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ABSTRACT: Extractable and bound proanthocyanidins and hydrolyzable tannins were characterized in Nonpareil, Carmel, and
Butte almond varieties from California, with n = 3 samples/variety. Bound proanthocyanidins were recovered from extracted
defatted almond residue by hydrolysis with 4 N sodium hydroxide and represented 3−21% of the total proanthocyanidin content
among varieties. The bound proanthocyanidins were recovered primarily as monomers and dimers. In contrast, acid hydrolysis of
extracted almond residue did not yield bound proanthocyanidins. Hydrolyzable tannins were characterized in aqueous acetone
extracts of defatted almond using two-dimensional TLC and further quantitated by HPLC following acid hydrolysis. Almond
hydrolyzable tannin content was 54.7 ± 2.3 mg ellagic acid and 27.4 ± 7.3 mg gallic acid per 100 g almond among varieties. The
tannin contents of Nonpareil, Carmel, and Butte almond varieties were not significantly different. Thus, bound
proanthocyanidins and hydrolyzable tannins significantly contribute to almond polyphenol content.
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■ INTRODUCTION

Almonds (Prunus dulcis) are a rich dietary source of
polyphenols.1 The most abundant class of polyphenols in
almonds is proanthocyanidins, followed by flavonoids and
phenolic acids.2 Almond flavonoids include flavonols, flavanones,
and flavanols, in their monomeric, oligomeric, and polymeric
forms; these latter also called proanthocyanidins or condensed
tannins.3−5 Almond proanthocyanidins are composed of flavan-
3-ols with various degrees of polymerization.4−7 However,
although proanthocyanidins have been characterized in almond,
data about their distribution among varieties is lacking.4 Less is
known about the content of hydrolyzable tannins in almonds.
Tannins and other polyphenols may contribute to the health-
promoting potential of almonds. Almond flavonoids and
proanthocyanidins are bioavailable and extensively metabolized
in vivo by phase II enzymes or intestinal microbiota.8 These
polyphenols and their metabolites may contribute to the
antioxidant and anti-inflammatory effects of almonds observed
in animal studies.9,10

A growing body of research suggests that the polyphenol
content of foods could be underestimated because solvent
extraction does not completely liberate polyphenols covalently
bound to cell walls.11,12 Previously, noncovalently bound
phenolic acids and flavonoids (e.g., free or extractable) from
almond skin extracts were quantitated by HPLC-MS.13−15

However, Mandalari et al.16 reported a portion of almond
phenolic acids, mainly p-hydroxybenzoic acid, vanillic acid, and
ferulic acid, was covalently bound and released by acid hydrolysis.
Flavonoids, phenolic acids, and proanthocyanidins can also be
released by acid or alkaline hydrolysis from other plant
materials.11,17 Thus, more work is needed to determine the
relative proportion of free and bound polyphenols in almonds.
The objectives of this study were to further characterize almond
tannins by quantitating extractable and bound proanthocyani-

dins and screening for hydrolyzable tannins. We utilized
Nonpareil, Carmel, and Butte almonds, as these are the top
three cultivated California almond varieties.

■ MATERIALS AND METHODS
Safety. Precautions should be taken during methanolysis due to the

exothermic nature of sulfuric acid dilution and neutralization.
Reagents and Materials. Methanol, dichloromethane, and acetic

acid were of HPLC grade from Fisher Scientific (Fair Lawn, NJ, USA).
Water was of ultrapure grade. All other chemicals and reagents were
acquired from Sigma-Aldrich (St. Louis, MO, USA). Samples of whole,
unpasteurized Butte, Carmel, and Nonpareil almonds grown in
California from harvest year 2011 were provided by the Almond
Board of California. Each variety had three unique samples representing
different orchards, for a total of n = 9 samples. Almonds were stored at
−20 °C until analysis.

