remaining in the solution would interact with the soluble
proteins as predicted by TPP but would also interact with the membrane proteins in the vesicles
that were not able to be evaluated using the method. Such interactions would further reduce the
opportunities for interaction with the soluble proteins, which are the only proteins under evaluation.
This is a second mechanism that modifies both the predicted concentration of the proteins during
incubation and the predicted concentration of the compound.

Thirdly, the increasing temperature of successive incubations would affect the vesicles and their
fluidity. It should at least be considered that the heterogeneity of the population of microsomal
membranes would vary. At higher temperatures, there is expected to be an increase in the proportion
of smaller vesicles. Smaller vesicles require a higher sedimentation force than bigger ones. Therefore,
at higher temperatures, it is expected that there will be smaller vesicles in the solution and a reduction
in the precipitation of the microsomal fraction compared to that observed at lower temperatures.
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This parameter is a variable that will affect the precipitation independently from the thermal shift
factor or the total time of the centrifugation, and it will vary from temperature to temperature.
In summary, applying the concept of the thermal shift to a soluble fraction obtained below the
sedimentation coefficient for microsomal membranes will add many new variables to the system that
are not considered by the method. Our results showed that this reduces the specificity and sensitivity
required for an unbiased identification of the protein targets of our chosen test compound. Therefore,
we developed the bTPP by modifying the criterion for protein solubility to require a centrifugation
step of 100,000 g for 60 min, which is equivalent to the classical criterion for the precipitation of a
microsomal fraction.

The bTPP method was our method of choice for revealing the protein targets of our test compound
following confirmation that the parameters affecting the thermal shift analysis by bTPP were exclusively
dependent on the interaction capability of the studied bioactive compound with the subproteome of
the soluble proteins, and that the incubation at the different temperatures would not interfere with
or cause variation in the concentration of the compound or the soluble protein. Here, we applied
the bTPP method for our test compound without considering any preliminary information regarding
its chemical structure, or evaluation or interpretation of the data from any functional assays. Nine
proteins were assigned as its cellular targets in hepatocytes. In making a first attempt to discover any
functional application of the compound, these targets were integrated in a map of functional pathways.

PSAT1 has already been described as a promising target for anticancer therapy [19]. This enzyme,
which is involved in serine biosynthesis, has been associated with the metabolism of cancer, as
extracellular serine may be sufficient to maintain cancer cell proliferation [20]. It has been proposed to
be an oncogene with a significant role in cancer progression, inducing up-regulation of cyclin D1 via
GSK3beta/beta-catenin pathway, leading to the acceleration of the cell cycle [21]. From a physiological
perspective focusing on obesity and its related metabolic diseases, hepatic PSAT1 has revealed a novel
function in the regulation of insulin sensitivity. The involvement of the nonessential amino acid serine
in the regulation of insulin sensitivity opened lines of research into the targeting of PSAT1 for treatment
of insulin resistance and type 2 diabetes in mice [22]. These effects on insulin-related disorders such
as obesity and type 2 diabetes are also connected to two other protein targets, as revealed by bTPP
with our test compound. For instance, ALDHs and their family of enzymes play a protective role in
diseases related with obesity. ALDH2 has a role in the protection against diabetic cardiomyopathy,
possibly via an Akt-GSK3b-mediated route, lending ALDH2 therapeutic promise in the management
of diabetic complications [23]. Yu et al. [24] showed that the activation of the PKCε-ALDH2 regulatory
axis may be a therapeutic target for treating obesity and type 2 diabetes in mice. Nonalcoholic fatty
liver disease (NAFLD) is the most frequent chronic liver disease; alcohol dehydrogenase and aldehyde
dehydrogenase collectively showed altered expression and function in the progression of nonalcoholic
steatohepatitis (NASH) patients, which may also lead to significant alterations in the pharmacokinetics
of substrate drugs. This information could be useful in making appropriate dosing adjustments for
NAFLD patients taking drugs that are metabolized by these pathways [25].

Looking into IDHs, this target protein catalyzes the oxidative decarboxylation of isocitrate to
α-ketoglutarate and reduces NAD(P)+ to NAD(P). IDH2 has been suggested as a potential therapeutic
target in the treatment of type 2 diabetes and obesity due to its major role in modulating both insulin
sensitivity and fuel metabolism in mice [26]. Moreover, Koh et al. [27] reported for the first time
that cytosolic NADP+-dependent isocitrate dehydrogenase (IDPc) plays a critical role in fat and
cholesterol biosynthesis, showing that transgenic mice with overexpressed IDPc exhibited fatty liver,
hyperlipidemia, and obesity without an increase in caloric intake or change in diet composition,
converting IDPc into a potential therapeutic target for abnormal fat synthesis. In summary, these
3 target proteins of 132-hydroxy-pheophytine a are associated with beneficial properties towards
obesity and obesity-related comorbidities. The next steps for progressing towards future application
as a possible nutraceutical would be the carrying out of further research in order to validate the
targets in vivo in a more complex organismal context. However, this study demonstrates that this
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methodology is able to accelerate the process between the biodiscovery of novel bioactive compounds
to the revelation of protein targets involved in MOA of interest for intervention and application.

4. Materials and Methods

4.1. Reagents and Cell Culture

Reagents and medium were purchased from Sigma-Aldrich (Sant Louis, MO, USA), unless
otherwise noted. PBS was purchased from Trevigen (Gaithersburg, MD, USA) and supplemented with
10 μL of ProteoGuard™ EDTA-Free Protease Inhibitor Cocktail (Takara Bio USA, Inc., Mountain View,
CA, USA) per 1 mL. HepG2 cells were grown in EMEM medium supplemented with 8% fetal bovine
serum (ATTC), 1675 mM L-glutamine, 85 U/mL penicillin, 85 μg/mL streptomycin of 80% confluence.
Cells were harvested and centrifugated at 340 g for 2 min at 4 ◦C and resuspended in 50 mL PBS. After
a second wash step, the cells were resuspended in 10 mL ice-cold PBS and centrifugated again at 340 g
for 2 min at 4 ◦C. Washed pellets were either used directly or snap frozen in liquid nitrogen and stored
at −80 ◦C until lysis.

