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Sea Cucumber and Blue Mussel: A new source of phospholipid enriched

omega-3 fatty acids with a potential role in 3T3-L1 adipocyte metabolism

Hitesh Vaidya and Sukhinder K Cheema

Sea Cucumber and Blue Mussel methanolic extracts are enriched in n-3 polyunsaturated fatty
acids structured in phospholipids, which increases adipogenesis and decreases lipogenesis in

3T3-L1 adipocytes.
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Abstract

Omega (n)-3 polyunsaturated fatty acids (PUFA), namely docosahexaenoic acid (DHA) and
eicosapentaenoic acid (EPA) are known to reduce the risk of insulin resistance, and ameliorate
obesity-associated disorders. DHA and EPA structured in phospholipids form possess superior
biological effects compared to triglyceride form available in fish oil. In this study, we have
identified that Sea Cucumber (SC) and Blue Mussel (BM) from Newfoundland and Labrador are
a rich source of n-3 PUFA structured in phospholipid form. Treatment with SC and BM
methanolic extracts (250 and 100pg/mL, respectively) significantly (p<0.01) increased
triglyceride accumulation in 3T3-L1 adipocytes, along with an increase in the mRNA expression
of peroxisome proliferator-activated receptor-y (37 and 39%, respectively) and adiponectin (57
and 56%, respectively) compared to control cells (p<0.05). Only SC extract (250ug/mL)
increased the mRNA expression of sterol regulatory element-binding protein-1 (SREBP-1).
Treatment with higher concentrations of SC and BM extracts (500 and 750ug/mL, respectively)
significantly (p<0.01) decreased triglyceride accumulation in 3T3-L1 cells as opposed to an
increase in triglyceride accumulation at the lower concentrations. This was due to inhibition of
acetyl-CoA carboxylase-1 and SREBP-1 mRNA expression compared to control cells (p<0.05).
There was no effect of the extracts on the mRNA expression of hormone sensitive lipase or
lipolysis, suggesting that the decrease in triglyceride accumulation at higher concentrations is not
due to breakdown and release of fat. This is the first report to show that SC and BM are a new
source of phospholipid bonded n-3 PUFA, with the potential to target insulin resistance and

obesity.
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Introduction

Obesity is associated with type 2 diabetes and insulin resistance leading to an increase in the
production of insulin thereby causing hyperinsulinemic state." Though adipose tissue is the
primary organ for fat storage, adipocytes also secret potent adipokines, which include hormones,
cytokines and other proteins with specific biological functions.”> Thus, the development and
maintenance of adipocytes is critical for their proper function. The conversion of preadipocytes
to mature, fat laden adipocytes, known as adipogenesis; is strictly regulated in animals and
humans.’ Tt is a multistep process characterized by a sequence of events during which
adipoblasts divide until confluent and become mature adipocytes. Peroxisome proliferator-
activated receptor-y (PPAR-y) and CCAAT/enhancer binding protein-o (C/EBP-a) are the
decisive transcriptional factors that play an important role during adipogenesis.* > These proteins
works cooperatively during adipogenesis, and regulate the expression of other adipocyte specific

5,6
genes.”

Several drugs, which decrease insulin resistance have been shown to increase adipogenesis in
adipocytes via up regulation of PPAR-y and adiponectin mRNA expression in obese patients.’
Marine sources such as fish and fish oil are also gaining attention due to their beneficial effects
under diabetic and obese conditions.® * The beneficial effects of marine sources are mostly due
to omega (n)-3 polyunsaturated fatty acids (PUFA) such as eicosapentaenoic acid (EPA) and
docosahexaenoic acid (DHA).” The preventive effects of n-3 PUFA against obesity are generally
mediated by increasing resting energy expenditure, increasing fat oxidation, and suppressing

appetite'® due to alterations in the expression of genes involved in adipogenesis and lipogenesis.
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Besides fish and fish oil, other marine sources such as Sea Cucumber and Blue Mussel are also a
rich source of n-3 PUFA.'" '* These sources have recently been shown to possess anti-
inflammatory, anti-arthritic and lipid lowering effects.'>™"> A recent study has shown that feeding
EPA-enriched phosphatidylcholine fraction isolated from Sea Cucumber improved glucose
homeostasis by increasing insulin production in streptozotocin induced diabetic rats.'® Others
have also shown that feeding saponins fraction isolated from Sea Cucumber decreased serum
triglycerides and glucose concentration in high-fat diet induced obese mouse.'” Olivera et al'’
also found that Sea Cucumber meals decreased serum triglycerides, cholesterol and low density

lipoprotein concentrations in Wistar rats.