Extraction of Proanthocyanidins. Frozen almonds were finely
ground using an IKA A11 basic grinder (Wilmington, NC, USA).
Almond powder (4 g) was homogenized in 40 mL of hexane using an
IKA Ultra-Turrax T18 homogenizer for 2 min at a power setting of 4.
The homogenate was centrifuged and the supernatant removed. The
residue was similarly homogenized twice, and the resulting supernatants
were combined and dried under a nitrogen gas stream. The mass of the
extracted, dried lipids was recorded to determine almond lipid content.
The defatted almond residue was then extracted with acidified aqueous
acetone (70:29.5:0.5 mixture of acetone, distilled water, and acetic acid),
according to methods described by Prior et al.7 with modifications.
Acidified aqueous acetone (40 mL) was added to the defatted nut
residue, vortexed for 30−40 s, and sonicated in an ultrasonic cleaner for
10 min at 37 °C. The sample was then agitated on a tube rocker for 50
min at 23 °C and centrifuged, and the supernatant was filtered through a
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0.2 μm nylon filter. The pelleted almond residue was dried under a
nitrogen gas stream and stored at −20 °C until hydrolysis. The filtered
supernatant was dried under a nitrogen gas stream to remove acetone,
frozen at −80 °C, lyophilized to a powder, and stored at −80 °C.
Acid and Alkaline Hydrolyses. Residual defatted or defatted,

extracted almond powder was subjected to acid or alkaline hydrolysis.
Acid hydrolysis was based on previously described methods.18,19

Almond residue was resuspended in 20 mL of 1.2 N hydrochloric acid
inmethanol/water (80:20, v/v) and 0.5 g/L tert-butylhydroquinone and
heated at 75 °C in a dry bath for 3 h. Incubates were then cooled over ice
brought to pH 5.5 with 3.7 M ammonium acetate. The hydrolysis
solution was centrifuged, and the supernatant was dried of residual
methanol under nitrogen gas at 40 °C. The resulting aqueous solution
was stored at −80 °C until further analysis.
Alkaline hydrolysis was performed according to a previously

described method.17 Extracted residue from defatted almonds was
resuspended in 20 mL of 4 N aqueous sodium hydroxide. Resuspended
residue was incubated in a water bath at 60 °C for 15 min with 30 s of
vortexing every 3 min. The hydrolyzed sample was cooled over ice and
neutralized with 4 N hydrochloric acid. The neutralized sample was
centrifuged, and the supernatant was frozen at −80 °C, lyophilized to a
powder, and stored at −80 °C until further testing.
Isolation of Tannins. Tannins were isolated by stepwise elution

from Sephadex LH-20 columns, as described previously.7 Neutralized
aqueous hydrolysis solutions or dried almond extracts were recon-
stituted in 2−4 mL of 30%methanol in water and were loaded on a 1 cm
diameter column containing ∼4 g of Sephadex LH-20. Sugars and salts
were eluted with 50 mL of methanol/water (30:70 v/v) and discarded.
Proanthocyanidins were eluted with 100 mL of acetone/water (70:30 v/
v). The proanthocyanidin fraction was dried of residual acetone by a
nitrogen gas stream at 37 °C. The resulting aqueous residue was frozen
at −80 °C and lyophilized to a powder prior to HPLC analysis.
HPLC Analysis of Proanthocyanidins. Proanthocyanidins were

quantitated according to a modified method7 using a Dionex Ultimate
3000 HPLC equipped with a refrigerated autosampler, column oven,
diode array detector, and fluorescence detector (Sunnyvale, CA, USA).
Proanthocyanidin isolates were reconstituted in 100 μL of methanol/
dichloromethane (1:1), and 20 μL was injected on a 260mm× 4.60 mm
i.d., 5 μm, Hypersil silica column (ThermoFisher, Bellefonte, PA, USA).
Samples were resolved by a 1 mL/min gradient of 100% dichloro-
methane (A) and 100%methanol (B) with a constant 4% of acetic acid/
water (50:50, v/v) (C). The gradient increased linearly from 14% B at 0
min to 28.4% B at 30min, to 39.6% B at 45min, to 86% B at 55min, held
until 60 min, and then decreased to 14% B until 75 min.
Proanthocyanidins were quantitated by fluorescence, with excitation
at 276 nm and emission at 316 nm, using (+)-catechin, (−)-epicatechin,
and proanthocyanidin B2 as standards (Figure 1). Proanthocyanidins
were tentatively identified by degree of polymerization by comparison to
a previous study that utilized LC-MS/MS analysis of almond
proanthocyanidins,20 and HPLC−fluorescence data were integrated
using a constant baseline.7 A check standard of cocoa proanthocyanidins
purified in-house was used to control for intraday variation.
Thin-Layer Chromatography (TLC) of Hydrolyzable Tannins.

