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Abstract Ascophyllum nodosum is a brown seaweed that
grows abundantly in the US Northeast coastal region. This
study examined the seasonal variation of A. nodosum in
phenolic contents and subsequent antioxidant, α-
glucosidase and α-amylase inhibitory activities. A. nodosum
was harvested monthly and extracted in hot water and the
resulting extracts were spray-dried. The results indicate a
clear seasonal variation in terms of phenolic content, with
June and July being the highest (36.4 and 37 mg/g,
respectively) and May the lowest (21.8 mg/g). The antiox-
idant activities, in terms of 1,1-diphenyl-2-picrylhydrazyl
(DPPH) free radical scavenging activity, correlated with the
phenolic contents observed (r=0.81), with the month of July
being the highest (58%) and April the lowest (26%).
Similarly in terms of Trolox equivalent, July had the highest
activity (15.53 μM) and April and May the lowest (8.40 and
8.27 μM, respectively). α-glucosidase inhibitory activity

exhibited a pattern similar to the phenolic contents observed
with July having the highest inhibitory activity (IC70

2.23 μg) and April the lowest (IC70 26.13 μg), resulting in
an inverse correlation between IC70 values and total phenolic
content (r=−0.89). Such seasonal variation is believed to be
caused by temperature-related stress considering that
A. nodosum is a cold water species.

Keywords Ascophyllum nodosum . Seaweeds . Type 2
diabetes . Phenolic phytochemicals .α-glucosidase
inhibition . Seasonal variation

Introduction

Type 2 diabetes is a metabolic disease usually linked to
insulin resistance and cells that do not use insulin properly
resulting in hyperglycemia. The major source of blood
glucose are dietary carbohydrates that are hydrolyzed by
pancreatic α-amylase, followed by α-glucosidase before
being absorbed in the small intestine [1]. One of the
therapeutic approaches for decreasing postprandial hyper-
glycemia is to prevent or delay absorption of glucose by the
inhibition of carbohydrate hydrolyzing enzymes, α-amylase
and α-glucosidase, in the digestive organs [2]. Although the
mode of action is not clear, recent studies showed that
phenolic phytochemicals from botanical sources are natural
inhibitors of α-amylase and α-glucosidase [3–6] with a
strong inhibitory effect on α-glucosidase, but a mild
inhibitory effect on α-amylase and thus can be used as an
effective measure to prevent postprandial hyperglycemia
with minimal side effects [4–6]. Therefore, phenolic
antioxidant-mediated inhibition of these enzymes can
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significantly decrease the postprandial hyperglycemia after
ingestion of a mixed carbohydrate diet and could be an
effective strategy in the control of type 2 diabetes [7].

Type 2 diabetes accounts for about 90% to 95% of all
diagnosed cases of diabetes in adults [8] and at least 220
million people worldwide have diabetes and this figure is
likely to double by 2030 [9]. In the United States, in 2007,
23.7 million people (10% of American adults) had diabetes
and by 2050 this figure is expected to jump to 33%, or one-
third of all American adults [8]. Diabetes cost Americans
$174 billion to manage in 2007 - a figure that is expected to
skyrocket based on the CDC’s latest estimates [8].

Ascophyllum nodosum is a dominant rocky intertidal
brown seaweed species belonging in the class Phaeophy-
ceae. It is commonly found on the northeastern coast of
North America and the northwestern coast of Europe [10]
and is widely used as food, cosmetic, fertilizer and recently
as a functional food ingredient [11]. A. nodosum is currently
considered an underutilized brown seaweed species found
in abundance along the US Northeast coast that contains
large molecular weight phenolic phytochemicals such as
phlorotannins [12, 13]. Previous studies have determined
that the solvent extracts of A. nodosum and Ecklonia
stolonifera have high phenolic content and that this
phenolic content correlates with reduction of blood glucose
levels in rats [13, 14]. A recent study by Apostolidis & Lee
[15] showed that water extracts of A. nodosum have
inhibitory effect against carbohydrate hydrolyzing enzymes
and this inhibitory activity correlated well with the
observed phenolic content.

