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The micosporine-like amino acids-rich aqueous methanol extract 
of laver (Porphyra yezoensis) inhibits adipogenesis and induces 
apoptosis in 3T3-L1 adipocytes
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BACKGROUND/OBJECTIVES: Increased mass of adipose tissue in obese persons is caused by excessive adipogenesis, which is 
elaborately controlled by an array of transcription factors. Inhibition of adipogenesis by diverse plant-derived substances has 
been explored. The aim of the current study was to examine the effects of the aqueous methanol extract of laver (Porphyra 
yezoensis) on adipogenesis and apoptosis in 3T3-L1 adipocytes and to investigate the mechanism underlying the effect of 
the laver extract.
MATERIALS/METHODS: 3T3-L1 cells were treated with various concentrations of laver extract in differentiation medium. Lipid 
accumulation, expression of adipogenic proteins, including CCAAT enhancer-binding protein α, peroxisome proliferator-activated 
receptor γ, fatty acid binding protein 4, and fatty acid synthase, cell viability, apoptosis, and the total content and the ratio 
of reduced to oxidized forms of glutathione (GSH/GSSG) were analyzed. 
RESULTS: Treatment with laver extract resulted in a significant decrease in lipid accumulation in 3T3-L1 adipocytes, which 
showed correlation with a reduction in expression of adipogenic proteins. Treatment with laver extract also resulted in a decrease 
in the viability of preadipocytes and an increase in the apoptosis of mature adipocytes. Treatment with laver extract led to 
exacerbated depletion of cellular glutathione and abolished the transient increase in GSH/GSSG ratio during adipogenesis in 
3T3-L1 adipocytes.
CONCLUSION: Results of our study demonstrated that treatment with the laver extract caused inhibition of adipogenesis, a 
decrease in proliferation of preadipocytes, and an increase in the apoptosis of mature adipocytes. It appears that these effects 
were caused by increasing oxidative stress, as demonstrated by the depletion and oxidation of the cellular glutathione pool 
in the extract-treated adipocytes. Our results suggest that a prooxidant role of laver extract is associated with its antiadipogenic 
and proapoptotic effects.
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INTRODUCTION4)

Adipocytes are the main components of white adipose tissue. 
The primary function of adipocytes is control of energy balance 
through storage and mobilization of triacylglycerol. Adipose 
tissue is also an important endocrine organ which plays regulatory 
roles in glucose metabolism and energy homeostasis. However, 
excess adipose tissue in obese persons may cause insulin resistance, 
a critical risk factor in development of serious conditions such 
as type 2 diabetes, hyperlipidemia, and cardiovascular disease 
[1]. Increased mass of adipose tissue is caused by an increase 
in adipogenesis, the process by which preadipocytes are 
converted to fully differentiated adipocytes, and the accumula-
tion of triacylglycerol in adipocytes [2,3]. The adipocyte diffe-

rentiation process is elaborately controlled by an array of 
transcription factors, including CCAAT enhancer-binding proteins 
(C/EBPs) and peroxisome proliferator-activated receptor γ (PPAR
γ) [4,5]. These transcription factors coordinate the expression 
of numerous proteins which establish phenotype of mature 
adipocytes. 3T3-L1 preadipocyte is a well-characterized cellular 
model for studying adipogenesis, which can be induced to 
differentiate into adipocytes by treatment with insulin, dexa-
methasone, and 3-isobutyl-1-methylxantine [6].

Inhibition of adipogenesis and lipid accumulation, depletion 
of lipids through lipolysis, and removal of adipocytes through 
apoptosis can be considered strategies for prevention or treatment 
of obesity. The complex network of adipogenesis can be 
affected by many factors which interfere with the adipogenesis 
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process. Diverse plant extracts and plant-derived substances, 
e.g., phenolic compounds and vitamins, have been reported to 
have roles in prevention of obesity [7]. 