Almond hydrolyzable tannins were characterized by two-dimensional
TLC.21 Duplicate 20 × 20 cm, 100 μm, cellulose plates (Selecto
Scientific Inc., Suwanee, GA, USA) were spotted with 50 μL of the
almond tannin fraction reconstituted in 100% methanol. Plates were
developed in glass chambers saturated with 100−150 mL of a 14:1:5 (v/
v/v) mixture of butan-2-ol/acetic acid/water until the solvent front was
at least 18 cm. Plates were then removed from the chambers and dried at
ambient temperature. Plates were then rotated 90° and placed into a
glass chamber saturated with 100−150 mL of a 2:98 (v/v) mixture of
acetic acid/water. The plates were dried at ambient temperature. Plates
were sprayed with a saturated potassium iodate solution to detect
gallotannins or 4% sodium nitrite (w/v) in 50% aqueous acetic acid (v/
v) to detect ellagitannins.
Gallotannin and Ellagitannin Hydrolysis. Defatted almond was

hydrolyzed according to a previously described method.22 Defatted
almond powder (20 mg) was reconstituted in 2 mL of methanol in 50
mL glass screw-top test tubes. Sulfuric acid (18% in water, 100 μL) was

slowly added to samples in two aliquots, and the solution was manually
swirled between additions. Samples were then incubated in a dry bath at
85 °C for 20 h, cooled over ice, and neutralized by carefully adding 4
aliquots of 50 μL of ethanolamine to each sample. Caffeic acid or trans-
stilbene (5 μg/mL) was used as internal standard for analysis of gallic
acid or ellagic acid, respectively (Figure 1). Solutions were brought to 2
mL with water and centrifuged. Supernatants were passed through a 0.2
μm nylon syringe filter if cloudy or used directly for HPLC analysis.

HPLC Analysis of Gallic Acid and Ellagic Acid. HPLC was
performed using the previously described Dionex Ultimate 3000 system.
Diluted, neutralized hydrolysis solutions or standards (20 μL) were
injected onto a 50 mm × 2.10 mm i.d., 2.2 μm, Dionex Acclaim 120 Å
RSLC PolarAdvantage column (ThermoScientific, Sunnyvale, CA,
USA). Gradients of 1% aqueous acetic acid (A) and methanol (B) were
used to resolve samples at 0.2 mL/min. For gallic acid, 10%Bwas held to
3 min, followed by a linear gradient to 40% B at 7 min, returning to 10%
B at 12 min, and held for 5 min. For ellagic acid, 10% A was held for 3
min, followed by a linear gradient to 100% B at 10 min, returning to 10%
B at 12 min, and held for 8 min. Gallic acid and ellagic acid were used as
external standards for quantitation. Gallic acid and ellagic acid were
identified in hydrolysis solution by comparison of UV spectra analysis
and retention time to authentic standards. Methyl gallate eluted at 4.4
min but was not detected below 0.12 ng on-column in hydrolysis
solutions. Gallic acid and caffeic acid were quantitated at 280 nm, and
ellagic acid and trans-stilbene were quantitated at 320 and 250 nm,
respectively. Inter- and intra-assay RSDs for gallic acid analysis were 14.6
and 7.4%, respectively. Inter- and intra-assay RSDs for ellagic acid

Figure 1. Structures of standard compounds utilized for HPLC analysis
of almond polyphenols: (1) (+)-catechin; (2) (−)-epicatechin; (3)
proanthocyanidin B2; (4) gallic acid; (5) caffeic acid; (6) ellagic acid;
(7) trans-stilbene.
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analysis were 1.1 and 3.0%, respectively. Gallic acid, caffeic acid, ellagic
acid, and trans-stilbene eluted at 1.9, 8.7, 12.4, and 15.2 min, respectively.
Statistics and Data Analysis. Data are the mean ± standard

deviation of at least duplicate samples. Statistical significance was
determined by two- or one-way ANOVA as indicated, followed by
Tukey’s multiple-comparison test using GraphPad Prism 5.01 software
(GraphPad Software, Inc., La Jolla, CA, USA). Differences were
considered to be significant at P < 0.05.