The seasonal variation of phenolic phytochemicals is
well known in terrestrial plants [16–19]. Marine plants
produce phenolic phytochemicals as a by-product of
internal resource balances [20–23] in response to nutrient
stress [21–25] or as a result of severe defoliation [26]. The
seasonal variation in the phenolic content in A. nodosum
and other brown seaweeds has been reported in the past
[27–29] and should be monitored to help standardize the
finished products. The metabolic production of polyphe-
nolics depends on the harvesting location and season [28].
A. nodosum harvested in Norway had a maximum
polyphenolic content in the winter season [28], while those
harvested from the Scottish west coast showed a maximum
phenolic content in July [29]. To date there is no published
report regarding the seasonal variation of A. nodosum
harvested from the US Northeast coast.

For the past three years, the landings of A. nodosum in
the Gulf of Maine have increased from 5 million pounds in
2005 to 7 million pounds in 2006 and 2007, with steady
price (around 4¢/ lb) for the last 10 years [30]. In addition
to its abundant supply at a low cost, this resource has been
well managed for its long-term sustainability [30]. Previous
studies revealed that 80 °C water extract of A. nodosum has

the highest level of phenolics and the strongest α-
glucosidase inhibitory activity among seaweeds in the
northeast region [15]. A. nodosum is a regionally available
natural resource in abundance, thus allowing its utilization
on a commercial scale for novel nutraceutical ingredient
development. Currently A. nodosum is used in dietary
supplements mainly for iodine supplementation. To deter-
mine the potential use of A. nodosum extract as a more
sophisticated nutritional supplement or for medicinal
purposes, the most favorable time for collection, from the
US Northeast coast, of this algal material needs to be
determined.

The objective of this study was to determine the seasonal
effect on the phenolic phytochemical content. This is an
essential step following characterization of phenolic profile
and the antioxidant and carbohydrate digesting enzyme
inhibitory activities for the determination of the type 2
diabetes management potential and mode of action of
A. nodosum, as well as for the translational research to be
followed, where standardized raw materials are required.

Materials and Methods

Fresh A. nodosum was harvested from Narragansett Bay
(RI, USA) in the first week of each month for one year
(April 2009 until March 2010). Fresh plants were manually
harvested, during low-tide period, with a knife cut above
the lateral shoot to ensure sustainable plant regeneration.
α-amylase (porcine pancreatic, EC 3.2.1.1), α-glucosidase
(yeast, EC 3.2.1.20) and acarbose (EC 260.030.7) were
purchased from Sigma-Aldrich (St. Louis, MO).
Acarbose is a known α-glucosidase and α-amylase
inhibitor currently used for type 2 diabetes management.
Unless otherwise specified, all chemicals were pur-
chased from Sigma-Aldrich.

Sample Preparation Fresh A. nodosum plants were
extracted in hot water following the previously optimized
conditions for maximal phenolic extraction [15]. Briefly,
1 kg of freshly harvested A. nodosum was manually cleaned
for any impurities and then chopped for 2 min using a food
cutter (Hobart, Troy, OH). The chopped product was further
ground to finer particles for 2 min using a Stephan chopper
(UM 5, capacity 2.5 kg, Stephan Machinery Corp.,
Columbus, OH). The resulting product was placed in a
steam-jacketed kettle (Vulcan Equipment Co., Ooltewah,
TN) which contained 8 L pre-heated water at 80 °C. Mixing
was carried out using a Stir-Pak mixer (Cole-Parmer
Instrument Vernon Hills, IL). Extraction took place under
agitation at 80 °C for 30 min. The extract was filtered
through a No. 25 sieve (710 μm) and the filtrate was spray-
dried (APV Anhydro AS, Sobarg, Denmark). The resulting
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spray-dried powder was kept at refrigerated temperature
(4 °C). Before analysis, 100 mg spray-dried powder was
fully dissolved in 10 ml water at room temperature and this
solution was used for further analysis.