A variety of algal species have been reported to contain 
bioactive compounds which demonstrate antioxidative, anti- 
inflammatory, antimicrobial, and anticancer effects [8]. Marine 
algae are known to contain diverse bioactive primary and 
secondary metabolites, which play critical roles in defending 
themselves against a harsh environment, such as daily tidal 
fluctuation, desiccation, and UV-irradiation [9]. Laver, a red alga 
consumed predominantly in East Asia, is well known as a rich 
source of mycosporine-like amino acids (MAAs), such as porphyra- 
334 (P-334) and shinorine, which are known to function as 
antioxidants [10]. Nonetheless, the MAAs initially attracted 
attention because of their high UV-absorbing capacity [11,12]. 
Some red algal species are also reported to contain other 
antioxidant substances such as carotenoids and polyphenols 
[13,14]. 

The anti-obesity effects of edible seaweeds have mainly been 
examined using brown algae [15-17]. Recently, some red algal 
species were reported to show an antiadipogenic effect [18,19]. 
However, the antiadipogenic effect of laver, one of the most 
widely consumed red algae, has not been previously explored.

In the current study, we assessed the effect of the aqueous 
methanol extract of laver (Porphyra yezoensis) on adipogenesis 
and apoptosis in 3T3-L1 adipocytes. The effect of laver extract 
on cellular glutathione (γ-glutamyl-cysteinyl-glycine, GSH), a 
primary low molecular weight antioxidant, was also examined 
in order to explore the mechanism of adipogenesis regulation 
by laver extract.

MATERIALS AND METHODS

Laver extract preparation
Dried laver grown and collected from Jangbong Island, 

Incheon, Korea was used. Ten g of dried laver was extracted 
with 100 mL of 80% (v/v) methanol for 24 h at 45°C. Aqueous 
alcohols have been widely used for extraction of secondary 
plant compounds, most of which are polar compounds with 
varying degree of polarity [20,21]. The mixture was centrifuged 
(2,000 g, 10 min), and the clear supernatant was evaporated 
to dryness by rotary evaporator. The dried laver extract was 
re-dissolved in 20 mL of distilled water, and the solution was 
vigorously mixed with 160 mL of a mixture of chloroform, 
methanol, and distilled water (2:1:0.9) in a separating funnel. 
The aqueous upper layer was dried and redissolved in distilled 
water and stored in aliquots at -20°C.

The MAA content of laver extract was calculated from the 
molar absorption coefficient of P-334 at 334 nm, i.e., 42,300 
M-1∙cm-1 [22]. Phenolic content was measured by Folin-Ciocalteu 
assay using gallic acid as a standard [23]. The total phenolic 
content was expressed as gallic acid equivalents (GAE).

Cell culture and differentiation
3T3-L1 preadipocytes were obtained from the Korean Cell 

Line Bank (Seoul, Korea). Preadipocyte cells were plated in 
6-well plates and grown in DMEM (Gibco Life Technologies, 
Grand Island, NY, USA) supplemented with 10% bovine serum 

(BS, Gibco), 100 U/mL penicillin, and 100 μg/mL streptomycin 
until confluent at 37˚C. Two days after reaching confluency (day 
0), the preadipocytes were stimulated to differentiate with 
DMEM containing 10% fetal bovine serum (FBS, Gibco), 5 μg/mL 
insulin, 0.5 mM 3-isobutyl-1-methylxanthine, and 1 μM dexame-
thasone for 2 days. On day 2, the medium was changed to 
DMEM containing 10% FBS and 5 μg/mL insulin. On day 4, the 
medium was changed to DMEM containing 10% FBS, which was 
replaced every 2 days. 