Atlantic Ocean with its cold waters is home to Sea Cucumber and Blue Mussel. Studies have
shown that cold temperature modifies the lipid composition of marine organisms;'® however,
there is no information on the lipid composition and fatty acid profile of Sea Cucumber and Blue
Mussel from the Great Northern Peninsula of the Canadian province of Newfoundland and
Labrador (NL). We hypothesized that lipid composition of Sea Cucumber and Blue Mussel from
the Northern Peninsula of the Canadian province of NL will have a unique lipid composition. We
further hypothesized that methanolic extracts of Sea Cucumber and Blue Mussel will have
beneficial effects in insulin resistance and obese condition. Our findings shows for the first time
that Sea Cucumber and Blue Mussel from NL are a newer marine source of phospholipid- DHA
and EPA, that has a significant effect on the regulation of adipose tissue metabolism in 3T3-L1
cells. Our findings suggest that Sea Cucumber and Blue Mussel has the potential to target obesity

and insulin resistance.
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Material and methods

Sea Cucumber and Blue Mussel extracts

Sea Cucumber and Blue Mussel freeze dried powders were provided by St. Anthony Basin
Resources Inc, NL, Canada. Different solvents were used for making Sea Cucumber and Blue
Mussel extracts based on the polarity index; methanolic extract was the best compared to
chloroform, choloroform:methanol (2:1), methanol:water (2:1) and phosphate buffer saline
(PBS). For the extractions, Sea Cucumber and Blue Mussel freeze dried powders were mixed
with methanol and stirred overnight at room temperature. Methanolic extracts were vacuum
filtered in acid washed glass tubes and evaporated to dryness under nitrogen gas and stored at -

20°C till further analysis.

Lipid composition and fatty acids analysis

Total lipids were separated from the methanolic extract of Blue Mussel and Sea Cucumber by
thin layer chromatography (TLC) and identified with coupled flame ionization detector using
latroscan, followed by multistep development scheme.'® Phospholipids were separated on TLC
plates using hexane: ethyl ether: acetic acid (70:30:2 v/v). 2 Fatty acid analysis of total lipids and
phospholipids was determined using gas liquid chromatography as per our previously published

method.”' Data presented only represents one analysis.

Treatment of 3T3-L1 cells
3T3-L1 preadipocytes were obtained from American Type Culture Collection (ATCC # CL-173,
USA) and maintained in Dulbecco's Modified Eagle's Medium (DMEM) (Gibco, USA)

containing 10% calf serum (Gibco, USA) in a 5% CO,, humidified environment at 37 C.
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Differentiation of confluent preadipocytes culture (day 0) was induced using DMEM containing
10% fetal bovine serum (FBS), 0.5 mmol/l 3-isobutyl-1-methylxanthine, 1uM insulin, and 1pM
dexamethasone in the presence or absence of extracts. A dose response curve was initially
established for both Sea Cucumber and Blue Mussel extracts using concentrations range from
25-1000pg/ml of the extract. Sea Cucumber and Blue Mussel extracts were reconstituted in
dimethyl sulfoxide (DMSO) and added to the cells; control cells received DMSO. The final
concentration of DMSO on cells was less than 0.1%. After 48h, the medium was changed to
DMEM containing 10% FBS and 1uM insulin along with the treatments; medium was replaced
to maintenance media (DMEM + 10% FBS) every 48h till day 8. On the 8" day, fully
differentiated adipocytes were washed with 1X phosphate buffer saline (PBS) and used either for

triglyceride accumulation assay or for total RNA extraction for gene expression analysis.