Total Phenolics Assay The total phenolics were determined
following the procedure modified from Shetty et al. [31].
Briefly, 1 mL of 10x diluted stock extract was transferred
into a test tube and mixed with 1 mL 95% ethanol and
5 mL distilled water. To each sample, 0.5 mL 50% (v/v)
Folin-Ciocalteu reagent was added and vortex mixed. After
5 min, 1 mL 5% Na2CO3 was added to the reaction mixture
and allowed to stand for 60 min. The absorbance was read
at 725 nm using a Thermo Scientific Genesys 10uv
spectrophotometer (Madison, WI). The absorbance values
were converted to total phenolics and were expressed in mg
gallic acid/g sample fresh weight (FW). Standard curve was
established using various concentrations of gallic acid in
ethanol.

Antioxidant Activity by 1,1-Diphenyl-2-Picrylhydrazyl
(DPPH) Radical Inhibition Assay The antioxidant activity
by DPPH free radical scavenging inhibition was
measured following the procedure modified from
Shetty et al. [31]. To 0.8 ml 60 μM DPPH in ethanol,
3 doses (50, 100 and 200 μl) of each extract was added.
The decrease in absorbance, due to radical scavenging,
was monitored at 517 nm using a Thermo Scientific
Genesys 10uv spectrophotometer (Madison, WI) until a
constant reading was obtained. The readings were
compared with the controls which contained 200 μl of
water instead of the extract. The % inhibition was
calculated as follows:

% inhibition ¼ Abs control � Abs sample

Abs control

� �
� 100

Oxygen Radical Absorbance Capacity (ORAC) Assay
Antioxidant activities of A. nodosum extracts were mea-
sured for their peroxyl and hydroxyl radical-scavenging
capacities employing the ORAC assay system. The assay
was carried out using a Tecan GENios multi-functional
plate reader (GENios; Tecan Trading AG, Salzburg,
Austria) with fluorescent filters (excitation wavelength:
485 nm, emission filter: 535 nm). In the final assay mixture,
fluorescein (40 nM) was used as a target of free radical
attack with either 2, 2′-azobis (2-amidinopropane) dihydro-
chloride (AAPH, 20 mM) as a peroxyl radical generator in
peroxyl radical-scavenging capacity (ORACROO·) assay
[32]. Trolox (1 μM) as a standard was prepared fresh on a
daily basis. The analyzer was programmed to record the
fluorescence of fluorescein every 2 min after AAPH or

H2O2 - CuSO4 was added. All fluorescence measurements
were expressed relative to the initial reading. Final results
were calculated based on the difference in the area under
the fluorescence decay curve between the blank and each
sample. All data were expressed as μmoles of Trolox
equivalents (TE). One ORAC unit is equivalent to the net
protection area provided by 1 μM of Trolox.

α−amylase Inhibition Assay A mixture of 50 μl extract
or acarbose and 50 μL 0.02 M sodium phosphate buffer
(pH 6.9 with 0.006 M sodium chloride) containing
α−amylase solution (13U/ml) were incubated at 25 °C
for 10 min. After pre-incubation, 50 μL 1% soluble
starch solution in 0.02 M sodium phosphate buffer (pH
6.9 with 0.006 M NaCl) was added to each tube at
timed intervals. The reaction mixtures were then
incubated at 25 °C for 10 min followed by addition of
100 μl dinitrosalicylic acid color reagent. The test tubes
were then placed in a boiling water bath for 5 min to
stop the reaction and cooled to room temperature. The
reaction mixture was then diluted with 1 mL distilled
water and absorbance was read at 540 nm. α-amylase
inhibitory activity was expressed as % inhibition and
calculated as follows.

