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ABSTRACT: We compared the biological activities of anthocyanins prepared from whole blueberries or pomace and extracted
with acetone, ethanol, and methanol. Crude Amberlite extracts (CAE) and rehydrated powders of freeze-dried anthocyanins were
used. Ethanolic CAE yielded the highest total monomeric anthocyanin content [TMAC] (160 ppm), ferric reducing antioxidant
power [FRAP] (3.4 mM Fe2+), total phenolics content [TPC] (382 ppm gallic acid equivalents [GAE]), and α-amylase
inhibitory activity (36.8%). The rehydrated powder from acetonic extract gave the greatest FRAP (5.19) and TPC (422.7). α-
Amylase (26.1%) and α-glucosidase (91.5%) inhibitory activities were also sustained. Methanolic CAE yielded values
intermediate between ethanolic and acetonic extracts. Comparison of mass spectra between Amberlite extracts and rehydrated
preparations revealed putative degradation and dimerization products in the rehydrated powders, which could account for loss in
biological activities for rehydrated methanolic and ethanolic powders. Results of this study provide useful information in
optimizing anthocyanin preparation methods for improved biological activity.
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■ INTRODUCTION

There is a pressing need to address obesity and related
metabolic disorders such as type 2 diabetes. The United States
Centers for Disease Control and Prevention reported that in
2009 to 2010 over 78 million U.S. adults (35.7% of total) and
12.5 million U.S. children and adolescents (16.9%) were
obese.1 Evidence suggests a direct relationship between obesity
and low-degree inflammation and oxidative stress, which may
result in insulin resistance and the onset of type 2 diabetes.2

Recent data reveal that 25.6 million (11.3%) adults over the age
of 20 and 10.9 million (26.9%) adults over the age of 65 are
afflicted with diabetes. Of these numbers, 16% do not take any
form of medication,3 implying that dietary intervention remains
an option for management of diabetes.
Many studies report on the bariatric potential of bioactive

compounds from blueberries (Vaccinium sp.). One of the major
impacts of blueberry anthocyanins (ACNs) is postprandial
glycemic control by enzymic inhibition of starch degradation,
especially against α-glucosidase.4−7 The possibility of ACN-
mediated glucose absorption via the sodium glucose transporter
in intestinal brush border membrane vesicles8 and ACN
upregulation of the insulin-dependent glucose transporter
GLUT4 via activation of adenosine monophosphate-activated
protein kinase9 have also been reported. The high polyphenolic
content of blueberries was also found to decrease systolic and
diastolic blood pressure, possibly by decreasing vasoconstric-
tion via the nitric oxide-mediated pathway.10 Besides mediating
oxidative stress,2,11,12 polyphenols also prevented preadipocyte
differentiation and adipogenesis.13

Theoretically, it is possible to achieve normoglycemic
benefits by consuming a reasonable amount of fresh blue-
berries,14 but berries are commonly processed before
consumption. This could affect the amount of bioactives and
concomitant bariatric potential.15 Freeze-dried blueberry

powder attenuated insulin resistance in a high-fat diet, but
was not able to reverse hepatic insulin resistance.14 Purified
blueberry ACNs were more effective than whole blueberry
powder in altering the development of obesity in vivo.16 This
shows that ACNs possess antioxidant and normoglycemic
potential separate from other polyphenols present in blueberry.
Most in vitro studies were performed with ACNs extracted
using different solvents, but systematic optimization studies
have yet to be reported.17 The aim of this study was to compare
the bariatric potential of blueberry extracts prepared using the
three most commonly used solvents: methanol, ethanol, and
acetone. The extracts were prepared from both whole berries
and pomace.

■ MATERIALS AND METHODS
Materials. Fresh blueberries (Sunnyridge) were purchased from

commercial supermarkets in Athens, Georgia, and were kept at −20
°C before use. Frozen blueberries (BB) were thawed between 4 and 6
°C and blanched for 3 min at 100 °C. For methods that require
pomace, BB batches were subjected to juice extraction using a
commercial 2500 mL centrifugal Kuvings NJ-9310U juicer (Elk Grove
Village, IL) to separate the juice from the pomace. Both pomace and
juice were dried using a VirTis Unitop-600L freeze drier (Gardiner,
NY) and kept at −20 °C prior to use.