4.2. Selection of 132-Hydroxypheophytine a as Test Compound

The compound selected for the proof-of-concept was 132-hydroxy-pheophytin a (hpa), isolated
from the marine cyanobacterial strain LEGE 07175 due to its lipid-reducing activity. The purity was
estimated to ~99% by HR-ESI-MS and 1H-NMR analysis (Figure S1). The growth conditions of the
cyanobacteria, as well as the chemical isolation methodology, are detailed in Freitas et al., 2019 [14].

4.3. Thermal Proteome Profiling Experiments in Cellular Protein Extracts

The experiments following the TPP method were performed as described in Franken et al. [18]
with some modifications. Briefly, cells were resuspended in ice-cold PBS. The cells were homogenized
in a Labsonic P disintegrator (B. Braun Biotech International, Göttingen, Germany) with an ultrasonic
probe of 3 mm at 25% intensity and 0.5 cycles, with manual switches of 10 s on/5 s off, maintaining the
sample in an ice bath. The sample was centrifugated at 100,000 g for 20 min at 4 ◦C [12]. The supernatant
from this ultracentrifugation rendered the soluble subproteome that was applied in the TPP method.
For the bTPP method, the homogenized sample was centrifugated at 100,000 g for 60 min at 4 ◦C.
Protein concentration was determined by Bradford assay (Thermo Fisher Scientific, Waltham, MA,
USA) [28]. From this point on, the process in both methods is identical. Two sets of thermal shift
assays were performed using each methodology. The samples were incubated for 10 min at 25 ◦C.
For the studied compound, incubation was performed at the compound IC50, and for the control, in
the presence of the compound vehicle (DMSO). Seven aliquots of 100 μg of protein were individually
heated for 3 min at different temperatures: 37 ◦C, 42 ◦C, 47 ◦C, 52 ◦C, 57 ◦C, 62 ◦C and 67 ◦C, followed
by 3 min at room temperature. Subsequently, the samples were centrifugated at 100,000 g for 20 min at
4 ◦C. The supernatants were analyzed by label-free liquid chromatography-tandem mass spectrometry
(nLC-MS/MS) (Thermo Fisher Scientific, Waltham, MA, USA). In accordance with the TPP method,
two biological replicates for each set of the thermal shift assay were performed [18].

4.4. Filter Aided Sample Preparation (FASP)

Protein samples were prepared according to Wiśniewski et al. (2012) [29]. The sample was diluted
with 200 μL of 8 M urea in 0.1M Tris/HCl, pH 8.5 (UA) in 30 kDa microcon centrifugal filter unit (Merck
Millipore, # MRCF0R030, Burlington, MA, USA). The centrifugal filters were centrifugated at 14,000× g
at 20 ◦C for 15 min. The concentrates were diluted with 200 μL of UA and centrifugated at 14,000× g
at 20 ◦C for 15 min. After discharging the flow-through, 100 μL of 0.05 M iodoacetamide was added
to the column, mixed for 1 min at 600 rpm on a thermo-mixer (Eppendorf thermo mixer comfort,
Hamburg, Germany), and incubated static for 20 min in dark. The solution was drained by spinning
the columns at 14,000 g for 10 min. The columns were washed three times with 100 μL buffer UA and
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centrifugated at 14,000 g for 15 min. The columns were washed three times with 100 μL of 50 mM
ammonium bicarbonate. Endopeptidase trypsin (Trypsin sequencing grade, Roche # 03708985001,
Sigma-Aldrich, Sant Louis, MO, USA) solution in the ratio 1:100 was prepared with 50 mM ammonium
bicarbonate (40 μL), dispensed and mixed at 600 rpm in the thermomixer for 1 min. These units were
then incubated in a wet chamber at 37 ◦C for about 18 h to achieve effective trypsination. After 18 h of
incubation, the filter units were transferred into new collection tubes. To recover the digested peptides,
the tubes were centrifugated at 14,000 g for 10 min. Peptide recovery was completed by rinsing the
filters with 50 μL of 0.5 M NaCl and collected by centrifugation. The samples were acidified with
10% formic acid (56302 Fluka, Sigma-Aldrich, Sant Louis, MO, USA) to achieve a pH between 3 and 2.
Desalting was done using reverse-phase C18 top tips (TT2C18.96, Glygen, Columbia, MD, USA) using
acetonitrile (ACN) (60% v/v) with formic acid (FA) (0.1% v/v) for elution, and vacuum dried (Savant
SPD 1010, Thermo Fisher Scientific, Waltham, MA, USA) to be stored at −80 ◦C until further analysis.

4.5. Nano LC-MS/MS Analysis

The desalted peptides were reconstituted with 0.1% formic acid in ultra-pure milli-Q water, and
the concentration was measured using a Nanodrop (ND 2000, Thermo Fisher Scientific, Waltham, MA,
USA). The peptides were analyzed using a reverse phase nano-LC (liquid chromatography, Thermo
Fisher Scientific, Waltham, MA, USA) coupled to a hybrid LTQ Orbitrap Velos Pro mass spectrometer
(Thermo Fisher Scientific, Waltham, MA, USA). Each of the samples was separated using an Agilent
1200 Easy nLC (Agilent Technologies, Santa Clara, CA, USA) system with a nano-electrospray ion
source (Thermo Fisher Scientific, Waltham, MA, USA). The peptides were trapped on a pre-column
(NS-MP-10-C18-Biosphere, 5 μm particle size, 120 Å, 100 μm × 20 cm) and separated on an analytical
column (NS-AC-10-C18-Biosphere, 5 μm particle size, 120 Å, 75 μm × 10.2 cm). A linear gradient of 2 to
40% buffer B (0.1% formic acid in acetonitrile) against buffer A (0.1% formic acid in water) was carried
out with a constant flow rate of 300 nL/min, for a 90 min gradient. Full scan MS spectra were acquired
in the positive mode electrospray ionization with an ion spray voltage of 2.4 KV, an RF lens voltage of
69, and a capillary temperature of 235 ◦C. This was acquired over an m/z of 380–2000 Da at a resolution
of 30,000, and the 20 most intense ions were selected for MS/MS under an isolation width of 1 m/z units.
Collision energy of 35 was used to fragment the ions in the collision-induced dissociation mode.