% inhibition ¼ ΔAbs control�ΔAbs sample

ΔAbs control

� �
� 100

α−glucosidase Inhibition Assay A mixture of 50 μL
extract or acarbose solution and 100 μl of 0.1 M
phosphate buffer (pH 6.9) containing α-glucosidase
solution (1.0 U/ml) was incubated in 96 well plates at
25 °C for 10 min. After pre-incubation, 50 μl of 5 mM
p-nitrophenyl-α-D-glucopyranoside solution in 0.1 M
phosphate buffer (pH 6.9) was added to each well at
timed intervals. The reaction mixtures were incubated at
25 °C for 5 min. Before and after incubation, absorbance
was recorded at 405 nm by microplate reader (VMax,
Molecular Device Co., Sunnyvale, CA) and compared to
that of the control which had 50 μl buffer solution in
place of the extract. The α-glucosidase inhibitory
activity was expressed as % inhibition and calculated
as follows:

% inhibition ¼ ΔAbs control�ΔAbs sample

ΔAbs control

� �
� 100

Statistical Analysis All experiments were performed twice
and analysis for each experiment was carried out in
triplicate. Means, standard deviations, the degree of
significance (p<0.05 - One way ANOVA and t-test) and
correlation (r-Pearson Correlation Coefficient) were deter-
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mined using Microsoft Excel XP. Inhibition concentration
(IC) values were calculated using ED50plus vol.1 devel-

oped by Vargas (http://www.softlookup.com/display.asp?
id=2972, accessed May 2009).
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Results and Discussion

Total Phenolic Content When our extracts were assayed
for total phenolic contents, a strong seasonal variation
was observed (Fig. 1a). Specifically, the total phenolic
contents varied from a minimum content of 22 mg/g to a
maximum of 37 mg/g, observed on May and July,
respectively. These findings confirm that phenolic phyto-
chemical levels in the brown seaweed A. nodosum
harvested from Narragansett Bay (RI) greatly depend on
the harvesting season.

Previously it was shown that A. nodosum harvested in
Norway had a maximum polyphenolic content in the winter
season [29], while those harvested from the Scottish west
coast showed a maximum phenolic content in July [29].
This is the first report of the seasonal variation of phenolic
contents in A. nodosum harvested from the Northeast US
Atlantic coast and our results show that there are two stand-
out periods for phenolic contents, one in summer (June and
July) and one in fall (October) (Fig. 1a). A similar pattern
was observed by Parys et al. [29] who observed that after
the maximum phenolic content in July there was a
significant drop in August followed by a steep increase in
the month of September (values ranging from 1% to 0.3%
fresh weight).

There are many factors that affect the production of
phenolic metabolites in seaweeds including environmental
stress [20–23] and nutrient stress [21–25], and severe
defoliation [26]. Water temperature could be a stress factor,
especially for the cold-water loving A. nodosum. This can
explain the phenolic peak observed during the summer
months, since it is possible that under stress more phenolic
metabolites are produced. The phenolic peak observed at
the month of October could be due to other environmental
stress factors, which were previously mentioned and is
similar to the observations of Steinberg [28].

Antioxidant Activity When tested with both the DPPH free
radical scavenging and ORAC assays, all samples had
antioxidant activities (Figs. 1a and b) with the exception of
acarbose which had no antioxidant activity.

With DPPH free radical scavenging assay, a dose-
dependent inhibition was observed with July having the
highest (68%) and April the lowest (25%) inhibitory
activities (Fig. 1b). A strong correlation between phenolic
contents and DPPH free radical scavenging activity was
observed (r=0.81), indicating that the observed antioxidant
activity could possibly be phenolic dependent. Similarly
with ORAC assay system, July had the highest antioxidant
activity (16 μM TE) and May the lowest (8 μM TE)
(Fig. 1a). A strong correlation between ORAC antioxidant
activity and phenolic contents was observed (r=0.844)
(Fig. 1a), confirming the phenolic-dependent nature of the
observed antioxidant activity.

These results suggest that higher phenolic content does
confer higher antioxidant activity linked to free-radical
scavenging.