Cell viability measurements

Cell wviability was measured wusing an MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide, a yellow tetrazole) assay with modifications> in pre-adipocytes as
well as in mature adipocytes treated with different concentrations of Sea Cucumber or Blue
Mussel (25-1000pg/ml) for 8 days. For MTT assay in pre-adipocytes, cells were grown in 24
well plates (50,000 cells/well) and incubated for 24h with or without different concentrations of
Sea Cucumber or Blue Mussel (25-1000pg/ml). Media was replaced with fresh medium after
24h and 20pl of MTT (5mg/ml) reagent was added to each well and incubated for 2h at 37°C.
Media containing MTT reagent was then removed and formazan crystals were solubilized in

250ul of DMSO to measure the coloured solution.
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To study the effect of Sea Cucumber and Blue Mussel extracts on cell viability of the mature
adipocytes, cells were differentiated and treated with or without different concentrations of Sea
Cucumber or Blue Mussel (25-1000pg/ml) for 8 days; medium was replaced every 48h till day 8.
On day 8, media was replaced with fresh medium and 20ul of MTT (5mg/ml) was added to each
well and incubated for 2h at 37°C. Media containing MTT reagent was then removed and
formazan crystals were solubilized in 250ul of DMSO. The coloured solution was quantified at

570nm and cell viability was expressed as a percentage over control.

Triglyceride accumulation assay

Cellular triglyceride accumulation in adipocytes was measured using commercially available
triglyceride assay kit (Kit # 236-60, Genzyme, Canada). Briefly, cells were washed twice with
1X PBS, total fat was extracted using Folch method® and triglycerides were measured using

triglyceride assay kit as per our previously published method.**

Lipolysis assay

Lipolysis was assayed by measuring the amount of non-esterified free fatty acids (NEFA)
released in the growth media. Fully differentiated adipocytes (Day 8) were treated with Sea
Cucumber and Blue Mussel extracts in fatty acid free medium for 24h and NEFAs were
measured in the growth medium using NEFA kit (Kit # 999-34691, Wako chemicals, USA).
Protein concentration of cell lysate was measured using Lowry method.” Data was expressed as

mEq of NEFA per mg of protein.

Total RNA isolation and gene expression analysis
Total RNA was isolated from the cells using TriZol method (Invitrogen, USA) and integrity of

RNA was confirmed. Multiplex reverse transcription (RT)-polymerase chain reaction (PCR) was

7
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performed using B-actin as the housekeeping gene as per our previous publication.”* Mouse
primer sequences for PPAR-y, adiponectin, acetyl-CoA carboxylase 1 (ACCI), hormone
sensitive lipase (HSL) and sterol regulatory element-binding protein-1 (SREBP-1), glucose
trasporter-4 (GLUT-4), PPAR-a and B-actin are given in Table 1. The RT-PCR products were
analyzed using Chemi-Imager 4400, normalized to B-actin as the house keeping gene and

expressed as arbitrary units.

Statistical analysis

The results were analyzed using One-way analysis of variance (ANOVA) and Dunnett's multiple
tests to compare treatment groups with control. A value of p<0.05 was considered to be
significant. The results were expressed as mean + SD. The statistical analysis was carried out by

using Graph Pad 5.0 software.

Results

Sea Cucumber and Blue Mussel are rich in phospholipids

Different classes of lipids were analyzed in Sea Cucumber and Blue Mussel extracts; namely,
hydrocarbon, steryl esters/wax esters, ethyl ketones, methyl ketones, triacylglycerol, free fatty
acids, alcohols, sterols, acetone mobile polar lipids and phospholipids (Table 2). It was
interesting to note that phospholipids constituted majority of the lipids of Sea Cucumber and
Blue Mussel extracts, containing 75.59 and 84.12% of total fat, respectively (Table 2). On the

other hand, triacylglycerols were only 2.2% in Sea Cucumber and not detected in Blue Mussel.



Food & Function Page 10 of 29

Sea Cucumber and Blue Mussel are high in n-3 PUFA

Sea Cucumber and Blue Mussel extracts contained 38% and 56% PUFA of total fatty acids; of
which 28% and 49% were n-3 PUFA, respectively. Blue Mussel extract was rich in DHA (21%)
compared to Sea Cucumber (0.6%), while Sea Cucumber extract was rich in EPA (25%)
compared to Blue Mussel (20%) (Table 3). Sea Cucumber phospholipids fraction contained 57%
total PUFA, with 44% EPA and 3.9% DHA, while Blue Mussel phospholipids contained 41%
total PUFA, with 20% EPA and 11% of DHA (Table 4). The total n-3 PUFA content of Sea
Cucumber and Blue Mussel phospholipids was 50% and 34% with an n-6/n-3 PUFA ratio of

0.14 and 0.22, respectively (Table 4).