4.6. Peptide and Protein Identification and Quantification

Proteome Discoverer (v2.1, Thermo Fisher Scientific, Waltham, MA, USA) was used for protein
identification and quantification. The MS/MS spectra (.raw files) were searched by Sequest HT against
the human database from Uniprot (73,928 entries). A maximum of 2 tryptic cleavages were allowed,
the precursor and fragment mass tolerance were 10 ppm and 0.6 Da, respectively. Peptides with a
false discovery rate (FDR) of less than 0.01 and validation based on q-value were used as identified.
The minimum peptide length considered was 6, and the false discovery rate (FDR) was set to 0.1.
Proteins were quantified using the average of the top three peptide MS1-areas, yielding raw protein
abundances. Common contaminants like human keratin and bovine trypsin were also included in
the database during the searches in order to minimize false identifications. The mass spectrometry
proteomics data have been deposited in the ProteomeXchange Consortium via the PRIDE [30] partner
repository with the dataset identifier PXD013227.

4.7. Analysis of TPP Experiments

Melting curves were calculated using a sigmoidal fitting approach with the R package TPP, as
described in Franken et al. [18], with modifications. The fold changes were changed to correspond to the
7 temperatures, and the filter criteria for normalization were adjusted to this number of temperatures.

The melting curves were fitted after normalization following the equation described in
Savitski et al. [8], computed in R:
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f (T) =
1− plateau

1 + e−( a
T−b)

+ plateau

where T is the temperature, and a, b and “plateau” are constants. The value of f (T) at the lowest
temperature Tmin was fixed at 1. The melting point of a protein is defined as the temperature Tm

at which half of the amount of the protein has been denatured. The quality criteria for filtering the
sigmoidal melting curves were: (i) fitted curves for both vehicle- and compound-treated conditions
had an R2 of >0.8; (ii) the vehicle curve had a plateau of <0.3; (iii) the melting point differences under
both the control and the treatment conditions were greater than the melting point difference between
the two controls; and (iv) in each biological replicate, the steepest slope of the protein melting curve in
the paired set of vehicle- and compound-treated conditions was below −0.06. The NPARC of the R
package was used to detect significant changes in the temperature-dependent melting behavior of each
protein due to changes in experimental conditions [18]. The significance threshold was set at p < 0.05.

4.8. Pathway Analysis and Visualization

Pathway analysis was performed using Reactome Pathway analysis [31].

5. Conclusions

We have demonstrated that the thermal shift assay cannot be applied to a subproteome that contains
soluble and vesicular fractions. We have deconvoluted the effects of a vesicular fraction in the protein
sample, altering the concentration of protein and compound during the assay. These variations introduce
uncertainties that challenge the principles of this methodology. Therefore, we presented an improved
TPP method named bTPP based on a different postulate for protein solubility. The improvements
guarantee that the concentration of proteins and compounds available for a raw thermal shift assay
remains constant at any temperature. Finally, in a proof-of-concept experiment, we identified the
protein targets in liver cells of 132-hydroxy-pheophytine a, a compound recently isolated from a marine
cyanobacteria due to its lipid-reducing activities. Three of these proteins have known regulations of
insulin sensitivity and energy metabolism.

Supplementary Materials: The following are available online at http://www.mdpi.com/1660-3397/17/6/371/s1,
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TPP thermal proteome profiling
MOA mechanisms of action
CETSA cellular thermal shift assay
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bTPP bioactive thermal proteome profiling
Tm melting temperature
hpa 132-hydroxy-pheophytin a
DMSO dimethyl sulfoxide
PBS phosphate buffered saline
nLC-MS/MS nano liquid chromatography-tandem mass spectrometry
FASP filter aided sample preparation
RPSA 40S ribosomal protein SA
FGG fibrinogen gamma chain
IDH1 isocitrate dehydrogenase
HSPB1 heat shock protein beta-1
PSMC3 26S proteasome regulatory subunit 6A
ALDH1B1 aldehyde dehydrogenase X
CDC42 cell division control protein 42 homolog
TUBA1B tubulin alpha-1B chain
PSAT1 phosphoserine aminotransferase
NPARC non-parametric analysis of response curves
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Abstract: The previously reported 1-(2,4-dihydroxy-5-methylphenyl)ethan-1-one (1), (1’Z)-2-(1’,5’-
dimethylhexa-1’,4’-dieny1)-5-methylbenzene-1,4-diol (2), and 1,8-epoxy-1(6),2,4,7,10-bisaborapentaen-
4-ol (5) together with four new structures of aromatic bisabolane-related compounds (3, 4, 6, 7)
were isolated from the marine sponge Myrmekioderma sp. Compounds 1, 2, and 5 were identified
based on spectral data available in the literature. The structures of the four new compounds were
experimentally established by 1D and 2D-NMR and (−)-HRESIMS spectral analysis. Cytotoxic and
lipid-reducing activities of the isolated compounds were evaluated. None of the isolated compounds
were active against the tested cancer cell lines; however, lipid-reducing activity was found for
compounds 2–5 and 7 in the zebrafish Nile red fat metabolism assay. This class of compounds should
be further explored for their suitability as possible agents for the treatment of lipid metabolic disorders
and obesity.

Keywords: marine sponges; natural compounds; bisabolane-related compounds; bioactivity; obesity;
whole small animal models

1. Introduction

Marine organisms are exposed to continuous and strong selection pressures due to the huge
variations in predation, temperature, pressure, and light. For these reasons, they are known to produce
secondary metabolites as a mechanism of defense [1]. These secondary metabolites represent an
impressive source of structurally diverse molecules with biological activities which can lead to major
advances in the field of medicinal chemistry [2,3].