Lipid content measurement
3T3-L1 cells were incubated with different concentrations of 

laver extract added to the differentiation medium during the 
adipogenic process from day 0. At the indicated time points, 
lipid content in cells was measured by Oil Red O staining [24]. 
Briefly, the cells were washed with phosphate-buffered saline 
(PBS), fixed with 10% formalin for 1 h, and stained with Oil 
Red O for 1 h. The stained cells were washed with PBS and 
microscopic images were taken. The dye was eluted from cells 
with isopropanol and the absorbance was measured at 510 nm. 
The lipid content was normalized to the protein content in each 
well, which was measured using the Lowry method [25] after 
solubilization by 1 N NaOH. 

Western blot analysis
On day 9, Western blot was performed to assess the levels 

of adipogenic marker proteins. Briefly, whole cell lysates were 
prepared using radioimmunoprecipitation assay (RIPA) lysis 
buffer (150 mM NaCl, 1% Triton X-100, 0.5% sodium deoxy-
cholate, 0.1% sodium dodecyl sulfate (SDS), 50 mM Tris-HCl, pH 
8.0) containing protease/phosphatase inhibitor cocktail. The 
proteins in cell lysates, with equal amounts of total proteins 
(10 μg or 20 μg), were separated on a SDS-polyacrylamide gel 
electrophoresis gel and blotted onto a polyvinylidene fluoride 
(PVDF) membrane. The blot was blocked with 5% skim milk 
in PBS with 0.1% Tween 20 (PBST) solution and incubated with 
appropriate antibodies. Immunoreactive protein bands were 
detected using a horseradish peroxidase-conjugated secondary 
antibody and enhanced chemiluminescence reagents. The blot 
was densitometrically analyzed and each band was normalized 
to a respective β-actin band using Image J software. 

Cell viability assay
Cell viability was determined by MTT assay. Briefly, 3T3-L1 

preadipocytes were treated with different concentrations of 
laver extract for 48 h in 96-well plates, followed by addition 
of 10 μL of 5 mg/mL 3-(4, 5-dimethylthiazolyl-2)-2, 5-diphenylte-
trazolium bromide (MTT) solution to each well and incubation 
for 4 h at 37°C. After removal of medium, the formazan product 
was solubilized in 200 μL of DMSO and the absorbance was 
measured at 560 nm. 

Apoptosis assay
On day 7, either preadipocytes or differentiated adipocytes 

were treated with laver extract for 48 h. The cells were collected 
and stained with annexin V-fluorescein isothiocyanate (FITC) 
and propidium iodide (PI) using the FITC Annexin V Apoptosis 
Detection kit (BD Pharmingen; San Diego, CA, USA) according 



594 Effects of laver extract on 3T3-L1 adipocytes

(A)

(B)

Fig. 1. The effect of laver extract on lipid accumulation in 3T3-L1 adipocytes. 
Two-day postconfluent 3T3-L1 preadipocytes (day 0) were induced to differentiate. From 
day 0 to day 9, the cells were treated with various concentrations of laver extract in the 
differentiation medium. Accumulated lipids in cells were stained with Oil Red O on day 
9 (A: representative images of stained cells). Lipid contents were determined by eluting 
the dye with isopropanol and measuring the absorbance at 510 nm (B). The lipid content 
was normalized to the protein content in each well. The results are expressed as the mean
± SD (n = 6). *** P < 0.001 vs. cells without extract treatment.

to the supplier's instructions. Viable and dead cells were 
detected using a GalliosTM Flow Cytometer with Kaluza Flow 
Cytometry Analysis Software (Beckman Coulter, IN, USA). 

Cellular glutathione analysis
Cellular glutathione was analyzed by HPLC method using 