■ RESULTS AND DISCUSSION
Tannins are the most abundant class of polyphenols in almonds.2

Little is known about the abundance of bound proanthocya-
nindins and hydrolyzable tannins in almonds or their distribution
between varieties. Therefore, we characterized and quantitated
extractable and bound proanthocyanidins and hydrolyzable
tannins in Nonpareil, Carmel, and Butte almond varieties.
Extractable Proanthocyanidins. The extractable proan-

thocyanidins from almond consisted of (+)-catechin and
(−)-epicatechin and three dimer peaks, including proanthocya-
nidin B2, as well as trimers and greater oligomers (Figure 2A).

Normal-phase HPLC resolution of proanthocyanidins in
California almond varieties was similar to that of Spanish
almonds.20 Almond proanthocyanidins have (epi)afzelechin,
(epi)catechin, and (epi)gallocatechin as constituent units, with
both A-type and B-type linkages and an average degree of
polymerization of 12.7.5,20,23 Almond proanthocyanidins with
polymerization of 6 or more have only B-type linkages.20

Among the three almond varieties, Nonpareil had ∼2-fold
more extractable proanthocyanidin B2 equivalents (PE) (107.3
mg/100 g almond) than Butte (25.4 mg/100 g almond) and
Carmel (28.1 mg/100 g almond) because of increased oligomer
content (Table 1). Nonpareil had 2-fold the monomers of Butte
and 3-fold the monomers of Carmel. Nonpareil had 3-fold the
dimers of Butte and Carmel and 4-fold the trimers of Butte and
Carmel. Nonpareil also had ∼3 fold the oligomers (4−7-mers)
and 8-mers and greater polymers of Butte and Carmel almonds.
The extractable proanthocyanidin profiles, for example, as
percent of the sum of proanthocyanidins, varied among the
three almond genotypes (Figure 3A). 8-mers and greater
polymers were the most abundant proanthocyanidins among
the three almond genotypes, ranging from 27.2 to 33.3% of
extractable proanthocyanidins, with the greatest polymer

proportion in Carmel. Nonpareil had the greatest relative
proportion of proanthocyanidin B2, trimers, and 4-mers. Butte
had the highest proportions of (+)-catechin (0.9%), (−)-epi-
catechin (6.8%), dimer 1 (2.4%), and dimer 3 (15.9%). Carmel
had the highest proportions of 5-mers, 6-mers, and 7-mers, which
were 10.8, 7.5, and 7.4%, respectively.
Proanthocyanidins and hydrolyzable tannins contribute a

significant portion of the polyphenol content of almonds and
other tree nuts. Almonds have more extractable proanthocyani-
dins than walnuts, but less than hazelnuts, pecans, and
pistachios.4 Gu et al.4 reported 184.1 mg extractable
proanthocyanidins/100 g almond in a commercial almond
sample using similar extraction conditions. Although the
distribution of proanthocyanidin polymers was similar to this
study, the content was higher than the 25−107 mg PE/100 g
obtained in the present study. The use of proanthocyanidin B2
equivalents may contribute to this difference. Also, preharvest
factors such as climate and environment and postharvest factors
such as storage and processing may contribute to differences
among almond samples.2 However, our values appear greater
than those in a study by Garrido et al.,3 adjusted by the relative
proportion of almond skins to 100 g almond. The present work is
limited by a lack of suitable analytical standards for HPLC
analysis. Further effort is required to purify proanthocyanidins of
similar composition, and linkages and with various polymer-
izations to validate methods for quantitation of almond
proanthocyanidins.
The differences in extractable proanthocyanidins among

almond varieties are greater than other almond polyphenols. In
the present study, Nonpareil had more extractable proanthocya-
nidins than Butte and Carmel, whereas there were no differences
in flavonoids and phenolic acids between these varieties.14

Nonpareil almonds had significantly greater (−)-epicatechin
content than the same study, with 3.4 mg/100 g almonds.14 It is
unclear if this difference is due to yearly variation in polyphenol
content or the different extraction conditions between studies.