Methanol, ethanol, acetone, 2-propanol, acetic acid, hydrochloric
acid, and sodium hydroxide were purchased from Fisher Scientific Ltd.
(Suwanee, GA). Unless otherwise stated, all other materials were
obtained from the Sigma-Aldrich (St. Louis, MO). A commercially
available pectinase−arabinanase solution (Mzyme PearX) was a gift
from J&H Biotechnology Co., Ltd. (Shanghai, China).
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Polyphenon 60 from green tea (Cat. No. P1204) and tannic acid
(Cat. No. 403040) were used as controls in the antioxidant and
enzyme inhibition studies.
Methods. Preparation of Anthocyanin Extracts. Method 1. The

acetonic extraction is based on the method of Rodriguez-Saona and
Wrolstad.18 Briefly, the method involved extraction with 70% aqueous
acetone acidified with 0.01% (v/v) HCl followed by filtration and
solvent extraction with chloroform. The measured pH of the aqueous,
acidified acetone was 2.4. The residual solvent of the aqueous layer was
evaporated under vacuum at 40 °C (Rotavapor R-124, Büchi Corp.,
Newcastle, DE). Two batches (blanched whole BB and freeze-dried
BB pomace) were individually ground for 10 min using the centrifugal
juicer. Sufficient amount of 70% (v/v) aqueous acetone acidified with
0.01% (v/v) hydrochloric acid was added to facilitate trituration. More
solvent was later added to achieve a 1:1 (sample:solvent) ratio, and the
mixture was stirred for 1 h and filtered under vacuum. The residue was
re-extracted with a proportional amount of the solvent (aqueous,
acidified acetone) for another hour, and both filtrates were pooled
prior to solvent extraction with chloroform and vacuum evaporation.
Samples were obtained, and the resulting concentrates were labeled as
acetonic extract of whole BB (AEW) and acetonic extract of BB
pomace (AEP).
Method 2. As described previously, blanched whole BB were

extracted with anhydrous methanol acidified with 0.01% (w/v) citric
acid (1:2 sample:solvent). The measured pH of the solvent was 4.1.
The mixture, however, did not undergo solvent extraction with
chloroform. The filtrate was also evaporated under vacuum, and the
concentrated liquid was labeled as methanolic extract of whole BB
(MEW).
Method 3. Freeze-dried BB pomace was extracted for 24 h with

80% (v/v) aqueous ethanol (pH = 6.0) according to the method of
Hogan and others.19 The resulting pooled filtrate was evaporated
under vacuum, and the concentrate labeled as ethanolic extract of BB
pomace (EEP).
Method 4. Blanched whole BB were ground for 10 min with an

equivalent amount of deionized water. The enzyme was added at 500
ppm and stirred for 2.5 h at room temperature. The juice was filtered
under vacuum, placed in a sealed container fitted with a thermocouple
and a data logger, and pasteurized at 63 °C in a water bath for 30 min.
The concentrated sample was labeled enzymic extract of whole BB
(ZEW) and kept at −20 °C prior to use.
Solid−Liquid Extraction and Powder Preparation. All extracts

from the four methods described above were passed individually
through an Amberlite XAD-16N column 20 cm high and 3 cm in
diameter to concentrate the phenolic compounds.20 Sugars and
organic acids from the preparations were eluted with three column
volumes of deionized water. The anthocyanin fraction was then
collected by elution with anhydrous methanol. Aliquots (10 mL) were
obtained and labeled as crude Amberlite extracts of acetone (CAW for
whole BB, CAP for pomace), methanol (CMW), ethanol (CEP), and
enzyme (CZW) and stored at −20 °C. Among these, CAW, CMW,
and CEP were chosen for biological activity tests. The Amberlite
extracts were then evaporated under vacuum, freeze-dried, and also
kept at −20 °C prior to use. Of the resulting powder samples, four
were selected for further tests: acetone−whole BB (AW), methanol−
whole BB (MW), ethanol−pomace (EP), and enzyme−whole BB
(ZW). Powder samples were later rehydrated (1 mg/mL) with
deionized water prior to tests.
Total Monomeric Anthocyanin Concentration (TMAC) and