fluorescence detection after precolumn derivatization with 
o-phthalaldehyde (OPA) [26]. Briefly, to determine the total 
glutathione content, i.e., the sum of reduced (GSH) and oxidized 
(GSSG) forms, a 5% perchloric acid (PCA) extract of the cells 
was neutralized and then reduced by 2.5 mM dithiothreitol. The 
reduced sample was derivatized with OPA as described 
previously [27] and injected onto a SupelcosilTM LC-18 column 
(particle size 5 μm, 25 cm × 4.6 mm; Supelco, Bellefonte, PA, 
USA). The GSH- OPA adduct was eluted using a methanol 
gradient in a 0.1 M sodium phosphate buffer, pH 5.5, and 
detected by monitoring fluorescence at an excitation 
wavelength of 350 nm and an emission wavelength of 420 nm. 
To determine GSSG content, a duplicate PCA extract reacted 
with 2 mM N-ethylmaleimide to eliminate GSH was used. GSH 
content was calculated from the difference between the 
amount of total glutathione and GSSG. Total glutathione 
content was expressed as GSH equivalents in nmol/mg protein. 
The redox status of cellular glutathione was presented as 
GSH/GSSG ratio. The PCA- precipitated protein pellet was 
solubilized by 1 N NaOH, and protein content was measured 
using the Lowry method [25].

Statistical analysis
Data were expressed as the mean ± standard deviation. The 

significance of the difference between the experimental and 
control groups was determined using unpaired t-test. P values 
< 0.05 were considered significant.

RESULTS

Laver extract preparation
The yield from the 80% methanol extraction of dried laver 

was 11% (w/w). The content of phenolic compounds in laver 
extract was 33 mg GAE/g dried extract. The absorption spectrum 
of the aqueous solution of laver extract showed λmax at 334 
nm, which is a characteristic of P-334 or shinorine, the MAAs 
[11]. Total MAA content in laver extract was 120 mg/g dried 
extract, as calculated using a molar extinction coefficient of 
P-334. 

Laver extract inhibited adipogenesis in 3T3-L1 adipocytes
3T3-L1 cells were treated with various concentrations of laver 

extract in the differentiation medium from day 0 to day 9. On 
day 9, the content of accumulated lipid was determined by Oil 
Red O staining. Oil Red O is a fat-soluble dye, which stains 
neutral triglycerides. Treatment with the laver extract resulted 
in a significant dose-dependent reduction in lipid accumulation 
(Fig. 1), although the effective concentrations of the laver 
extract were higher than those of other red algal extracts 
reported in the literature [18,19]. The levels of accumulated lipid 
were 58.5 ± 5.3% (P < 0.001), 27.8 ± 8.4% (P < 0.001), and 23.7
± 6.7% (P < 0.001) of the control level (at 0 mg/mL) at 5, 10, 

and 15 mg/mL of laver extract concentration, respectively (Fig. 
1B). The lipid content was normalized to the protein content 
in each well so that the percentage represents relative lipid 
content per mg of protein. 

To verify that the decrease in lipid accumulation shown in 
Fig. 1 was due to downregulation of adipogenic proteins, PPARγ 
and C/EBPα, the key transcription factors of adipocyte differen-
tiation, and fatty acid binding protein 4 (FABP4) and fatty acid 
synthase (FAS), the representative adipocyte-specific proteins, 
were measured by Western blot. As shown in Fig. 2, laver extract 
caused decreased expression of all adipogenic proteins. In 
particular, the levels of C/EBPα, FABP4, and FAS were almost 
completely reduced at concentrations of laver extract higher 
than 10 mg/mL. 

Laver extract reduced the viability of preadipocytes and induced 
the apoptosis of adipocytes

Treatment with laver extract resulted in a significant dose- 
dependent decrease in the viability of preadipocytes. The 
viabilities of cells treated with 5, 10, and 15 mg/mL of laver 
extract for 48 h were reduced to 84.3 ± 16.9% (P < 0.005), 67.7
± 12.5% (P < 0.001), and 50.3 ± 7.1% (P < 0.001) of the control 

level (at 0 mg/mL), respectively (Fig. 3A). The concentrations 
of laver extract used for treatment in this study were chosen 
based on this MTT result in order to examine its effects not 
only on adipogenesis but also on cell proliferation and death. 