Among marine organisms, sponges represent a prolific source of a vast number of diverse
molecules with potential applications for human health. The numbers of compounds isolated from
sponges have been increasing every year [4]. Among these compounds, marine sesquiterpenes are
recognized as an important class with great structural diversity and a wide range of bioactivities
such as anti-HIV, antitumor, antibiotic, antiviral, cytotoxic, insecticidal, antifeedant, and antifungal
activities [5,6]. Bisabolane compounds constitute a class of sesquiterpene bioactive metabolites that
have been identified from both terrestrial plants and marine invertebrates [7,8]. Several bioactivities
are associated with this class of compounds, such as cytotoxicity [9,10] and antifungal [10] properties.
Furthermore, their suitability for use as biodiesel is also under investigation [11].
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Obesity is increasing at epidemic rates and new therapeutics are needed in order to prevent
and control this disorder [12]. Scientists have been working hard to find new compounds from
different natural sources, both terrestrial and marine, that show anti-obesity activity [13–15]. Several
marine secondary metabolites with anti-obesity properties have already been reported, such as
the 5-alkylpyrrole-2-carboxaldehyde derivatives, isolated from the sponge Mycale lissochela, which
have protein-tyrosine phosphatase 1B (a recognized target for obesity) inhibitory activity [6]. Also,
citreorosein and questinol, isolated from the marine sponge-associated fungus Talaromyces stipitatus
KUFA 0207, decreased the neutral lipids in the zebrafish Nile red fat metabolism assay [16].

As a part of our on-going screening program for the discovery of new secondary metabolites
from marine sponges, the study of an organic extract of Myrmekioderma sp. resulted in the isolation of
seven natural compounds: three known compounds 1-(2,4-dihydroxy-5-methylphenyl)ethan-1-one
(1), (1’Z)-2-(1’,5’-dimethylhexa-1’,4’-dieny1)-5-methylbenzene-1,4-diol (2), 1,8-epoxy-1(6),2,4,7,10-
bisaborapentaen-4-ol (5), and four new bisabolane derivatives (3, 4, 6 and 7). Their planar structures
were fully elucidated using spectroscopic and spectrometric techniques. All compounds were tested
for their cytotoxic and lipid-reducing activities. Compounds 2, 5, and 7 were highly active in the
zebrafish Nile red fat metabolism assay and compounds 3 and 4 showed moderate activity in the
same bioassay. Cytotoxic activity in the four cancer cell lines tested was not observed for any of the
isolated compounds.

2. Results and Discussion

Isolation and Structure Elucidation

The sponge Myrmekioderma sp. was collected by hand while scuba diving in Boano (Indonesia). The
specimen was repeatedly extracted using dichloromethane:methanol (1:1 v/v). The crude organic extract
was subsequently partitioned between n-hexane, ethyl acetate, n-butanol, and water. The n-hexane and
ethyl acetate fractions, after vacuum liquid chromatography (VLC) and semi-preparative reverse-phase
HPLC separations, led to the isolation of the seven pure compounds shown in Figure 1.

 
Figure 1. Chemical structures of the compounds 1–7 isolated from Myrmekioderma sp.

Compound 1 was isolated as a dark-brown oil. It was identified as 1-(2,4-dihydroxy-5-
methylphenyl)ethan-1-one, as shown in Figure 1, based on spectral data available in the literature [17].

Also based on spectral data available in the literature, compound 2 was identified as (1’Z)-2-(1’,5’-
dimethylhexa-1’,4’-dieny1)-5-methylbenzene-1,4-diol [18].

Compound 3 was isolated as a yellow amorphous solid. The molecular formula C15H20O3 was
established based on the (−)-HRESIMS molecular ion m/z 247.1344 [M − H]− (calculated 247.1334),
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which imposed six degrees of unsaturation. The 13C-NMR spectrum of 3, compiled in Table 1,
confirmed the presence of fifteen carbon signals which were assigned, by DEPT and HMQC spectral
analysis, to two tertiary (δC 26.1, 18.1) and one secondary (δC 15.8) methyls, two methylenes (δC 120.3,
34.3) of which one was double bonded (δC 120.3), two aromatic (δC 118.8, 117.2), one double-bonded
(δC 118.8), and one hydroxylated (δC 76.7) methine and six non-protonated carbons (δC 148.0, 147.5,
147.0, 136.9, 125.4, 124.2). From the listed non-protonated carbons, two were hydroxylated (δC 148.0,
147.5). In accordance, the 1H-NMR spectrum exhibited three methyl singlets (δH 2.20, 1.71, 1.53),
two splitting methylenes (δH 5.43 and 5.24, 2.30, and 2.15), the first two suggesting a double bond,
and four methines (δH 6.68, 6.50, 5.06, 4.40). Based on COSY and HMBC spectral data, as shown
in Figure 2, a simple sesquiterpene structure was proposed for this compound. 1H and 13C data,
together with the H-2 HMBC correlations with C-1 and C-5 revealed the presence of a tetrasubstituted
benzene ring. C-1 and C-4 deshielded carbon resonances (δC 147.5, 147.0) indicated the presence of a
benzene-1,4-diol. Me-14 was assigned based on the HMBC correlation Me-14/C-4 and C-6 substitution
based on the correlations H-5/C-7 and H2-15/C-6. The double bond, suggested by H2-15 resonances
(δC 120.3, δH 5.43, 5.24), was elucidated based on the previously described HMBC correlation of
H2-15/C-6 with the hydroxylated C-8 (δC 76.7). The COSY correlations H-8/H2-9 and H2-9/H-10
allowed assignment of the methylene and Δ10(11) double bond. The HMBC cross signals of the
methyl groups Me-12 and Me-13 with each other and of both of them with C-10 and C-11 completed
the structure. Unfortunately, a paucity of material prevented the assignment of the C-8 absolute
stereochemistry. Thus, the structure of 3 was elucidated as the curcuhydroquinone derivative shown
in Figure 1: 6-(3-hydroxy-6-methyl-1,5-heptadien-2-yl)-3-methylbenzene-1,4-diol.

Table 1. 1H and 13C-NMR (400 and 100 MHz, respectively) for compounds 3 and 4. The experiments
were performed in CDCl3.