Colorimetry. The pH differential method was used to determine the
total monomeric anthocyanin (ACN) content of all crude extracts,
Amberlite extracts, and ACN powders.21 The absorbance at 510 nm
(corresponding to cyanidin-3-O-glucoside, molar mass = 449.2, ε = 26
900) of aliquots was measured at pH values 1 and 4.5 using an
Evolution 300 spectrophotometer (Thermo Scientific, Suwanee, GA).
As a rapid estimate of anthocyanin content, the color values (L*, a*,

and b*) of the rehydrated ACN powders were measured using
HunterLab Miniscan EZ (Reston, VA). The colorimeter was calibrated
with black and white tiles prior to use. Samples (4 mL) were added to

clear plastic dishes (1 cm depth and 3.5 cm diameter) and placed
against a white tile.

α-Amylase Inhibitory Assay. The method of Kwon et al.22 was used
with modifications. Crude Amberlite extracts (CAW, CMW, and CEP)
and rehydrated ACN powders (AW, MW, EP, and ZW) were diluted
10-fold. Type VI-B porcine pancreatic α-amylase (500 μL of 1 U/mL
in 100 mM sodium phosphate buffer with 6.7 mM sodium chloride,
pH 6.9) was added to 500 μL of each sample in vented test tubes and
incubated at 25 °C for 10 min. Next, 500 μL of 1% (w/v) potato
starch (previously dissolved in 100 mM phosphate-buffered saline, pH
6.9, and boiled for 15 min) was added, and the mixture was incubated
for 10 min. Finally, 1 mL of dinitrosalicylic acid (DNS) reagent (20
mL of 96 mM DNS mixed with 8 mL of 5.315 M sodium potassium
tartrate tetrahydrate in 2 M sodium hydroxide and diluted with 12 mL
of deionized water) was added. The tubes were placed in a boiling
water bath for 5 min and afterward were diluted with 10 mL of
deionized water. Absorbance was read at 520 nm. Results are
presented as percent inhibition relative to a blank control.

α-Glucosidase Inhibitory Assay. The method of Hwang et al.23 was
used with modifications. Crude Amberlite extracts (CAW, CMW, and
CEP) were diluted 2-fold, while rehydrated ACN powders (AW, MW,
EP, and ZW) were diluted 5-fold. Type I α-glucosidase from
Saccharomyces cerevisiae (100 μL of 0.35 U/mL in 100 mM
phosphate-buffered saline, pH 6.9) was added to 50 μL of the diluted
extracts and incubated at 37 °C for 10 min in a Boekel 290400S water
bath (Boekel Scientific, Feasterville, PA). Next, 100 μL of 1.5 mM p-
nitrophenyl-α-D-glucopyranoside (dissolved in 100 mM phosphate-
buffered saline, pH 6.9) was added and incubated for 20 min. The
reaction was terminated by the addition of 1 mL of 1 M sodium
carbonate. Absorbance was read at 400 nm. Results are presented as
percent inhibition relative to blank control.

Ferric Reducing Antioxidant Power (FRAP) Assay. The method of
Benzie and Strain24 was used with modifications. Crude Amberlite
extracts (CAW, CMW, and CEP) were diluted 10-fold, while
rehydrated ACN powders (AW, MW, EP, and ZW) were diluted
20-fold. The FRAP reagent was prepared fresh daily by adding 2.5 mL
of 2,4,6-tri(2-pyridyl)-s-triazine solution (10 mM in 40 mM HCl), 2.5
mL of ferric chloride hexahydrate solution (20 mM), and 25 mL of
acetate buffer (300 mM, pH 3.6). The resulting mixture was held at 37
°C. Briefly, 30 μL of the sample was pipetted in a cuvette, and 1 mL of
the FRAP reagent was added. The contents were mixed using a pipet.
After 4 min of reaction, the absorbance at 593 nm was measured. A
standard curve was generated using 100 μL of various ferrous sulfate
heptahydrate solutions (0.1 to 1 mM). Results are presented as mM
Fe2+ equivalents.