An apoptosis assay using flow cytometry with annexin V-FITC 
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Fig. 2. The effect of laver extract on adipogenic protein levels in 3T3-L1 
adipocytes. On day 9, the 3T3-L1 adipocytes which had been treated with various 
concentrations of laver extract were harvested and subjected to Western blot analysis 
using antibodies to PPARγ, C/EBPαs, FABP4, FAS, and β-actin (A). Then the blot was 
densitometrically analyzed and normalized to β-actin (B). The plots show the representative 
of three independent experiments. 

(A)

(B)

(C)

Fig. 3. The effect of laver extract on viability and apoptosis in 3T3-L1 
preadipocytes. 3T3-L1 preadipocytes were treated with various concentrations of laver 
extract for 48 h. Cell viability was determined by MTT assay (A). Cell death was analyzed 
by flow cytometry with annexin V-FITC and propidium iodide (PI) staining of the cells. The 
percentages of apoptotic cells, i.e., cells positive for annexin V and negative for PI, and 
necrotic cells, i.e., cells positive for both annexin V and PI, were determined. The results 
are expressed as the mean ± SD (n = 16 for MTT; n = 3 for flow cytometry). ** P < 0.01; 
*** P < 0.001 vs. cells without extract treatment.

(A)

(B)

Fig. 4. The effect of laver extract on apoptosis in 3T3-L1 adipocytes. Differentiated 
3T3-L1 adipocytes were treated with various concentrations of laver extract for 48 h, i.e., 
during days 7-9. Cell death was analyzed by flow cytometry with annexin V-FITC and 
propidium iodide (PI) staining of the cells. The percentages of apoptotic cells, i.e., cells 
positive for annexin V and negative for PI, and necrotic cells, i.e., cells positive for both 
annexin V and PI, were determined. The results are expressed as the mean ± SD (n =
3). * P < 0.05 vs. cells without extract treatment. 

and PI double labeling was performed to examine whether the 
decrease in the viability of laver extract-treated preadipocytes 
shown in Fig. 3A was associated with the increase in cell death. 
Our results indicated that treatment with laver extract did not 
cause significant changes in either apoptotic or necrotic cell 
death in preadipocytes (Fig. 3B & C).

Contrary to the preadipocytes, the differentiated adipocytes 
exhibited significantly increased apoptosis by treatment with 
laver extract for 48 h (during days 7 to 8) at concentrations 
of 10 mg/mL and above (Fig. 4). However, necrotic cell death 
was not affected by treatment with laver extract. It is possible 
that the observed necrotic cell death, in either preadipocytes 
or adipocytes, could have occurred during the process of cell 
preparation for the assay.

Laver extract affected cellular glutathione in 3T3-L1 adipocyte cells
To investigate a mechanism of the antiadipogenic and 

proapoptotic effects of laver extract, cellular glutathione level 
was monitored during the differentiation process. 3T3-L1 cells 
were treated with various concentrations of laver extract in the 
differentiation medium, and on days 0, 3, 6, and 9, the total 
content and redox status of glutathione (GSH/GSSG ratio) were 
determined. 

In control adipocyte cells, i.e., cells without extract treatment, a 
continuous decrease in total glutathione content was demons-
trated after day 3 (Fig. 5A). Conversely, a remarkable but transient 
increase in GSH/GSSG ratio was demonstrated. The GSH/GSSG 
ratio increased over 2 fold on days 3 and 6; then on day 9, it 
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(B)

Fig. 5. The effect of laver extract on the content and redox status of glutathione 
in 3T3-L1 adipocytes. From day 0 to day 9, the cells were treated with various 
concentrations of laver extract in the differentiation medium. On days 0, 3, 6, and 9, total 
glutathione content (A) and the ratio of GSH/GSSG (B) in cells were measured. The results 
are expressed as the mean ± SD (n = 6). *** P < 0.001 vs. cells without extract treatment 
on day 0.

showed a drastic decrease to 41% of day 0 (P < 0.001) (Fig. 5B). 
A profound and dose-dependent decrease in total gluta-

thione content was demonstrated in laver extract-treated 
adipocytes (Fig. 5A). In addition, the transient increase in 
GSH/GSSG ratio, found in control adipocytes, was not observed; 
instead, a dose- and time-dependent decrease in GSH/GSSG 
ratio was shown (Fig. 5B).

