
ISSN 2042-6496

Food & Function
Linking the chemistry and physics of food with health and nutrition

www.rsc.org/foodfunction Volume 3 | Number 2 | February 2012 | Pages 93–188

COVER ARTICLE
Vinson and Cai
Nuts, especially walnuts, have both antioxidant quantity and effi  cacy 
and exhibit signifi cant potential health benefi ts 2042-6496(2012)3:2;1-8

www.chemistryworld.orgJune 2010/Volume 7/Number 6

ISSN 1473-7604 Sweeteners
Improving the taste of 
zero-calorie products

UK science
New government
brings uncertainty

Dinobird
Chemical secrets 
revealed

20  466  

Camouflage
Learning from nature

www.rsc.org/members
Registered Charity Number 207890

If you are not a member of the RSC it is easy to join

• Download an application form or join online at: www.rsc.org/join

• Call our Membership team on: +44(0)1223 432141

Connect to the RSC
Information, advice, support and 

benefits for members

Keep up to date with the chemical sciences

Chemistry World - award-winning chemical science magazine

RSC Virtual Library - free e-content and Chemistry Search Service

RSC Books and Journals - high-quality books, journals and periodicals

Receive One to One advice and support

Careers advice tailored to you - free and confi dential advice and guidance

Professional Development - CPD, training and Chartered Chemist 

Get involved with the scientifi c community

MyRSC - Professional online network for the chemical sciences, hosted by the RSC

Interest Groups - focusing on specifi c areas of the chemical sciences

RSC Networks - establish useful contacts and participate in a range of events

Conferences and training courses - covering a wide range of subjects

Take advantage of a wide range of member benefi ts

RSC News - the latest information about the RSC and its members

Funding and awards - conference bursaries, travel grants, awards and prizes

Huge discounts - including entertainment, travel, insurance, and accommodation 

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
D

ec
em

be
r 

20
11

. D
ow

nl
oa

de
d 

on
 7

/2
8/

20
25

 1
:4

4:
04

 P
M

. 

View Article Online / Journal Homepage / Table of Contents for this issue

https://doi.org/10.1039/c2fo10152a
https://pubs.rsc.org/en/journals/journal/FO
https://pubs.rsc.org/en/journals/journal/FO?issueid=FO003002


Dynamic Article LinksC<Food & Function

Cite this: Food Funct., 2012, 3, 134

www.rsc.org/foodfunction PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
D

ec
em

be
r 

20
11

. D
ow

nl
oa

de
d 

on
 7

/2
8/

20
25

 1
:4

4:
04

 P
M

. 

View Article Online
Nuts, especially walnuts, have both antioxidant quantity and efficacy and
exhibit significant potential health benefits

Joe A. Vinson* and Yuxing Cai
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Free and total (after basic hydrolysis) polyphenols in nine types of raw and roasted nuts and two types

of peanut butter (54 commercial samples) were analyzed after methanol extraction by a single step

Folin-Ciocalteu reagent using catechin as standard. Walnuts had the highest free and total polyphenols

in both the combined raw and roasted samples. Total polyphenols in the nuts were significantly higher

than free polyphenols. Roasting had little effect on either free or total polyphenols in nuts. Raw and

roasted walnuts had the highest total polyphenols. The efficacy of raw and roasted nut antioxidants was

assessed by measuring the ability of the free polyphenol nut extracts to inhibit the oxidation of lower

density lipoproteins (LDL + VLDL). A nut polyphenol, catechin, was measured after binding of three

nut extracts to lower density lipoproteins. Walnut polyphenols had the best efficacy among the nuts and

also the highest lipoprotein-bound antioxidant activity. Based on USDA availability data, the per

capita total polyphenols was 162 mg from nuts per day in 2008. This corresponds to 19% of the total

polyphenols from fruits and vegetables, nuts, grains, oils and spices in the US diet. Nuts provided 158

mg of polyphenols per day to the European Union diet. Nuts are high in polyphenol antioxidants which

by binding to lipoproteins would inhibit oxidative processes that lead to atherosclerosis in vivo. In

human supplementation studies nuts have been shown to improve the lipid profile, increase endothelial

function and reduce inflammation, all without causing weight gain. These qualities make nuts

a nutritious healthy snack and food additive.
Introduction

Since nuts have favorable fatty acid and nutrient profiles, there is

growing interest in evaluating their role in a healthy diet. While

fat accounts for 50–75% of the weight of the nuts, the amount of

saturated fatty acids is quite low ranging from 4–15%. Among

the nuts, walnuts have the highest weight % of PUFA and also

the highest % 18:2 (n–6), and the highest % 18:3 (n–3), 47, 38, and

9%, respectively.1 When consuming the high-energy dense nuts,

there is a satiety effect and lowmetabolizable energy. In addition,

nut consumption increases elevated resting energy expenditure

and elicits a thermogenic effect of feeding.2 These mechanisms

provide the rationale for the fact that clinical studies show that

nuts are not associated with weight gain.3,4 In fact in a Spanish

study those who ate nuts twice a week were 31% less likely to gain

weight than those who did not eat any nuts.5

Nut consumption also has a favorable effect on the lipid

profile and cardiovascular disease risk factors as demonstrated

by numerous supplementation studies involving almonds,

hazelnuts, Macademia, peanuts, pistachios, walnuts, and mixed
Department of Chemistry, University of Scranton, Scranton, PA, 18510,
USA. E-mail: vinson@scranton.edu; Fax: +1-570-941-7510; Tel:
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nuts.6–20 The lipid effect was examined in subjects with normal