Total Phenolics Content (TPC) Assay. A modified Folin−Ciocalteu
method was employed.20 Crude Amberlite extracts (CAW, CMW, and
CEP) were diluted 10-fold, while rehydrated ACN powders (AW,
MW, EP, and ZW) were diluted 20-fold. Briefly, 8 mL of deionized
water, 0.5 mL of Folin−Ciocalteu’s phenol reagent, and 1 mL of
saturated sodium carbonate solution were added into each test tube
that contained 0.5 mL of sample. The mixture was vortexed for 15 s
followed by a 60 min resting period for optimum color development.
Absorbance was measured at 765 nm. A standard curve was generated
with gallic acid, and results are reported as ppm gallic acid equivalents.

Mass Spectrometry. Mass spectrometry was performed at the
Proteomics and Mass Spectrometry Facility (University of Georgia)
using a Bruker Daltonics Autoflex TOF mass analyzer with a nitrogen
laser. Crude Amberlite extracts (CAW, CMW, and CEP) and
rehydrated powders were applied at 1 μL on the target plate and
dried. This was conducted twice. No matrix was added. The
instrument was operated in reflectron mode, and 300 laser shots
were averaged for one spectrum.

Statistical Analyses. Data were expressed as means of assays
conducted in triplicates. The proc GLM function of SAS 9.2 (SAS
Inst., Cary, NC) was used to analyze one-way design with Tukey’s
honestly significant difference (HSD) as post hoc test. Means were
regarded as significantly different at p < 0.05.
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■ RESULTS

TMAC and Colorimetry. Table 1 shows that among
different methods used to extract ACNs from whole BB, the
methanol-based extraction generated the most ACNs, followed
by the acetone-based extraction. For pomace, there were more
ACNs in the acetonic extract than in the ethanolic extract, but
on the basis of 100 g of freeze-dried pomace, the ethanol-based
method extracted more ACNs than the acetone-based method.
After purification and lyophilization, ACN yield per mg of dry
powder was greatest in the order EEP, AEW, MEW, and AEP.
The same trend was observed in the average lightness (L*).

EEP was darkest, while ZEW and AEP were lightest. MEW was
reddest (a*), while AEP was least red. EEP was bluest (b*),
and MEW the least. Hue (arctan[b*/a*]) values show that
EEP lies between the blue and bluish-red region (270° to
360°). The rest of the values lie between the bluish-red and
yellow region (0° to 90°), but are closer to the bluish-red
spectrum.
ACN values of crude Amberlite extracts and rehydrated

powders are given in Table 2. Expectedly, rehydrated powders

contained more TMAC than Amberlite extracts due to
concentration effects. The ethanol-based extraction method
still extracted the most ACNs (CEP > CMW > CAW). The
ethanolic extract (EP) possessed greater TMAC than the
acetonic extract (AW), while TMAC of the methanolic extract
(MW) was not statistically different from either AW or EP.
The correlation coefficients among the different tests are

listed in Table 3. With crude Amberlite extracts, TMAC
correlated strongly with α-glucosidase, FRAP, and TPC tests.
However, upon freeze-drying, only the TMAC moderately
correlated with FRAP.