Position
Compound 3 Compound 4

δC, Type δH, mult (J in Hz) δC, Type δH, mult (J in Hz)

1 147.5, C 146.4, C

2 118.8, CH 6.68, s 112.5, CH 6.87, s

3 125.4, C 123.9, C

4 147.0, C 150.4, C

5 117.2, CH 6.50, s 110.0, CH 6.64, s

6 124.2, C 130.4, C

7 148.0, C 48.1, C

8 76.7, CH 4.40, dd (8.6, 5.4) 37.4, CH2
2.42, dd (14.1, 7.9)
2.58, dd (14.1, 8.3)

9 34.3, CH2
α 2.30, m
β 2.15, m 117.2, CH 4.85, dddd (9.7, 5.5, 2.8, 1.4)

10 118.8, CH 5.06, m 136.5, C

11 136.9, C 18.0, CH3 1.56, s

12 26.1, CH3 1.71, s 25.8, CH3 1.60, s

13 18.1, CH3 1.53, s 23.5, CH3 1.44, s

14 15.8, CH3 2.20, s 16.2, CH3 2.26, s

15 120.3, CH2
α 5.43, d (1.3)
β 5.24, d (1.6) 180.8, C

OH-1 8.02, br s

OH-4 4.48, br s 4.65, br s

OH-8 3.27, br s
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Figure 2. Key 1H-1H COSY and HMBC correlations of compounds 3 and 4.

Compound 4 was isolated as a yellow amorphous powder. The molecular formula C15H18O3 was
calculated based on the (−)-HRESIMS m/z 245.1126 [M − H]− (calculated 245.1177) molecular ion peak
indicating the existence of seven degrees of unsaturation. Compound 4 1H and 13C-NMR spectral
data, compiled in Table 1, resembled those of compounds 2 and 3. The 13C-NMR spectrum confirmed
the presence of fifteen carbon signals which were assigned, by DEPT and HMQC spectral analysis,
to four methyls (δC 25.8, 23.5, 18.0, 16.2), one methylene (δC 37.4), two aromatic (δC 112.5, 110.0), and
one olefinic (δC 117.2) methines and seven non-protonated carbons (δC 180.8, 150.4, 146.4, 136.5, 130.4,
123.9, 48.1), of which two were hydroxylated (δC 150.4, 146.4) and one an ester (δC 180.8). In accordance,
the 1H-NMR spectrum showed four singlet methyls (δH 2.26, 1.60, 1.56, 1.44), one splitting methylene
(δH 2.58, 2.42), two aromatic (δH 6.87, 6.64), and one olefinic (δH 4.85) methine. The same tetrasubstituted
benzene ring found in compounds 2 and 3 was also proposed for compound 4 due to the similarity
of the 1H and 13C-NMR data. The HMBC correlations H-2/C-4, H-2/C-6, H-5/C-1, H-5/C-3, and
H-5/C-4 confirmed the proposed sub-structure. Further HMBC correlations Me-14/C-3 and Me-14/C-4
corroborated the assignment of this methyl group. The most notable new features of compound 4 were
the carbonyl resonance (δC 180.8) and a non-protonated alkane carbon (δC 48.1). Allocation of these
was accomplished based on the HMBC correlations of Me-13 with C-6, C-7, C-8, and C-15, confirming
a lactone sub-structure. The COSY correlation H2-8/H-9 allowed assignment of the methylene and the
Δ9(10) double bond, which was linked to the non-protonated C-10 based on the HMBC correlations of
Me-11 and Me-12 with both C-9 and C-10. As a result, the structure of compound 4 was elucidated as the
sesquiterpene shown in Figure 1: 4-hydroxy-3,7-dimethyl-7-(3-methylbut-2-en-1-yl)benzofuran-15-one.

Compound 5 was isolated as a yellow amorphous powder. Spectral data available in the literature
allowed its identification as 1,8-epoxy-1(6),2,4,7,10-bisaborapentaen-4-ol [19].

Compound 6 was isolated as dark-brown oil. The molecular formula C16H24O3 was established
based on the (−)-HRESIMS m/z molecular ion peak 263.1610 [M − H]− (calculated 263.1647), indicating
five degrees of unsaturation. Both 1H and 13C-NMR indicated structural similarities with compounds
2–5 (Table 2). The same tetrasubstituted hydroquinone ring found in compounds 2 and 3 was suggested
for compound 6. The HMBC correlations H-5/C-1, H-5/C-3, and H-5/C-4, represented in Figure 3,
confirmed the proposed hydroquinone ring. The methyl-14 substitution was assigned based on HMBC
correlations of this group with C-2, C-3, and C-4. The C-6 substitution was confirmed based on the
HMBC correlations H-5/C-7, Me-15/C-6, and Me-15/C-7. The last correlation, together with Me-16/C-7,
provided the key to methyl groups -15 and -16. The 13C-NMR and DEPT data suggested the presence
of two methylenes (δC 39.8, 22.8), consistent with a side chain one carbon longer than found previously.
Me-12 and Me-13 were assigned based on their HMBC correlations between each other and with C-10
and C-11. The COSY correlation H-10/H-9 allowed completion of this second sub-structure.

The configuration of the chiral center present in compound 6 could not be clearly elucidated
with the material available and the physio-chemical information obtained for this compound.
Thus, the structure of 6 was elucidated as the curcuhydroquinone derivative 6-(2-methoxy-
6-methylhept-5-en-2-yl)-3-methylbenzene-1,4-diol (Figure 1).
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Table 2. 1H and 13C-NMR (400 and 100 MHz, respectively) for compounds 6 and 7. Experiments with
compound 6 were done in CD3OD and with compound 7 in CDCl3.