Dose dependent effect of Sea Cucumber and Blue Mussel on cell viability and adipogenesis
Treatment of 3T3-L1 preadipocytes with Sea Cucumber and Blue Mussel extracts in the range of
25-1000pg/ml had no effect on cell viability after 24h (Figure 1A and B, respectively) and after
day 8 (Figure 1C and D, respectively), suggesting that the extracts had no toxic effects.

Sea Cucumber significantly (p<0.001) increased triglyceride accumulation up to a concentration
of 250pg/ml compared to control cells, however higher concentrations of Sea Cucumber (500,
750 and 1000pg/ml) dramatically inhibited triglyceride accumulation (Figure 2A). On the other
hand, Blue Mussel significantly (p<0.001) increased triglyceride accumulation at 50 and 100
pg/ml compared to control cells, while higher concentrations (500, 750 and 1000pg/ml)
significantly (p<0.001) inhibited triglyceride accumulation in adipocytes compared to control

cells (Figure 2B).
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A lower concentration of Sea Cucumber and Blue Mussel extracts increased adipogenesis

Since lower concentrations of Sea Cucumber and Blue Mussel (250 and 100pg/ml, respectively)
significantly increased triglyceride accumulation in adipocytes (Figure 2A and B) compared to
control cells, we measured the gene expression of adipogenic genes (PPAR-y, Adiponectin,
GLUT-4 and SREBP-1). Treatment with Sea Cucumber and Blue Mussel extracts showed a
significant increase in PPAR-y (37 and 39%, respectively) (Figure 3A) and adiponectin (Figure
3B) mRNA expression (57 and 56%, respectively) compared to control cells. Treatment with Sea
Cucumber showed 38% increase in the mRNA expression of SREBP-1; surprisingly Blue
Mussel extract had no effect on SREBP-1 gene expression (Figure 3C). Treatment with Sea
Cucumber and Blue Mussel extracts had no effect on GLUT-4 mRNA expression (data not

shown).

Higher concentrations of Sea Cucumber and Blue Mussel extracts decreased lipogenesis and
triglyceride accumulation

Since both Sea Cucumber and Blue Mussel methanolic extracts at higher concentrations (500
and 750 pg/ml, respectively) significantly decreased triglyceride accumulation compared to
control cells, we investigated whether higher concentrations of Sea Cucumber and Blue Mussel
inhibit lipogenesis and/or induced lipolysis. Treatment with a higher concentration of Sea
Cucumber and Blue Mussel methanolic extracts inhibited ACC1 mRNA expression compared to
control cells (Figure 4A). Additionally, Sea Cucumber decreased the mRNA expression of
SREBP-1 (Figure 4B), and increased adiponectin mRNA expression by 60% compared to
control cells (Figure 4C), while Blue Mussel extract had no effect. Treatment with both Sea

Cucumber and Blue Mussel methanolic extracts had no effects on the mRNA expression of HSL

10



Food & Function

(Figure 4D) compared to control cells. Furthermore, there was no effect of Blue Mussel or Sea
Cucumber methanolic extracts on lipolysis as identified by the release of non-esterified fatty
acids (NEFA) in the culture medium (Figure 4E). The mRNA expression of PPAR-a was also

not altered after treatment with Blue Mussel or Sea Cucumber (data not shown).

Discussion

N-3 PUFA contained in fish and fish oil are well known to elicit health beneﬁts,g’ 2627 however
recent studies have shown that supplementation of n-3 PUFA structured in phospholipids form
exert stronger biological effects compared with the triglycerides form found in fish and fish 0il.*®
Phospholipids form has been shown to augment the bioavailability of DHA and EPA in both
rodents® and humans.’® Krill oil is the best example where n-3 PUFA are structured in

31

phospholipids form;” supplementation of Krill oil showed superior effects to modulate

32-34

inflammation as well as inhibiting fat accumulation in rodents’ " compared to fish oil. Previous

studies have shown that Blue Mussel (Mytilus edulis)" *°

and Sea Cucumber (Cucumaria
frondosa)'' from Newfoundland and Labrador are a rich source of n-3 PUFA. However, it is not
known whether n-3 PUFA of Blue Mussel and Sea Cucumber are in triglyceride or
phospholipids form. We are reporting for the very first time that Sea Cucumber and Blue Mussel

from the Great Northern Peninsula of the Canadian province of Newfoundland and Labrador are

a rich source of n-3 PUFA structured in phospholipids form.