Biological Activities. Among rehydrated powders (Table
2), tannic acid exhibited the greatest inhibitory effect against α-
amylase, followed by CEP. A slightly higher inhibitory effect
was observed with the acetonic extract (AW) than the
corresponding crude Amberlite extract (CAW). On a mass
ratio, the inhibitory effect of Polyphenon 60 was not statistically
different from AW. Low inhibitory effects were found with the
remaining samples. Only the acetonic extract retained its
relative inhibitory effect after lyophilization. The loss in
inhibitory effect was most significant with the ethanolic extracts
(CEP and EP).
All Amberlite extracts possessed a marked inhibitory activity

against α-glucosidase in the order acetone (CAW) > methanol
(CMW) > ethanol (CEP). The acetonic extract possessed a
statistically-equivalent inhibitory effect to Polyphenon 60 and
tannic acid on an equivalent mass basis. No inhibitory effect
was found for rehydrated ACN powders prepared from

Table 1. Anthocyanin Content (TMAC) and Color Properties of ACN Extractsa

yield color measurement

sample
mg TMAC/L crude

extract
mg TMAC/100 g whole berries or dry

pomace)
mg TMAC/mg dry

powder) L* a* b* chroma hue

Whole Berries
AEW 364.1 d 60.3 0.18 31.10 b 30.87 c 1.01 d 30.89 c 1.72 d
MEW 627.2 c 94.7 0.18 28.60 c 44.55 a 11.48 a 46.00 a 14.32 a
ZEW 197.4 e 30.8 0.09 37.42 a 34.85 b 4.33 c 35.12 b 6.88 c
Pomace
AEP 982.2 a 436.9 0.14 37.29 a 28.37 d 6.20 b 29.04 d 12.60 b
EEP 813.7 b 490.0 0.19 26.13 d 35.30 b −0.83 e 35.31 b −1.15 e

aColumns with the same letter are not statistically different at p < 0.05. Abbreviations: TMAC, total monomeric anthocyanin content; AEW,
acetonic extract of whole berries; MEW, methanolic extract of whole berries; ZEW, enzymic extract of whole berries; AEP, acetonic extract of berry
pomace; EEP, ethanolic extract of berry pomace.

Table 2. Biological Activity of Purified ACN Preparationsa

enzyme inhibition (%)

sample
TMAC
(mg/L) α-amylase

α-
glucosidase

FRAP (mM
Fe2+)

TPC (ppm
GAE)

Amberlite Extracts
CAW 44.3 f 24.01 d 92.83 a 1.08 e 42.0 i
CMW 109.1 d 5.06 f 90.42 b 2.08 d 203.3 h
CEP 156.0 c 36.78 b 88.85 c 3.40 c 382.0 d
Rehydrated Powders
AW 178.9 b 26.06 c 91.49 ab 5.19 b 422.7 c
MW 185.1 ab 2.29 g n.d. 4.70 b 308.0 e
ZW 89.4 e 8.36 e n.d. 3.64 c 214.7 g
EP 201.7 a 3.65 g n.d. 4.30 bc 252.0 f
Control
Polyphenon 60 24.80 cd 92.50a 9.99 a 682.7 b
tannic acid 67.34 a 92.92a 5.05 b 824.0 a

aColumns with the same letter are not statistically different at p < 0.05.
Abbreviations: TMAC, total monomeric anthocyanin content; FRAP,
ferric reducing antioxidant power; TPC, total phenolics content; GAE,
gallic acid equivalents; CAW, crude Amberlite acetonic extract of
whole berries; CMW, crude Amberlite methanolic extract of whole
berries; CEP, crude Amberlite ethanolic extract of berry pomace; AW,
acetonic extract of whole berries; MW, methanolic extract of whole
berries; ZW, enzymic extract of whole berries; EP, ethanolic extract of
berry pomace; n.d., not detected.

Table 3. Correlation Coefficients among Purified ACN
Preparationsa

TMAC α-amylaseb FRAP TPC

Amberlite Extracts
α-amylaseb 0.335
FRAP 0.989* 0.471
TPC 0.995* 0.427 0.999*
α-glucosidaseb −0.999* −0.286 −0.980* 0.989*
Rehydrated Powders
α-amylaseb −0.024
FRAP 0.717* 0.566*
TPC 0.477 0.789* 0.947* 0.947*