DISCUSSION

Results of our study demonstrated that the aqueous methanol 
extract of laver, a red algal species, inhibited adipogenesis and 
induced apoptosis in 3T3-L1 adipocytes. 

The laver extract used in this study contained a large quantity 
of MAAs, i.e., 120 mg/g dried extract, which has been suggested 
to possess antioxidant activities [10]. In addition to MAAs, the 
laver extract contained phenolic compounds in the amount of 
33 mg GAE/g dried extract, equivalent to 3.63 mg GAE/g dried laver. 
This is estimated to be similar to or higher than the reported 
yields from several other red algal species [28,29]. However, the 
yield may vary depending on the extraction methods, solvents, 
extraction times, and sample conditions. Phenolic compounds 
present in the diet have generally been recognized to be 
beneficial to health due to their antioxidant, anti-inflammatory, 
and vasodilating properties [30]. Laver also contains high 
quantities of vitamins, minerals, and carotenoids [8].

Adipogenesis is regulated by a complex transcriptional cascade, 
in which C/EBP family and PPARγ play central roles in coordina-
ting the expression of genes, such as GLUT4, FABP4, FAS, and 
lipoprotein lipase, involved in insulin sensitivity, lipogenesis, and 
lipolysis [5]. Our results demonstrated that laver extract 
inhibited adipogenesis and also reduced the expression of 
adipogenic proteins in 3T3-L1 cells (Figs. 1 & 2), suggesting that 
laver extract can interfere with adipogenic transcriptional 
regulation to inhibit adipogenesis.

The extent of lipid accumulation in the body also correlates 
with the number of adipocytes in adipose tissue. Our results 
showed that laver extract exerted differential effects on the 
viability and apoptosis of preadipocytes and mature adipocytes. 
Results of the MTT assay of 3T3-L1 preadipocytes indicated that 
laver extract caused a decrease in preadipocyte viability, up to 
50% at 15 mg/mL (Fig. 3A), which can eventually lead to a 
decrease in the number of adipocytes and thus contribute to 
the reduction of the mass of adipose tissue. Our results shown 
in Fig. 3B suggest that this decrease in viability of preadipocytes 
by laver extract was mainly associated with a decrease in cell 
proliferation, rather than the increase in apoptosis. It has been 
reported, particularly from the study of anticancer agents, that 
some compounds can cause a decrease in cell proliferation 
without inducing apoptosis by slowing down the cell cycle 
progression via reduction of transition through G1-phase [31,32]. 

On the contrary, treatment with laver extract caused a 
significant increase in the apoptosis of differentiated adipocytes 
(Fig. 4). Therefore, our results suggest that laver extract can 
reduce the number of adipocytes both by slowing down the 
proliferation of preadipocytes and by removing adipocytes 
through apoptosis. 

It is possible that the laver extract, at a concentration higher 
than 10 mg/mL, would also increase the death of cells other 
than adipocytes. However, considering the observed difference 
in the efficacies of laver extract on the inhibition of lipid 
accumulation and the increase in apoptosis, i.e., 76.3% reduc-
tion in lipid accumulation vs. 17.0% increase in apoptosis by 
15 mg/mL of laver extract, the laver extract could still be useful 
as an anti-obesity agent by administering the optimum effective 
dose at which the adverse effects on other normal cells could 
be minimized. 