Position
Compound 6 Compound 7

δC, Type δH, mult (J in Hz) δC, Type δH, mult (J in Hz)

1 149.5, C 146.7, C

2 118.9, CH 6.63, s 116.9, CH 6.70, s

3 124.5, C 125.1, C

4 146.7, C 148.1, C

5 114.2, CH 6.48, s 110.3, CH 6.62, s

6 126.0, C 132.1, C

7 82.4, C 122.0, C

8 39.8, CH2 1.84, m 118.7, C 5.36, dd (3.8, 1.5)

9 22.8, CH2
α 2.00, m
β 1.89, m 75.6, CH 4.51, ddt (8.3, 3.9, 1.5)

10 123.9, CH 5.04, t (6.6, 6.5) 63.8, CH 3.06, d (8.3)

11 132.0, C 57.7, C

12 17.7, CH3 1.51, m 25.1, CH3 1.33, s

13 25.8, CH3 1.65, s 19.4, CH3 1.35, s

14 15.6, CH3 2.18, s 15.9, CH3 2.19, s

15 22.4, CH3 1.55, s 18.3, CH3 2.01, t (1.5)

16 50.5, OCH3 3.21, s

OH-1 8.28, br s

OH-4 8.28, br s 3.49, br s

Figure 3. Key 1H-1H COSY, HMBC, and TOCSY correlations of compound 6.

Compound 7 was isolated as a green crystal. The (−)-HRESIMS showed the molecular ion peak
m/z 245.1126 [M − H]− (calculated 245.1177), very similar to the one reported for compound 4. As for
compound 4, C15H18O3 was the calculated molecular formula, indicating the existence of seven degrees
of unsaturation. Analysis of the 1H and 13C-NMR spectral data, compiled in Table 2, and a comparison
with of the data for the previously elucidated compounds revealed the presence of the phenolic part of
the structure, but with considerable modifications in the side chain. As seen in Figure 4a, the HMBC
correlations Me-15/C-6 and Me-15/C-7, together with the deshielded resonance of C-7 (δC 122.0) allowed
assignment of this methyl group and the Δ7(8) double bond. Based on the COSY correlations between
H-8, H-9, and H-10, a spin system was defined. Chemical shifts of the positions 9 (δ 4.51/55.6) and 10
(δ 3.06/63.8) indicated they were bearing an oxygen atom. The HMBC correlations between Me-15
with C-7/C-8/C-9 and H-10 C-11/Me-12/Me-13 allowed us to establish the position of the side chain.
Furthermore, the chemical shift of the quaternary C-11 (δC 57.7) indicated that it was also oxygenated.
This fact, along with the molecular formula, suggests cyclization of the phenol OH to the C-9 position
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and an epoxide between C-10 and C-11. Additionally, the chemical shift of the epoxide positions
supported the proposed structure when compared to other related epoxide fragments described in the
literature [20,21]. Finally, the MS fragmentation pattern showing the m/z fragments 230.1421, 165.0497,
and 122.0332 (see Supplementary Materials Figure S45) reinforced this proposal.

 

Figure 4. Key correlations for the elucidation of compound 7. (a) 1H-1H COSY and HMBC. (b) NOESY
(partial structure).

A comparison of the resonances, together with a large coupling constant between H-9 and
H-10 (8.3 Hz), allowed the relative configuration at C-9/C-10 to be determined as anti [22].
Furthermore, the NOE correlations H-12/H-10 and H-13/H-9, represented in Figure 4b, confirmed this
configuration. Thus, the structure of 7 was elucidated as the curcuphenol derivative shown in Figure 1:
9-(3,3-dimethyloxiran-2-yl)-1,7-dimethyl-7-chromen-4-ol.

Several bisabolane-type sesquiterpenoids have been reported from different marine organisms,
such as the marine sponge Halichondria sp. [18], the gorgonians Pseudopterogorgia spp. [7] or the red algae
Laurencia scoparia [23]. The isolation of bisabolane-related compounds from microorganisms, such as the
marine-derived fungus Aspergillus sp. [24], has been used to suggest that these compounds are produced
by microbial-associated organisms and not directly by the host. In this work, we were able to isolate
four new bisabolane-related compounds. For these new compounds from this work, no assumptions
can be made as to whether the producer is the sponge or possible associated microorganisms since the
metabolites were extracted indistinctly.

Bisabolane-like compounds have previously been isolated from marine sponges [9,10]. However,
to the best of our knowledge, this work represents the first report of this class of compounds
from Myrmekioderma sp. Besides belonging to a known class of compounds, the four new isolated
bisabolane-related metabolites show novel structural features. Cyclic bisabolane and metabolites
bearing oxo functionality are both uncommon among this group of compounds, highlighting the
importance of these discoveries.

From the biosynthetic point of view, bisabolane-related compounds have already been described
as a result of the combination of the shikimic and mevalonic acid pathways [25,26] and the same
routes are proposed for the described compounds. Compound 4, however, has a migrated carbon
relative to the curcuphenol skeleton, a feature that can be found in other related-compounds [27].
Compound 4 is, therefore, proposed to be obtained from tetraketide 3-methyl-orsellinic acid [27,28].
As such, there is strong evidence that the compounds originate from a fungi-associated strain. All seven
isolated compounds were tested for their cytotoxic activity against A-549 human lung carcinoma cells,
MDA-MB-231 human breast adenocarcinoma cells, HT-29 human colorectal carcinoma, and PSN1
human pancreatic adenocarcinoma cells. Compounds 1–7 were inactive (IC50 > 20 μM) in all the cancer
cell lines tested.
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Figure 5. Lipid-reducing activity of compounds 1–7 in zebrafish Nile red fat metabolism assay.
MFI represents the mean fluorescence intensity, indicative of neutral lipids. A solvent control with
0.1% DMSO was included in the bioassay, together with the positive control 50 μM resveratrol (REV).
Per treatment, 6–8 individual zebrafish larvae were used. ** p < 0.01, *** p < 0.001.

Figure 6. Representative images of the zebrafish Nile red assay. Images show the overlay of the
fluorescence and bright field images; 0.1% DMSO was used as solvent control and 50 μM resveratrol
(REV) as positive control.