We have found that Sea Cucumber contained 75.59% of total lipids as phospholipids, while Blue
Mussel contained 84.12% of the total lipids as phospholipids. Alkanani et al.,>” also found a
similar amount of phospholipids in Blue Mussels from NL, however there is no data available for
phospholipids content of Sea Cucumber from NL. We are the first to show that Sea Cucumber is

a rich source of EPA structured in phospholipids form; however Sea Cucumber is not a rich

11
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source of DHA. It was also interesting to find that phospholipids-EPA of Blue Mussel was lower
compared to Sea Cucumber, however Blue Mussels phospholipids-DHA was higher compared to
Sea Cucumber. It has been previously reported that Blue Mussels from New Zealand contained
13% EPA and 21% DHA of total lipids,'> however Blue Mussels from NL contained 20% EPA
and 20.7% DHA demonstrating that Blue Mussels from Newfoundland has a better nutritional
value compared to the New Zealand variety. Furthermore, n-3 PUFA in Blue Mussel and Sea
Cucumber from NL are structured in phospholipids form. Studies have shown that cold
temperature modifies the lipid composition of marine organisms,'® thus the higher content of
EPA and DHA, in both total lipids and phospholipids of Blue Mussel and Sea Cucumber from
NL is most likely due to the colder temperatures of Atlantic Ocean surrounding Newfoundland.
Krill oil has been shown to contain 18.5% EPA and 9% DHA of total lipids,36 whereas our
findings showed that Blue Mussel contained 20% EPA and 20.65% DHA of total lipids, thus
Blue Mussel is a richer source of these fatty acids compared to Krill oil. The phospholipids-EPA
and ~-DHA content of Krill oil has been reported to be 28% and 13% respectively.® The
phospholipids-EPA and -DHA content of Blue Mussel in our study was found to be 20% and
11% respectively, whereas Sea Cucumber phospholipids-EPA was 44.4%. Thus, cold water Blue
Mussel and Sea Cucumber from Newfoundland are compatible with Krill oil as a new source of

n-3 PUFA structured in phospholipids form.

We investigated whether these extracts will affect triglyceride accumulation in 3T3-L1 cells.
There was a dose dependent increase in triglyceride accumulation with both Sea Cucumber and
Blue Mussel extracts, where Sea Cucumber at a concentration of 250pg/ml showed the highest
triglyceride accumulation, while a lower concentration of Blue Mussel (100pg/ml) induced the

highest triglyceride accumulation. These differences in the concentrations of Blue Mussel and

12
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Sea Cucumber on fat accumulation is likely due to differences in their fatty acid composition;
Sea Cucumber contained very high amounts of EPA, whereas Blue Mussel contained high
amounts of both EPA and DHA. It has previously been shown that a combination of DHA and

EPA has a stronger biological effect compared to EPA alone.””’

Triglyceride accumulation is an indicator of adipogenesis, thus we investigated if treatment with
Sea Cucumber and Blue Mussel extracts altered the expression of genes involved in
adipogenesis. PPAR-y is a nuclear receptor and a key gene involved in adipogenesis.* Treatment
with Sea Cucumber and Blue Mussel extracts at a concentration of 250 and 100ug/ml,
respectively increased 37 and 39% PPAR-y gene expression compared to control cells, which
corresponds to an increase in fat accumulation in 3T3-L1 cells. Treatment with Sea Cucumber
also showed 38% increase in the mRNA expression of SREBP-1, a transcription factor that
regulates the mRNA expression of PPAR-y. Others have also shown that expression of SREBP-1
and PPAR-y increased concomitantly during differentiation to control adipogenesis.*' Treatment
with Blue Mussel showed no change in SREBP-1 mRNA expression, however there was an
increase in PPAR-y mRNA expression, suggesting that Blue Mussel extract has a direct effect on
PPAR-y. Others have shown that fatty acids act as a direct ligand for PPAR-y expression.** Long
chain n-3 PUFA are known to increase the mRNA expression of PPAR-y,** however it was
interesting to note in our study that the effect of the extracts was dose dependent. A similar type
of dose dependent effect of arachidonic acid has been reported, where lower concentrations
increased PPAR-y mRNA expression in 3T3-L1 adipocytes, while higher concentrations
decreased PPAR-y mRNA expression.* Adipose tissue PPAR-y gene also regulates production
and secretion of adipokines such as adiponectin and leptin, important mediators of insulin action

on peripheral tissues.** Moreover, adiponectin mRNA expression is dramatically induced during