Our results suggest that laver extract can contribute to the 
reduction of lipid content in adipose tissue by reducing lipid 
accumulation in adipocytes, reducing preadipocyte proliferation, 
and increasing apoptosis of mature adipocytes. These effects 
of laver extract could probably be attributed to the phenolic 
compounds present in the extract. Inhibition of adipogenesis 
and induction of apoptosis by some phenolic compounds, such 
as resveratrol [33], quercetin [34], and (-) epigallocatechin 
gallate (EGCG) [35,36], has been reported in literature. 

Besides hormonal stimuli, the regulatory roles of reactive 
oxygen species (ROS) in adipogenesis have been suggested in 
recent studies [37]. However, the effect of oxidative stress 
caused by ROS on adipogenesis and development of obesity 
has been controversially reported in the literature [38].

In our results in control 3T3-L1 cells, total glutathione content 
showed a significant decrease after day 3 (Fig. 5A), indicating 
that oxidative stress increased during the process of adipo-
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genesis, because the depletion of cellular glutathione is considered 
a clear marker for oxidative stress [39]. This result shows correla-
tion with those of other studies demonstrating progressively 
increased oxygen consumption and ROS generation during 
adipocyte differentiation [40,41]. The functional and structural 
changes of mitochondria have been suggested to play crucial 
roles in the increased oxidative stress during adipocyte differen-
tiation [41]. 

Our results also demonstrated that during adipogenesis, GSH/ 
GSSG ratio, an indicator of the redox status of the glutathione 
pool, showed a remarkable increase on days 3 and 6 and then 
a drastic decrease on day 9 (Fig. 5B). This increase in GSH/GSSG 
ratio, which requires the function of glutathione reductase and 
NADPH to reduce GSSG to GSH, might be closely correlated 
with the increase in NADPH requirement for the synthesis of 
fatty acids during adipogenesis. Cellular NADPH is primarily 
provided by glucose 6-phosphate dehydrogenase (G6PD). It was 
reported that the G6PD activity increased progressively during 
adipocyte differentiation, along with the generation of ROS [40]. 
Nuclear factor erythroid-derived factor 2-related factor 2 (Nrf2) 
is the master regulator of the cellular adaptive response to 
oxidative stress, including upregulation of G6PD [42]. Nrf2 has 
also been shown to play a crucial role in adipogenesis by 
regulating the expression of adipogenic transcription factors via 
antioxidant response elements [43]. The drastic decrease in 
GSH/GSSG on day 9 could be due to the severely increased 
oxidative stress in late adipogenesis stage, which accelerates 
oxidation of GSH to GSSG. 

In laver extract-treated 3T3-L1 cells, total glutathione pool was 
severely depleted, and the transient increase in GSH/GSSG ratio, 
which was evidently shown in control cells, was not observed 
(Fig. 5). These results suggest that a prooxidant role of laver 
extract might be important for its antiadipogenic and proapop-
totic effects in adipocytes. Association of the inhibition of 
adipogenesis and subsequent decrease in adipose tissue mass 
in elderly with age-related increase in oxidative stress in adipose 
tissue has been reported [44]. The prooxidant effect of laver 
extract might be attributed to phenolic compounds present in 
the extract. Although phenolic compounds are generally reco-
gnized as potent antioxidant molecules, increasing evidence has 
shown that phenolic compound-mediated oxidative stress plays 
important roles in their beneficial health effects, such as 
chemoprevention [45,46]. For example, EGCG has been suggested 
to induce differential mitochondrial dysfunction and oxidative 
stress in normal and cancer cells, selectively targeting cancer 
cells. A decrease in glutathione content in 3T3-L1 adipocytes 
by EGCG was also reported [47]. 

In conclusion, our results demonstrated that the aqueous 
methanol extract of laver inhibited adipogenesis and induced 
a decrease in proliferation of preadipocytes and an increase in 
apoptosis of mature adipocytes. Our results suggested that laver 
extract exerted these effects by increasing oxidative stress, as 
demonstrated by the decrease in total glutathione content and 
the oxidation of the cellular glutathione pool, which could be 
attributable to some phenolic compounds present in the 
extract.
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