and with high cholesterol. Interestingly the cholesterol-lowering

effect of the nuts as shown by supplementation is greater than

that predicted based on the amount and nature of fat

consumed.21 These results suggest that there are other bioactive

constituents present in the nuts besides the fats. We hypothesize

that these compounds are polyphenols. This hypothesis is

strengthened by the human supplementation studies. Almonds,

cashews, peanuts and walnuts have been shown to increase

plasma antioxidant capacity and/or plasma oxidized LDL and

oxidative stress.12,22–27 Nuts and oxidation has been recently

reviewed.28

Plant polyphenols include simple phenolic acids, flavonoids,

stilbenes and a variety of other polyphenolic plasma antioxidant

capacity and/or decrease plasma oxidized compounds which

possess hydroxy groups bound to an aromatic group. Flavonoid

content of nuts has been measured by HPLC from four regions

of the US by the Nutrient Data Laboratory of the USDA.29

Twenty compounds were analyzed and the highest total flavo-

noids were found in pecans (9.5 mg per 28 g serving size) with

almonds second at 4.2 mg. No flavonoids were detected in Brazil

or Macademia nuts. Proanthocyanidins, large molecules not

bioavailable to humans, are present in very high amounts in nuts,

ranging from 140 mg in hazelnuts and pecans to 3 mg in cashews.
This journal is ª The Royal Society of Chemistry 2012
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Total polyphenols as measured by ox-redox reactions are best

done after hydrolysis to liberate any polyphenols bound as esters

or ethers primarily to the polysaccharide matrix (fiber) which is

high in nuts ranging from 5.9% in cashews to 10.4% in hazelnuts.1

We measured free and total polyphenols in both fresh and

roasted nuts. In addition we measured the efficacy of the anti-

oxidants in the nuts and determined whether the polyphenols in

the nuts bind to lower density lipoproteins and protected the

lipoproteins from oxidation. Using per capita consumption data

we also calculated the contribution of nuts to the daily antioxi-

dants in the US diet.
Materials and methods

Nine types of nuts (n ¼ 50) and peanut butter (n ¼ 4) were

purchased from local supermarkets and from the internet. The

samples were refrigerated before analysis. Nut samples were

ground in amortar andpestle under liquidnitrogenand stored at 4
�C prior to assay. Fat and the fat-soluble vitamins in one gram

samples were removed by two extractions with 5 ml of hexane.

After pouring out the liquid the residual hexane in the nuts was

evaporated with nitrogen. A 100 mg sample of hexane-treated

ground nuts (in duplicate) was put into a 10 ml screw-capped

plastic tubes and shaken with 10 ml of methanol for 48 h at room

temperature. The extracts were quantitatively transferred to a 10

ml volumetric flask and then diluted to volume with methanol.

This is the sample extract for measurement of free polyphenols.

Hydrolysis was carried out by adding 100 mg of defatted ground

nuts (in duplicate) to 5 ml of 1.2MNaOH inmethanol in a screw-

capped tube and shaken for 3 h at 37 �C.The extract was diluted to
10ml in a volumetric flask. This is the extract for the assay of total

polyphenols. Extracts were stored at �80 �C until assayed.
Polyphenol assay

Kinetic studies were done in order to determine the optimum

time for extraction and also for hydrolysis. For extraction,

cashews were shaken with methanol at room temperature and

aliquots removed at 24, 48 and 72 h prior to Folin assay.

Maximum extraction occurred at 48 h. For hydrolysis, almonds

were shaken with NaOH in methanol at 37 �C and aliquots

removed every 30 min for 5 h. Three hours were needed for

maximal extraction and hydrolysis. We measured the amount of

interferences in the water eluates from the Polyclar columns from

the free and total polyphenol extracts. The amount of interfer-

ences ranged from 0 to 3% of the Folin values among all the nut

samples.

Polyphenols were measured in the extracts using the Folin-

Ciocalteu reagent (Sigma Chemical Co.) diluted 1 : 9 with

nanopure water (Millipore Q). Catechin hydrate (Sigma) was

used at 5 to 50 mM in the cuvette and measurements were made

after 30 min at 750 nm vs. a reagent blank with 100 mL of

methanol to generate the standard curve. Due to possible inter-

ferences present in the nut extracts which may give a positive

response with the Folin reagent, we used a new solid phase

method to adsorb polyphenols, and the eluate contained water-

soluble interferences. Polyvinylpyrrolidone (Polyclar VT, GAF

Chemicals, Wayne, NJ) was used as the solid phase and 0.38 g of

the powder was added to a 10 ml syringe with 0.1 g of cotton used
This journal is ª The Royal Society of Chemistry 2012
as a bed. The Polyclar column was prepared by washing with 5ml