13
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adipogenesis process in the presence of PPAR-y agonist.*> Treatment with both Sea Cucumber
and Blue Mussel extracts significantly up regulated adiponectin mRNA expression (57 and 56%,
respectively) compared to the control cells. In a recent study, Krill oil supplementation in the
diets of rodents caused an increase in the mRNA expression of adiponectin and also plasma
adiponectin concentrations.* Our findings demonstrate that Sea Cucumber and Blue Mussel
extracts significantly increase adipogenesis via up-regulating adipogenic genes, thus implicating

the importance of Blue Mussel and Sea Cucumber in targeting insulin resistance.

Although Blue Mussel and Sea Cucumber increased triglyceride accumulation and the
expression of genes involved in adipogenesis at the lower concentrations, the higher
concentrations caused a dramatic decrease in triglyceride accumulation. A decrease in
triglyceride accumulation may be due to inhibition of lipogenesis or an increase in lipolysis. We
measured the effects of both Sea Cucumber and Blue Mussel extracts at the higher
concentrations (500 and 750ug/ml, respectively) on lipolysis and lipogenesis in 3T3-L1 cells.
The mRNA expression of ACC1, the rate limiting enzyme for de-novo fat synthesis *’, was
inhibited by Sea Cucumber and Blue Mussel extracts at the higher concentration compared to
control cells. Furthermore, treatment with Sea Cucumber decreased the mRNA expression of
SREBP-1 in adipocytes suggesting that inhibition of ACCI is likely regulated by SREBP-1.
Similar findings have been reported after supplementing with Krill oil in rodents that inhibited
ACC-1 and SREBP-1 mRNA expression.”” ** * Surprisingly, treatment with Blue Mussel
extract did not change the mRNA expression of SREBP-1; Sea Cucumber is rich in EPA while
Blue Mussel is rich in DHA. Studies have shown that treatment with EPA decreased hepatic
SREBP-1 expression in C57BL/6J mice,” however DHA supplementation significantly

decreased mRNA expression of ACC-1, with no effect on SREBP-1 gene expression.”® Thus, the

14
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differential effect of Sea Cucumber and Blue Mussel on SREBP-1 gene expression is likely due
to differences in the n-3 PUFA composition of these extracts. Treatment with Sea Cucumber
extract also showed an increase in the mRNA expression of adiponectin, however, there was no
effect of Sea Cucumber and Blue Mussel extracts on the mRNA expression of PPAR-y at the
higher concentrations (data not shown). Our findings suggest that the inhibition of ACC1 and an
increase in adiponectin mRNA expression is independent of PPAR-y; however the mechanisms
need to be further investigated. We also investigated whether inhibition of triglyceride
accumulation by higher concentrations of Sea Cucumber and Blue Mussel extracts is due to an
increase in B-oxidation or an increase in lipolysis. An up-regulation of PPAR-a gene has been
shown to increase fatty acid release from the adipocytes followed by p-oxidation.’' There was no
effect of Blue Mussel or Sea Cucumber on the mRNA expression of PPAR-o or NEFA
concentrations in the medium, suggesting that a decrease in fat accumulation is not due to an
increase in lipolysis or f-oxidation. We also measured the mRNA expression of HSL, an enzyme
responsible for the release of free fatty acids from adipose tissue.”® There was no change in the
HSL mRNA expression, confirming that these extracts had no effect on lipolysis. Although
inhibition of ACCI1 and SREBP-1 will account for a decrease in triglyceride accumulation in
3T3-L1 cells, it does not explain the dramatic inhibition of fat accumulation. Thus, a potent lipid
lowering effect of Sea Cucumber and Blue Mussel extracts may involve other molecular targets

apart from ACC1 and SREBP-1 to be investigated in our future studies.