aValues with asterisks are statistically significant at p < 0.05.
Abbreviations: TMAC, total monomeric anthocyanin content;
FRAP, ferric reducing antioxidant power; TPC, total phenolics
content. bRefers to enzyme inhibitory activity.
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methanol, acetone, and Mzyme PearX. Similar to the α-amylase
assay, only the acetonic extract retained its relative enzyme
inhibitory activity.
The α-amylase inhibition did not correlate strongly with any

of the tests that used the Amberlite extracts (Table 3). α-
Glucosidase inhibition correlated strongly with TMAC, TPC,
and FRAP. For tests that used rehydrated powders, the α-
amylase inhibitory effect correlated moderately with TPC.
On a mass basis, Polyphenon 60 registered the highest ferric

ion reducing ability followed by tannic acid, rehydrated acetonic
(AW), methanolic (MW), and ethanolic (EP) extracts. Among
crude Amberlite extracts, ferric reducing power was observed in
the order ethanol (CEP) > methanol (CMW) > acetone
(CAW). Tannic acid and Polyphenon 60 possessed the most
phenolics (reported as ppm gallic acid equivalents). Among the
rehydrated powders, the observed trend was acetone (AW) >
methanol (MW) > ethanol (EP), while for Amberlite extracts,
the trend was ethanol (CEP) > methanol (CMW) > acetone
(CAW).
Among indexes of biological activities, there was strong

correlation between antioxidant potential and α-glucosidase
inhibitory activities for the Amberlite extracts and rehydrated
powders. However, with rehydrated powders, only the
correlation between FRAP and TPC was conserved (Table 3).

■ DISCUSSION
TMAC and Colorimetry. Blueberries are rich sources of

anthocyanins, with the majority of the pigments accumulating
in the peel/skin than in the flesh and seeds.7,25 This, along with
longer extraction time, would partially explain the slightly
higher TMAC observed with the ethanolic pomace extract
compared to the acetonic pomace extract or methods that used
whole berries (Table 1). TMAC values from Table 2 do not
show a statistical difference between EP and MW; nevertheless,
a comparably high concentration of anthocyanins could be
derived from pomace alone. Results confirm that the
methanolic extracts (MEW and MW) possess more ACNs
than acetonic extracts (AEW and AW).26 We also observed
higher TMAC (dry weight basis) for ethanolic pomace extracts
(EEP) than acetonic pomace extracts (AEP). The relatively
small contribution of BB juice toward total monomeric
anthocyanins is seen from the difference of TMAC between
AEP and AEW. This implies that BB byproducts, such as
pomace, can be processed to recover bioactive compounds.25

As potential food colorants, anthocyanin color can be
quantified using colorimetric scales, and changes in color
parameters due to processing or degradation can be measured
with ease.27 Among the different parameters, the hue angle
predicts whether a particular datum would be bluish, reddish,
yellowish, or greenish, and 1° changes are perceptible by
human vision. On the basis of our results, it did not appear to
correlate well with TMAC. Lightness (L*) was a better
predictor of TMAC than hue angle.
Comparison of mass spectra of samples to published papers

helps to identify putative peaks.28,29 The peaks in the crude
Amberlite extracts (Figure 1) corresponded to the m/z
assignments for the major anthocyanidins malvidin (Mv),
petunidin (Pt), delphinidin (Dp), cyanidin (Cy), and peonidin
(Pn), with significantly fewer peaks likely to be the glycosylated
forms (cyanidin+glucose, malvidin+glucose, peonidin+glu-
cose). In all cases, peak intensities followed the trend Mv >
Pt > Dp > Cy > Pn. When measured against malvidin intensity,
we found that the ratio of intensities of extracted petunidin,

delphinidin, cyanidin, and peonidin (Pt:Mv, Dp:Mv, Cy:Mv,
and Pn:Mv, respectively) was highest with the ethanolic extract
(0.80, 0.77, 0.46, 0.26), followed by the methanolic extract
(0.52, 0.44, 0.17, 0.11), and lowest with the acetonic extract
(0.21, 0.15, 0.07, 0.07). This means that the acetone-based
extraction method (and solvent extraction with chloroform)
tended to selectively extract Mv, while the methanol-based and
ethanol-based methods extracted more Pt, Dp, Cy, and Pn. In a
previous report, malvidin-3-O-galactoside was reported to be
the most abundant anthocyanin in blueberries.25 The relatively
low concentration of glycosylated ACNs regardless of the
extraction method might have been due to hydrolysis of the
acyl groups from using acidified solvents, from blanching, or
upon storage.15,30