Bound Proanthocyanidins. The yield of proanthocyani-
dins after alkaline hydrolysis of almond was maximized at 4 N
sodium hydroxide. Proanthocyanidins recovered from alkaline
hydrolysis of extracted almond residue were quantitated by
HPLC (Figure 2B). Only proanthocyanidin monomers, dimers,
and oligomers with polymerization of ≥8 were recovered after
hydrolysis (Table 1). Alkaline hydrolysis of extracted almond
residue yielded an additional 3.4, 6.8, and 6.4 mg PE/100 g
almond in Nonpareil, Butte, and Carmel almonds, respectively
(Table 1). These yields added 22−66% toward monomer
content and 45−81% to dimer 1 content. Nonpareil almonds had
the lowest recovery of bound proanthocyanidins, despite having
the highest yield of extractable proanthocyanidins among
almond varieties.
The release of monomers and dimers upon alkaline hydrolysis

of almond is consistent with a previous study in cranberry
pomace, alkaline hydrolysis of which liberated 4-fold the
monomer to hexamer proanthocyanidins than conventional
extraction.17 Alkaline hydrolysis of cranberry polymeric
proanthocyanidins also yielded primarily monomers and
dimers.17

In the present study, alkaline-hydrolyzed proanthocyanidins
were 3.1−26.8% of the extractable proanthocyanidins (Table 1).
This proportion was less than that of apple, peach, and nectarine,
of which bound proanthocyanidins were 6−20-fold of the
extractable proanthocyanidins measured by HPLC.11 Other
bound polyphenols were 2−6-fold of the extractable polyphenols

Figure 2. Representative HPLC fluorescence chromatograms of (A) a
solvent-extractable almond proanthocyanidin fraction and (B) an
alkaline-hydrolyzed almond residue proanthocyanidin fraction.
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in apple, peach, and nectarine measured by LC-MS.11 The bound
polyphenol content of tree nuts may be less than those of other
fruits and vegetables. In walnuts and heartnuts, bound total
phenolic contents were 20−77% of the extractable total phenolic
contents measured by Folin−Ciocalteu assay.24 In a study of 29
foods, bound phenolic compounds accounted for nearly the
same or more antioxidant capacity than free phenolic
compounds measured.25 Thus, the proportion of bound
polyphenols may depend on plant varieties, genotypes, and
polyphenol composition. Further work is needed to define the
contribution of bound polyphenols to almond bioactivity.
In contrast to alkaline hydrolysis, acid hydrolysis of extracted

almond residue did not yield additional proanthocyanidins by

HPLC fluorescence analysis (<0.02 mg/100 g almond). Strongly
acidic conditions, such as in simulated gastric juice, degrade
purified catechins and proanthocyanidins B2 and B5.26While the
methanolic acid hydrolysis conditions were insufficient to release
additional bound proanthocyanidins in almond, previous studies
have used this method to liberate catechins from foods.18,19

Total Proanthocyanidins. The sum of extractable and
bound proanthocyanidins reflects the total proanthocyanidin
content of almonds (Table 1). Nonpareil almonds had the most
total proanthocyanidins with 110.6 mg PE/100 g, representing
3.4- and 3.2-fold of Butte and Carmel varieties, respectively.
Butte almonds had the greatest relative proportion of monomers
and dimers, contributing ∼50% to the total proanthocyanidin
content. In contrast, trimers and greater oligomers contributed
>70% of the proanthocyanidin content of Nonpareil and Carmel
almonds.
The proanthocyanidin profile of Butte and Carmel almonds, as

percent of sum, changed when extractable and bound
proanthocyanidins were considered (Figure 3B). This was due
to the high content of monomers, dimers, and trimers in Butte
and Carmel almonds following alkaline hydrolysis of their
extracted residue. For oligomers (>3) and polymers, the total
proanthocyanidin profile reflected the extractable proanthocya-
nidin profile.