The lipid-reducing activity of compounds 1–7 was also tested using the zebrafish Nile red fat
metabolism assay (Figures 5 and 6). This whole small animal model was already successfully used in
the discovery of lipid-reducing compounds from fungus [16], chemically modified polyphenols [29]
and cyanobacteria [30], and offers higher physiological relevance compared to commonly used cellular
in vitro models. Furthermore, it was previously shown that zebrafish larvae responded similarly to
humans if challenged with known lipid regulator drugs [31]. The results showed that compounds 2,
5, and 7 have potent lipid-reducing activity (IC50 = 1.78, 0.84, and 1.22 μM, respectively), reducing
significantly the zebrafish Nile red fluorescence intensity, which is indicative of the total amount
of neutral lipids. Compounds 3 and 4 also showed moderate lipid-reducing activity (IC50 = 7.89,
12.61 μM, respectively). None of the compounds 1–7 had any general toxicity on zebrafish larvae and
additionally did not cause any malformations. It is interesting to observe that all the active compounds
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are bisabolane-related, while compound 1 did not show activity. The structural differences between
compounds 2 or 3 compared to compound 6 caused the inactivation of the compound, but cyclizing
the side chain (compound 7) did not. Therefore, more studies are needed in order to understand the
relationship between the chemical structure and its lipid-reducing activity.

3. Materials and Methods

3.1. General Experiments

Optical rotations were measured on a Jasco P-1020 polarimeter. The UV spectra were measured
using an Agilent 8453 UV-vis spectrometer. The IR spectra were recorded on a Nicolet iZ10
(ThermoFisher Scientific) FTIR spectrophotometer. The NMR experiments were performed on a
Bruker 400 spectrometer at 400/100 MHz (1H/13C). Chemical shifts were reported in ppm using residual
CD3OD (δ 3.31 for 1H and 49.0 for 13C) and CDCl3 (δ 7.26 for 1H and 77.2 for 13C) as internal references.
The HRESIMS was performed on a Waters Synapt G1 UPLC-QTOF mass spectrometer in negative
ionization mode.

3.2. Biological Sample

The Myrmekioderma sp. sponge was collected by hand while scuba diving in Boano (Indonesia).
The sponge was immediately frozen and kept under these conditions until extraction. The specimen
was identified by María Jesús Uriz at CEAB, Blanes, Spain. A voucher specimen (ORMA135834) is
deposited at PharmaMar facilities (Madrid, Spain).

3.3. Extraction and Isolation

The frozen sponge specimen (320 g) was repeatedly extracted using dichloromethane: methanol
(CH2:Cl2:MeOH 1:1 v/v). The extract was concentrated under vacuum to yield 25.91 g of crude
extract. This crude extract was dissolved in 300 mL of water and subsequently extracted with n-hexane
(3 × 300 mL), ethyl acetate (EtOAc) (3 × 300 mL), and butanol (n-BuOH) (2 × 250 mL). The n-hexane
extract (6.11 g) was subjected to reversed phase VLC over RP-18 silica gel with a stepped gradient from
H2O:MeOH (3:1 v/v) to dichloromethane (CH2Cl2). Fraction 1 (95.6 mg), eluted with H2O:MeOH (3:1
v/v), was subjected to semi-preparative HPLC (Gemini-NX C18 110A, Phenomenex, 5μ, 10.0 × 250 mm,
gradient H2O:MeCN 60:40 v/v to 50:50 v/v, in 15 min, 3 mL/min) to yield compound 1 (6.4 mg) at
10 min. Fraction 3 (1640.7 mg), eluted with pure MeOH, was initially separated by preparative HPLC
(Luna C18 100A, Phenomenex, 5 μ, 21.20 × 250 mm, gradient H2O:MeCN (25:75 v/v) to 0:100, in 30 min,
6 mL/min), yielding HPLC Fraction 2 at 14 minutes (444.2 mg). This fraction was again separated by
preparative HPLC (Luna C18 100A, Phenomenex, 5 μ, 21.20 × 250 mm, gradient H2O:MeCN 50:50 v/v
to 40:60 v/v, in 25 min, 10 mL/min), yielding compound 2 (98.6 mg) at 21 minutes and HPLC Fraction
4 at 24 minutes (146.6 mg). The HPLC Fraction 4 was submitted to a final semi-preparative HPLC
separation (Gemini-NX C18 110A column, 5 μ, Phenomenex, 10.0 × 250 mm, gradient H2O:MeCN
50:50 v/v to 30:70 v/v, in 35 min, 2.3 mL/min) to yield compounds 3 (1.3 mg) at 11 min, 4 (4.9 mg) at
21 min and 5 (9.4 mg) at 34 min. The EtOAc extract from the original liquid/liquid extraction was also
subjected to reversed phase VLC over RP-18 silica gel with a stepped gradient from H2O:MeOH (3:1
v/v) to CH2Cl2. Fraction 2 (1021.7 mg) eluted with H2O:MeOH (1:3 v/v) and was further separated by
preparative HPLC (Luna C18 100A, Phenomenex, 5 μ, 21.20 × 250 mm, gradient H2O:MeCN (50:50 v/v)
to 20:80 v/v, in 30 min, 8 mL/min), to yield compounds 6 (46.5 mg) at 28 min and 7 (23.3 mg) at 19 min.

1-(2,4-dihydroxy-5-methylphenyl)ethan-1-one (1): Dark-brown oil; IR (neat) υmax, 3314 (br), 2971,
2853, 1652, 1406, 1038 cm−1; UV/Vis (MeOH) λmax 194, 210, 232, 265, 360 nm. HRESIMS: m/z 165.0552
[M − H]− (calcd for C9H9O3, 165.0552).
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(1’Z)-2-(1’,5’-dimethylhexa-1’,4’-dieny1)-5-methylbenzene-1,4-diol (2): Dark-brown oil; IR (neat)
υmax 3413 (br), 2970, 2913, 1416, 1187 cm−1; UV/Vis (MeOH) λmax 229, 299 nm. HRESIMS: m/z 231.1496
[M − H]− (calcd for C15H19O2, 231.1385).