α−amylase and α-glucosidase Inhibition Assay None of
the seaweed samples tested had inhibitory activity against
α-amylase at the tested concentration (10 mg/ml), with the
exception of acarbose. However, all the tested extracts had
significant and dose-dependent α-glucosidase inhibitory
activity (Fig. 2). The highest α-glucosidase inhibitory
activity was observed in July (ranging from 100% at the
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Fig. 3 Correlation between α-
glucosidase inhibitory activity
(IC70) and total phenolic content
of spray-dried A. nodosum
powder

Sample IC70

January 0.43 μg phenolics

February 0.45 μg phenolics

March 0.51 μg phenolics

April 0.64 μg phenolics

May 0.47 μg phenolics

June 0.17 μg phenolics

July 0.08 μg phenolics

August 0.18 μg phenolics

September 0.32 μg phenolics

October 0.15 μg phenolics

November 0.29 μg phenolics

December 0.25 μg phenolics

Acarbose 0.57 μg

Table 1 Comparison of
α-glucosidase IC70 values of
spray-dried A. nodosum extracts
with acarbose. (For appropriate
comparison with the single drug
compound acarbose, the
phenolic base IC70 value of
A. nodosum was used)
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highest dose to 62% at the lowest dose) (Fig. 2), while the
minimum inhibitory activity was observed in April (ranging
from 72% at the highest dose to 0% at the lowest dose)
(Fig. 2). Due to the high inhibitory activity of the tested
samples at the given concentrations, instead of IC50, the
IC70 value (the concentration that results in 70% inhibition)
was estimated. This allowed comparison of all samples on
the same basis. A strong inverse correlation between
phenolic contents and IC70 values was observed
(r=−0.89, Fig. 3). When the IC70 values were estimated
based on phenolic content, all extracts, with the exception of
the month of April, had higher inhibitory activity than that of
the type 2 diabetes drug compound, acarbose (Table 1).

These results support our previous findings that 80 °C
water extracts of A. nodosum have strong phenolic-
dependent α-glucosidase inhibitory activity with lower
IC50 value (phenolic base) when compared to that of
acarbose [15]. Earlier reports have shown that phenolic
phytochemicals from plant sources could be effective α-
glucosidase inhibitors [4–6]. Furthermore, a purified frac-
tion of 50% ethanol extract of A. nodosum had α-
glucosidase inhibitory activity values (IC50 22 μg A.
nodosum) which correlated with the phenolic content of
the extract [13]. Our findings further confirm the strong
inhibitory activity of A. nodosum water extracts against α-
glucosidase and suggest that this inhibitory activity is due
to the phenolic compounds present in A. nodosum although
the specificity of the inhibitory effect was not evaluated in
this study. It is important to point out that acarbose is a
chemical drug specifically designed for α-glucosidase
inhibition and has various side effects which include
abdominal distention, flatulence, meteorism and possibly
diarrhea [33]. It has been suggested that such side effects
might be caused by the excessive inhibition of pancreatic
α-amylase resulting in the abnormal bacterial fermentation
of undigested carbohydrates in the colon [7, 33]. On the
other hand, A. nodosum water extracts have significantly
lower inhibitory activity against α-amylase than α-
glucosidase [15]. In the present study, no extracts were
shown to have α-amylase inhibitory activity possibly due to
the low tested concentrations. Higher concentrations were
not tried due to the inability of our extract to be fully
solubilized in water.

Conclusions

This study is the first report on the phenolic content
variation of A. nodosum harvested from the Northeast U.S.
Atlantic coast. Our findings indicate that the total phenolic
contents varied from a minimum content of 22 mg/g to a
maximum of 37 mg/g, observed in May and July,
respectively. All tested samples had strong α-glucosidase

inhibitory activities that correlated well with the observed
phenolic contents. Furthermore, A. nodosum water
extracts could also provide antioxidant relief from high
glucose-induced oxidative stress in contrast to acarbose, a
commercial drug for type 2 diabetes management. Based
on our findings, the optimum harvest time of A. nodosum
for higher phenolic content, antioxidant activities and α-
glucosidase inhibitory potential relevant to type 2 diabetes
management, is the month of July. In summary, this
research provides a strong biochemical rationale for
further animal and clinical trials for A. nodosum mediated
type 2 diabetes management, with suggested mechanism
action of the inhibition of carbohydrate hydrolysis
enzyme, α - glucosidase.
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