Hydrolyzable Tannins. Extractable almond tannin fractions
were resolved by two-dimensional TLC to screen for the
presence of gallotannins and ellagitannins. In each almond
variety, at least five or six unique spots reacted with potassium
iodate, indicating potential gallotannin content. Nonpareil and
Butte almonds each had four orange-brown spots after a sodium
nitrate spray, indicating the presence of ellagitannins.21 Carmel
almonds had a unique ellagitannin profile, with three orange-
brown and three pink spots after the sodium nitrate spray. Low
retention factors in the second TLC dimension tentatively
indicated the presence of large molecular weight ellagitannin and
gallotannins.21

Hydrolyzable tannins vary according to their polymeric level of
gallic acid and ellagic acid.27 A number of ellagitannins have been
identified in walnut, including pedunculagin, glansrins, casuar-

Table 1. Contents (Milligrams per 100 g Almond) of Extracted and Alkaline-Hydrolyzed Proanthocyanidins (PACs) of California
Almond Cultivarsa,b

Nonpareil Butte Carmel

PAC extracted hydrolyzed total extracted hydrolyzed total extracted hydrolyzed total

(1) (+)-catechin 0.3 ± 0.1 0.1 ± 0.1 0.4 ± 0.1 0.1 ± 0.1 0.2 ± 0.1 0.3 ± 0.1 0.1 ± 0.0 0.2 ± 0.1 0.3 ± 0.1
(2) (−)-epicatechin 3.4 ± 0.5 1.2 ± 0.9 4.6 ± 1.2 1.2 ± 1.3 2.6 ± 1.1 3.9 ± 1.1 0.8 ± 0.3 1.8 ± 1.0 2.6 ± 1.2
PAC dimer 1 2.0 ± 1.6 1.4 ± 0.9 3.4 ± 1.4 0.4 ± 0.4 1.8 ± 0.5 2.2 ± 0.1 0.4 ± 0.1 1.9 ± 1.2 2.3 ± 1.3
(3) PAC B2 8.3 ± 2.9 0.03 ± 0.03 8.3 ± 2.9 1.5 ± 1.8 0.8 ± 1.3 2.3 ± 1.5 1.2 ± 0.5 0.1 ± 0.0 1.2 ± 0.5
PAC dimer 3 8.4 ± 2.2 0.02 ± 0.01 8.4 ± 2.2 2.5 ± 2.0 0.2 ± 0.3 2.7 ± 1.8 2.4 ± 0.2 0.1 ± 0.1 2.6 ± 0.2
trimers 14.0 ± 3.3 14.0 ± 3.3 3.0 ± 3.8 3.0 ± 3.8 2.7 ± 1.5 2.7 ± 1.5
4-mers 15.1 ± 3.5 15.1 ± 3.5 3.2 ± 4.0 3.2 ± 4.0 3.3 ± 2.1 3.3 ± 2.1
5-mers 10.9 ± 4.1 10.9 ± 4.1 2.2 ± 2.9 2.2 ± 2.9 3.1 ± 1.9 3.1 ± 1.9
6-mers 7.2 ± 2.3 7.2 ± 2.3 1.6 ± 2.1 1.6 ± 2.1 2.2 ± 1.6 2.2 ± 1.6
7-mers 6.3 ± 2.1 6.3 ± 2.1 1.7 ± 2.1 1.7 ± 2.1 2.2 ± 1.6 2.2 ± 1.6
≥8-mers 31.3 ± 8.9 0.6 ± 0.1 31.9 ± 8.8 7.9 ± 10.5 1.2 ± 1.0 9.1 ± 10.1 9.7 ± 6.7 2.3 ± 0.3 12.0 ± 7.0

sum 107.3 3.4 110.6 25.4 6.8 32.2 28.1 6.4 34.5
aData are the mean ± standard deviation, n = 3/cultivar. Proanthocyanidins with polymerization of two and greater are expressed as
proanthocyanidin B2 equivalents. bStatistical significance levels among extractable PACs by two-way ANOVA were P < 0.0001 for PACs and P <
0.0001 for genotype and P = 0.9977 for their interaction. Statistical significance levels among base-hydrolyzable PACs by two-way ANOVA were P <
0.0001 for PACs and P = 0.0036 for genotype and P = 0.7349 for their interaction. Statistical significances among total PACs by two-way ANOVA
were P < 0.0001 for PACs and P < 0.0001 for genotype and P = 0.4417 for their interaction.