6-(3-hydroxy-6-methyl-1,5-heptadien-2-yl)-3-methylbenzene-1,4-diol (3): Yellow amorphous solid;
(α)25

D +0.72 (c 0.484, CH3OH); IR (MeOH) υmax 3314 (br), 2943, 2831, 1033 cm−1; UV/Vis (CH3OH) λmax

195, 299 nm. 1H-NMR (400 MHz, CDCl3) and 13C-NMR (100 MHz, CDCl3) see Table 1; HRESIMS:
m/z 247.1344 [M − H]− (calcd for C15H19O3, 247.1334), m/z 149.0575 (M − C6H11O)− (calcd for
C9H9O2, 149.0602).

4-hydroxy-3,7-dimethyl-7-(3-methylbut-2-en-1-yl)benzofuran-15-one (4): Yellow amorphous solid;
(α)25

D +2.2 (c 0.115, MeOH); IR (MeOH) υmax 3313 (br), 2944, 2832, 1656, 1451, 1035 cm−1; UV/Vis
(MeOH) λmax 196, 294 nm. 1H-NMR (400 MHz, CDCl3) and 13C-NMR (100 MHz, CDCl3) see Table 1;
HRESIMS: m/z 245.1126 [M − H]− (calcd for C15H17O3, 245.1177).

1,8-epoxy-1(6),2,4,7,10-bisaborapentaen-4-ol (5): Yellow amorphous solid; IR (neat) υmax 3266 (br),
2915, 1437, 1168, 805, 434 cm−1; UV/Vis (MeOH) λmax 203, 257, 297 nm. HRESIMS: m/z 229.1234 [M −
H]− (calcd for C15H17O2, 229.1229).

6-(2-methoxy-5-methylhept-4-en-2-yl)-3-methylbenzene-1,4-diol (6): Dark-brown oil; (α)25
D +5.0

(c 0.0337, CH3OH); IR (MeOH) υmax 3339 (br), 2926, 1453, 1374, 1183, 1051 cm−1; UV/Vis (CH3OH)
λmax 196, 297 nm. 1H-NMR (400 MHz, CDCl3) and 13C-NMR (100 MHz, CDCl3) see Table 2; HRESIMS:
m/z 263.1610 [M − H]− (calcd for C16H23O3, 263.1647).

9-(3,3-dimethyloxiran-2-yl)-1,7-dimethyl-7-chromen-4-ol (7): Green crystals; (α)25
D −10.4 (c 0.0322,

CH3OH); IR (neat) υmax 3388 (br), 2926, 1412, 1178, 994, 829, 597 cm−1; UV/Vis (CH3OH) λmax 194, 217,
330 nm. 1H-NMR (400 MHz, CDCl3) and 13C-NMR (100 MHz, CDCl3) see Table 2; HRESIMS: m/z
245.1126 [M − H]− (calcd for C15H17O3, 245.1177).

3.4. Biological Activities

3.4.1. Cytotoxicity

The cytotoxic activity of compounds 1–7 was tested against A-549 human lung carcinoma cells,
MDA-MB-231 human breast adenocarcinoma cells, HT-29 human colorectal carcinoma cells, and PSN1
human pancreatic adenocarcinoma cells. The four cell lines were provided by the American Type
Culture Collection (ATCC): A549 from ATCC CCL-185, MDA-MB-231 from ATCC HTB-26, HT-29
from ATCC HTB-38 and PSN-1 from ATCC CRM-CRL-3211. The concentration giving half maximum
inhibitory concentration (IC50) was calculated according to the procedure described in the literature [32].
Cell survival was estimated using the National Cancer Institute (NCI) algorithm [33]. Dose-response
parameters were determined at three different concentrations of each one of the compounds.

3.4.2. Zebrafish Nile Red Fat Metabolism Assay

The lipid reducing activity of the compounds was analyzed using the zebrafish Nile red fat
metabolism assay as previously described [16,25]. Approval by an ethics committee was not necessary
for the presented work since the procedures used are not considered animal experimentation according
to EC Directive 86/609/EEC for animal experiments. In brief, zebrafish embryos were raised from
1 DPF (days post fertilization) in egg water (60 μg/mL marine sea salt dissolved in distilled H2O)
with 200 μM PTU (1-phenyl-2-thiourea) to inhibit pigmentation. From 3 DPF to 5 DPF, zebrafish
larvae were exposed to compounds at a final concentration of 10 μM with the daily renewal of water
and compounds in a 48 well plate with a density of 6–8 larvae/well (n = 6–8). A solvent control
(0.1% DMSO) and positive control (REV, resveratrol, final concentration of 50 μM) were included in the
assay. Lipids were stained with Nile red overnight at the final concentration of 10 ng/mL. For imaging,
the larvae were anesthetized with tricaine (MS-222, 0.03%) for 5 minutes and fluorescence analyzed
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with a fluorescence microscope (Olympus BX43, Hamburg, Germany). Fluorescence intensity was
quantified in individual zebrafish larvae by ImageJ [34]. Effective concentrations 50% (EC50) values
were determined in further assays by dose-response curves by using a 1:2 v/v dilution series from
20 μM to 312.5 nM (final concentrations) in 7 dilution steps.

4. Conclusions

This work represents the first isolation and structural elucidation of novel compounds 3, 4, 6,
and 7. It is also the first report of the isolation of compounds 1, 2, and 5 from marine sources. Besides
being a known and wide-spread class of compounds, the structures of the new compounds isolated
present unique structural features. The isolation of these novel compounds, as well as related analogs
previously found in marine-derived organisms, raises the question of who is the real metabolite
producer, the host or the associated-microorganisms. Further studies are needed in order to answer
that question. All of the isolated compounds except for 1 and 6, showed significant lipid-reducing
activity when tested in the zebrafish Nile red fat metabolism assay, but no general toxicity, reinforcing
their biotechnological potential. More studies are needed in order to relate the bioactivity with
structural features.

Supplementary Materials: The following are available online at http://www.mdpi.com/1660-3397/17/6/375/s1.
Figure S1: Picture of the fresh sponge; Figures S2–S44: HRESIMS and NMR spectra of compounds 1–7; Figure S45:
MS fragmentation pattern of compound 7.
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