In vivo tests using anthocyanins are usually conducted under
neutral to slightly alkaline conditions, which could make
identification of stable forms of ACNs difficult.17,31 More peaks
were observed when rehydrated powders were subjected to
mass spectrometry. ACNs form the reactive quinoidal base
under neutral media, leading to degradation products such as
phenolic acids and aldehydes, or three-dimensional structures
through self-association.17,32 Glycosylation of the flavylium
cation confers stability through steric hindrance,32 and the
absence of glycated forms in the spectra of the rehydrated
powders implies that observed extraneous peaks were from
degradation products. The identity and mass assignments of
identified oligomers have already been reported.28 Significantly
intense peaks were observed at m/z = 633 for both the
rehydrated methanolic and ethanolic extracts (Figure 2). On
the basis of available mass assignments, this peak corresponds
to a Mv-Dp dimer. Another peak (m/z = 661) was observed for
the Mzyme extract (ZW), likely corresponding to an Mv−Mv
dimer.

Biological Activities. Aside from anthocyanins, blueberries
also contain phenolic acids (such as esters, glycosides, and
amides of hydroxycinnamic and hydroxybenzoic acids) and
flavanols.33 Considering that the dry powders in Table 2 were
composed of less than 50% monomeric anthocyanins, other
phenolic compounds present likely contributed to the overall
biological activity.13 Several studies have concluded that the
concentration of tannins is directly related to α-amylase
inhibitory activity.4,5,22 The mild inhibitory activity of the BB

Figure 1. Mass spectra of crude Amberlite methanolic extract.
Tentative peak assignments: a, cyanidin; b, peonidin; c, delphinidin; d,
petunidin; e, malvidin.
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extracts against α-amylase is indicative of the low ellagitannin
content of blueberries. Our data agree with a previous report
about low α-amylase inhibitory effect5 but contradict the
significantly higher inhibitory activity reported in another
paper.6 Attenuation of inhibitory activity for ethanolic and
methanolic extracts could be due to significant dimerization. α-
Amylase inhibition is dependent on stable binding between the
flavylium cation and the enzyme. The presence of a double
bond in the pyrone ring delocalizes electrons between the
benzopyrone and benzene rings of the flavylium cation and
confers binding stability.34 Dimerization results in the loss of a
double bond in the pyrone ring of the flavylium cation, as seen
in proposed dimer structures,28 and could thus explain
reduction in α-amylase inhibition.
Inhibitory activity of BB extracts against α-glucosidase is

more widely reported, and correlations with TMAC and TPC
have been proposed.5−7,22,35 It is currently understood that
while glycosylated ACNs could competitively inhibit α-
glucosidase, the anthocyanidin components also exert inhib-
itory activity,4,35 as we have observed. Blueberries have greater
ACN content and α-glucosidase inhibitory activity than
strawberries, and it was proposed that the two parameters
were directly related.5,7 It was also reported that inhibitory
activity varied directly with TPC and antioxidant activity.22

However, with the Amberlite extracts we found a strong inverse
relationship between inhibitory activity and TMAC, TPC, or
FRAP. It was previously suggested that anthocyanidins could
play a crucial part in α-glucosidase inhibition.35 Among the
Amberlite extracts, the acetone-based extraction method tended
to extract more malvidin than any other anthocyanidin. Further
tests can be done to determine if α-glucosidase inhibition is
related to malvidin content of the extract.
The most surprising result in our work is the loss in α-

glucosidase inhibitory activity of the rehydrated ethanolic and
methanolic ACN powders (Table 2). A possible explanation
may be that the formation of dimers (such as Mv−Dp and
Mv−Mv) from the reactive quinoidal base could have
attenuated enzyme inhibitory activity. However, rehydrated
AW powder retained high α-glucosidase inhibitory activity,
which may be due to degradation products under neutral pH
resulting in compounds with inhibitory activity. Previously, the