Overall, findings from this study established that Sea Cucumber and Blue Mussel are new
marine sources of n-3 PUFA structured in phospholipids. Our studies also demonstrate that Sea
Cucumber and Blue Mussel methanolic extracts have differential effects on fat accumulation

when used at higher or lower concentrations. At lower concentrations, these extracts increased

15

Page 16 of 29



Page 17 of 29 Food & Function

adipogenesis, reflecting their potential to improve insulin resistance. Furthermore, Sea Cucumber
and Blue Mussel methanolic extracts, when used at higher concentrations, inhibited triglyceride
accumulation suggesting their potential role in obesity. These effects of Sea Cucumber and Blue
Mussel extracts on adipogenesis and lipogenesis are comparable to those reported for Krill oil,
where n-3 PUFA are also structured in phospholipids form. Thus, we are the first to report that
Sea Cucumber and Blue Mussel are a rich source of n-3 PUFA structured in phospholipids, and

has the potential to target insulin resistance and adipose tissue metabolism.
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Figure 1 Effect of Sea Cucumber and Blue Mussel methanolic extracts on viability of 3T3-L1
pre-adipocytes and mature cells. 3T3-L1 preadipocytes were incubated with different
concentrations of Sea Cucumber and Blue Mussel methanolic extracts (25-1000ug/ml) for 24h
(A and B, respectively) or differentiated and treated till day 8 (C and D, respectively) as
explained in the methods section. Cells were incubated with MTT reagent for 2h at 37°C in fresh
media. After incubation, media was removed and formazan crystals were dissolved in 250ul
diethyl sulfoxide; the coloured solution was quantified at 570nm. Cell viability was expressed as
a percentage over control (n=3, mean+=SD).
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Figure 2 Dose dependent effect of Sea Cucumber (A) and Blue Mussel (B) methanolic extracts
on triglyceride accumulation. Total fat was extracted on day 8 after treatment with Sea
Cucumber and Blue Mussel extracts and triglycerides were measured using commercially
available kit as explained in the methods section. Results were analyzed using One-way analysis
of variance (ANOVA) and Dunnett's multiple tests was performed to check statistical significant
effects. Each bar represents mean + SD, n=3. Asterisk (*) indicates significantly (p<0.05)
different from control cells.
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Figure 3 Effects of Sea Cucumber (SC) and Blue Mussel (BM) methanolic extracts on
adipogenic gene expression. 3T3-L1 cells were treated with SC and BM extracts at 250pg/ml
and 100pg/ml doses respectively till day 8. Total RNA was isolated on day 8 and the mRNA
expression of PPAR-y (A), Adiponectin (B) and Sterol Regulatory Element-Binding Protein-1
(SREBP-1) (C) were measured, normalized to B-actin and expressed as arbitrary units. Results
were analyzed using One-way ANOVA followed by a Dunnett's multiple tests to compare BM or
SC treatment with control. Each bar represents mean + SD, n=3. Asterisk (*) indicates
significantly (p<0.05) different compared to control cells and “ns” indicates non-significant
compared to control cells.
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Figure 4 Effects of Sea Cucumber (SC) and Blue Mussel (BM) methanolic extracts on
lipogenesis and lipolysis. 3T3-L1 cells were treated with SC and BM extracts at 500pug/ml and
750ng/ml concentrations, respectively till day 8. Total RNA was isolated on day 8 and the
mRNA expression of Acetyl-CoA carboxylase 1 (ACC-1) (A), Sterol Regulatory Element-
Binding Protein-1 (SREBP-1) (B), Adiponectin (C) and hormone sensitive lipase (HSL) (D)
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were measured, normalized to B-actin and expressed as arbitrary units. Lipolysis was determined
by measuring non-esterified fatty acids (NEFA) concentration in cell culture medium (E).
Results were analyzed using one-way ANOVA followed by a Dunnett's multiple tests to
compare BM or SC treatment with control. Each bar represents mean + SD, n=3. Asterisk (*)
indicates significantly (p<0.05) different compared to control cells and “ns” indicates non-
significant compared to control cells.
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Table 1 Sequence of primers (Mus musculus) used for reverse transcription-polymerase chain
reaction

Primers (GenBank ID)

Forward Reverse
Acetyl-CoA carboxylase 1 5’-GGACCACTGCATGGAATGTTA-3> 5’-TGAGTGACTGCCGAAACATCTC-3’
(XM006531951.1)
Adiponectin (NM009605.4) 5’-GCCCAGTCATGCCGAAGA-3’ 5’-TCTCCAGCCCCACACACTGAAC-3
Glucose transporter-4 (GLUT-4)
(AB008453.1) 5’-GATTCTGCTGCCCTTCTGTC-3’ 5’-ATTGGACGCTCTCTCTCCAA-3’
Hormone Sensitive Lipase (HSL)
(U0813838.1) 5’-AGACACCAGCCAACGGATAC-3* 5-GGGCATAGTAGGCCATAGCA-3’
Peroxisome proliferator activated
receptor-y (U01664.1) 5’-GAGCTGACCCAATGGTTGCTG-3* 5’-GCTTCAATCGGATGGTTCTTC-3’
Peroxisome proliferator activated
receptor-o, (BC016892.1) 5’-AGGCAGATGACCTGGAAAGCT-3’ 5’-ATGCGTGAACTCCGTAGTGG-3’