Figure 3. (A) Relative extractable proanthocyanidin profile of California
almond genotypes. Data are the mean ± SEM of Nonpareil, Butte, and
Carmel almonds (n = 3/genotype). By two-way ANOVA, P = 0.2921 for
genotype and P < 0.0001 for proanthocyanidin type, with P = 0.0087 for
their interaction. (B) Relative total proanthocyanidin profile of
California almond genotypes. Data are the mean ± SEM of Nonpareil,
Butte, and Carmel almonds (n = 3/genotype). By two-way ANOVA, P =
0.5959 for genotype and P < 0.0001 for proanthocyanidin type, with P =
0.0019 for their interaction.
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ictin, and others.28,29 Thus, almonds may also contain a diverse
ellagitannin profile. Precaution should be taken in the selection of
almond tannin TLC bands for further analysis, because
potassium iodate also reacts with catechins. Further work is
needed to isolate and identify these compounds from almonds.
Gallic acid and ellagic acid were present in hydrolysis solutions

of defatted almonds (Figure 4). Nonpareil, Butte, and Carmel

almonds contained 19.6−34.1 mg gallic acid/100 g and 43.3−
57.4 mg ellagic acid/100 g with no significant differences
between varieties (n = 3/variety) (Table 2). In comparison to

previous studies, almond ellagitannins are 3−10-fold less than
walnut, which have 150−546 mg of ellagic acid/100 g.24,29 A
previous study reported almond contained little to no
gallotannins and ellagitannins following hydrolysis.30 However,
that study employed a more moderate hydrolysis condition than
the present study. Thus, almond hydrolyzable tannin content
may have been previously underestimated. Ellagic acid
consumption in the United States is estimated to be 3.4−15.1
mg/1000 kcal energy in adult females, varying by whether they
meet fruit and vegetable intake recommendations.31 Therefore,
consuming a 43 g (1.5 oz) serving of almond could more than
double the estimated ellagic acid intake.
Although originally recognized as antinutrients, a number of

putative health effects are attributed to tannins. Gallic acid is
antioxidant and apoptotic to SH-SY5Y and U 937 cancer cells in
vitro.32,33 Likewise, ellagic acid has in vitro antioxidant potential,

anti-inflammatory activity, estrogenic and/or antiestrogenic
roles, and antimicrobial and prebiotic effects.34 However, ellagic
acid is bioavailable only after it is metabolized to urolithins, which
may be a marker for nut intake.35 Almond proanthocyanidins are
bioavailable and tend to be metabolized to (epi)catechin
conjugated metabolites by phase II enzymes at 2−6 h after
consumption in healthy adults.36 There is a need to characterize
the bioaccessibility of bound phenolics in almonds and other
polyphenol-rich foods. Thus, future studies characterizing the
effects of almond polyphenol consumption should consider
hydrolyzable tannins and bound proanthocyanidins.
In conclusion, almonds are a source of diverse polyphenols,

including phenolic acids, flavonoids, proanthocyanidins, ellagi-
tannins, gallotannins, and likely other uncharacterized constit-
uents. Alkaline hydrolysis yielded additional polyphenols from
extracted almond residue, increasing the total proanthocyanidin
content 3−21% in California almonds. Almonds were also found
to contain 27.4 mg gallic acid and 54.7 mg ellagic acid/100 g
following hydrolysis. Database values and future analytical
research efforts should consider the presence of “bound”
polyphenols, ellagitannins, and gallotannins in California
almonds.
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(1) Peŕez-Jimeńez, J.; Neveu, V.; Vos, F.; Scalbert, A. Identification of
the 100 richest dietary sources of polyphenols: an application of the
Phenol-Explorer database. Eur. J. Clin. Nutr. 2010, 64, S112−S120.
(2) Bolling, B. W.; Chen, C. Y. O.; McKay, D. L.; Blumberg, J. B. Tree
nut phytochemicals: composition, antioxidant capacity, bioactivity,
impact factors. A systematic review of almonds, Brazils, cashews,
hazelnuts, macadamias, pecans, pine nuts, pistachios and walnuts. Nutr.
Res. Rev. 2011, 24, 244−275.
(3) Garrido, I.; Monagas, M.; Goḿez-Cordoveś, C.; Bartolome,́ B.
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