Cy/Mv ratio was lowest with the acetonic Amberlite extract. An
examination of the mass spectra of rehydrated powders showed
that the Cy/Mv ratio of methanolic and ethanolic extracts was
practically unchanged, but a higher ratio was observed with the
acetonic extract (approx 0.6). Under neutral media, aglycones
degrade via the α-diketone pathway, resulting in free phenolic
acids and aldehydes that could also possess biological activity.32

Further, the effect of freeze-drying and subsequent rehydration
on the stability of other phenolic compounds needs to be
determined, as anthocyanins can undergo co-pigmentation with
other flavonoid compounds.26

Regardless of the mild α-amylase inhibitory activity and
instability in neutral media, BB extracts still have potential in
mitigating postprandial hyperglycemia. Compared to α-
amylase, α-glucosidases are key enzymes in starch digestion
because they degrade oligosaccharides to monosaccharides
prior to absorption in the intestinal epithelia.4 Inhibition of α-
glucosidases may slow down formation of glucose monomers
and alleviate postprandial hyperglycemia, a risk factor for
obesity and type 2 diabetes. Further studies can determine if
anthocyanidins interact with glucose transporters in the
intestinal epithelia to further delay glucose absorption. Our
results confirm that ACNs possess biological activity even when
prepared under neutral pH.31

Numerous papers have reported on the phenolics content
and antioxidant potential of blueberries and processed
products. However, it can be difficult to compare results
because few papers reported using purification methods to
remove sugars and other organic acids, which may interfere in
the Folin-Ciocalteu assay.6,20,25,36 It is generally held that TPC
correlates better with antioxidant activity than TMAC.37 In our
results, we also report a slightly stronger positive correlation
between FRAP and TPC than with TMAC among crude
Amberlite extracts. A difference in correlation coefficients was
more evident among rehydrated powders, where a strong
correlation between FRAP and TPC (R = 0.95) was
maintained, compared to FRAP and TMAC (R = 0.72).
Among crude Amberlite extracts, both TPC and FRAP

correlated poorly with α-amylase inhibition. However,
correlation between TPC and α-amylase inhibitory activity
increased (R = 0.79) when rehydrated powders were used.
Phenolic compounds that can form quinones, lactones, or a
conserved 4-oxo-pyrane structure are associated with α-amylase
inhibitory activity.5 We surmise that ACNs could have either
degraded under neutral pH or formed other phenolic
structures, which is why acetonic extracts retained inhibitory
action against α-amylase while ethanolic and methanolic
extracts did not.
In conclusion, anthocyanin or anthocyanidin extracts that

possess antioxidant and enzyme inhibitory activities could be
prepared from both whole berries and pomace. Extraction with
ethanol followed by solid-phase extraction was applied to
pomace and found most effective at extracting the highest
concentration of anthocyanins that possess mild α-amylase and
high α-glucosidase inhibitory activities. The magnitude of
biological activity of ethanolic extracts was comparable to that
of methanolic and acetonic extracts of whole berries. However,
after lyophilization and subsequent rehydration, the biological
activities of the ethanolic and methanolic powders were either
reduced or lost. The acetone-based extraction method was
most effective at extracting anthocyanins that retain α-amylase
and α-glucosidase inhibitory activities even after freeze-drying
and reconstitution. The loss in biological activities of the

Figure 2. Mass spectra of rehydrated methanol extract. Tentative peak
assignments: a, cyanidin; b, delphinidin; c, malvidin−delphinidin
dimer (m/z = 633). Samples were spiked with quercetin hydrate,
intensifying peak b.
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ethanolic and methanolic extracts under neutral media could be
due to pigment degradation, dimerization, or co-pigmentation
of anthocyanins with other flavonoids. Subsequent tests can be
conducted to profile the phenolic compounds extracted with
the acetone-based method and their biological activity as well as
stability.
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