5’-TAGAGCATATCCCCCAGGTG-3* 5 -GGTACGGGCCACAAGAAGTA-3’
Sterol regulatory element-binding

protein-1 (SREBP-1) (BC056922.1)

B-actin (BC138614.1) 5’-ATGGTGGGAATGGGTCAGAAG-3’ 5’-CACGCAGCTCATTGTAGAAGG-3’
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Table 2 Lipid composition of Sea Cucumber and Blue Mussel methanolic extract

Lipid Class Sea Cucumber (%) Blue Mussel (%)
Hydrocarbon 1.11 1.13
Steryl esters/Wax esters 1.84 ND
Ethyl ketones 2.05 2.14
Triacylglycerols 2.27 ND
Free fatty acids 5.20 0.15
Alcohols 241 3.74
Sterols 3.97 3.67
Acetone mobile polar lipids 5.52 7.18

Phospholipids 75.59 84.12
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Table 3 Fatty acid composition of total lipids of Sea Cucumber and Blue Mussel

Fatty Acids Sea Cucumber Blue Mussel

(%ow/w)
Saturated Fatty acids (SFA)
C14:0 1.75 1.58
C15:0 0.81 0.82
C16:0 5.38 14.8
C18:0 2.75 343
C20:0 0.5 0.03
C22:0 0.41 0.02
Total SFA 11.6 20.68
Monounsaturated Fatty acids (MUFA)
Cl4:1 0.42 0.04
C16:1n-7 17.45 5.63
Cl16:1n-5 0.87 0.39
C18:1n-9 2.3 2.38
C18:1n-7 4.04 2.86
C20:1n-11 2.27 1.09
C20:1n-9 0.98 5.72
C20:1n7 0.39 1.48
C24:1 1.36 ND
Total MUFA 32.72 23.38
Polyunsaturated Fatty acids (PUFA)
n-6 PUFA
C18:2n-6 0.4 1.68
C18:3n-6 0.27 0.08
C20:2n-6 0.34 0.87
C20:3n-6 ND 0.1
C20:4n-6 1.38 3.57
C22:4n-6 5.02 0.12
C22:5n-6 ND 0.35
n-3 PUFA
C18:3n-3 0.11 1.41
C18:4n-3 0.71 2.9
C20:4n-3 0.15 0.29
C20:5n-3 25.35 20.1
C22:5n-3 0.26 1.46
C22:6n-3 0.63 20.65
Total PUFA 37.79 56.2
Total n-3 27.59 48.75
Total n-6 7.45 6.48

n-6/n-3 0.27 0.13
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Table 4 Phospholipids fatty acid composition of Sea Cucumber and Blue Mussel

Fatty Acids Sea Cucumber Blue Mussel

(% wiw)
Saturated Fatty acids (SFA)
C14:0 2.14 3.56
C16:0 3.76 18.03
C18:0 6.78 6.87
Total SFA 12.68 28.46
Monounsaturated Fatty acids (MUFA)
C16:1n-7 0.57 2.92
C18:1n-9 5.08 3.24
C18:1n-7 1.52 3.12
C20:1n-9 2.01 3.8
Total MUFA 9.18 13.08
Polyunsaturated Fatty acids (PUFA)
n-6 PUFA
C18:2n-6 0.44 3.18
C18:3n-6 0.37 1.19
C20:4n-6 1.68 3.01
C22:4n-6 1.23 ND
C22:4n-6 3.49 ND
C22:5n-6 ND ND
n-3 PUFA
C18:3n-3 0.18 1.06
C18:4n-3 0.77 0.83
C20:4n-3 0.34 0.7
C20:5n-3 44 .4 19.7
C22:6n-3 39 11.24
Total PUFA 56.8 40.9
Total n-3 49.59 33.53
Total n-6 7.21 7.38

n-6/n-3 0.14 0.22