of methanol, followed with 5 ml of 0.012M HCl. One ml of nut

extracts (free and total) were each diluted to 10 ml after 4M HCl

addition to acidify the solution to pH 2–4. 4 ml of diluted nut

extract was pipetted on the column and 4 ml of water used to

wash the column. The eluants were combined and diluted to

10 ml with water and the solid phase discarded. The Folin assay

was then done using a larger volume of extract due to the dilu-

tion. For the Folin assay sugars are often listed as interferences

with the standard two step method of Singleton.30 Our single step

Folin method showed no positive interferences with 1 mM

glucose and fructose.
Antioxidant efficacy

The efficacy of antioxidants in the hydrolyzed and neutralized

nut extracts was examined using our standard published in vitro

‘‘heart disease in a test tube’’ model in which lower density

lipoprotein (LDL + VLDL) is isolated from the plasma of

a normocholesterolemic subject after approval was obtained

from the Institutional Review Board. Lipoproteins were sub-

jected to oxidation with or without added antioxidants added at

different concentrations.31 Oxidation is at physiological pH (7.4)

and temperature (37 �C) and is initiated by addition of cupric ion

(final concentration 25 mM) and oxidation is continued for 6 h.

Lipid oxidation is measured by fluorometry in a control with no

added antioxidants and in the samples with thiobarbituric acid

reagent from Sigma. The concentration to inhibit the oxidation

by 50% (IC50) is determined as the measure of the efficacy of the

antioxidants. One raw and one roasted nut of each type was

measured in duplicate. Phenol antioxidant index (PAOXI) is

a combined measure of both quantity and efficacy of the anti-

oxidants present. It is calculated by dividing the quantity of

polyphenols in raw nuts and peanut butter in mm kg�1 units by

the IC50 in uM units.32
Lipoprotein binding and antioxidant activity

A standard method was used31 for determination of binding and

lipoprotein-bound antioxidant activity. LDL + VLDL isolated

in 2.7% NaCl was diluted to 0.7% NaCl to mimic physiological

conditions. 4 ml was used for the spiking experiments. Methanol,

pure catechin, gallic acid and a-tocopherol (Sigma) in methanol

and three unhydrolyzed and neutralized nut extracts were added

separately at 1 and 5 mM polyphenol concentrations (Folin) to

the LDL + VLDL and allowed to equilibrate at 37 �C for 2 h,

before 2.5 ml was then put through a heparin-agarose (Sigma)

lipoprotein affinity column and free polyphenol eluted with 0.7%

NaCl. Polyphenol-bound LDL + VLDL was isolated by elution

with 2.5% NaCl. After analysis of protein this latter eluate was

then subjected to oxidation with cupric ion at 37 �C after dilution

with PBS to a protein concentration of 70 mg ml�1, and the

formation of conjugated dienes measured at 234 nm. Lag time

was determined for the blank and samples. The concentration of

pure polyphenols and catechin in the bound polyphenol sample

was measured by HPLC using a C18 column and methanol/

phosphoric acid 96 : 10 adjusted to pH 2.5 with potassium

dihydrogen phosphate. Electrochemical detection at the

optimum voltage was done by the ESA Coularray detector.
Food Funct., 2012, 3, 134–140 | 135
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Per capita calculations

Per capita nut and other food consumption data was obtained

from the USDA database using the most recent data from 2008.33

It was combined with our total polyphenol assay (average of raw

and roasted) to estimate the per capita consumption of nuts in

comparison to our fruits and vegetables estimates updated to

2008.34,35 For the European Union (EU), a 2007 market infor-

mation database was used.36
Fig. 1 Antioxidant efficacy of nut and peanut butter polyphenols as

measured by the concentration to inhibit the oxidation of LDL + VLDL

by 50% compared to control with no added antioxidants.
Results

Quantity of antioxidants

Results of free and total polyphenols for all the nut samples are

displayed in Table 1. Walnuts were significantly higher in free

and total polyphenols with raw and roasted data combined than

all the other nuts (p < 0.002). Total polyphenols in nuts were

significantly higher than free polyphenols for all nuts combined

(p < 0.00001). The order for total polyphenols in raw nuts is the

following: walnut > Brazil [ pistachio � pecan � peanut �
almond [ Macademia [ cashew � hazelnut. The order of

total polyphenols in roasted nuts is the following: walnut [

Brazil[ hazelnut > peanut � pecan � cashew > Macademia �
almond > pistachio. Total polyphenols in peanut butter were

similar in the creamy and crunchy varieties and considerably

lower than roasted Peanuts but the difference was not significant.

Statistically total polyphenols for roasted walnut were higher

than almond (p < 0.01) and Brazil was higher than almond (p <

0.05). Except for Brazil, walnut total polyphenols were signifi-

cantly higher than all the other nuts (p < 0.02). There was no

significant difference between free polyphenols in raw and

roasted nuts. Total polyphenols were slightly higher in roasted

than raw nuts. The % free polyphenols in the nuts and peanut

butters ranged from 18.9% in roasted cashews to 90.0% in

roasted hazelnuts. There was no significant difference between %

free in raw and roasted nuts.
Antioxidant efficacy

The antioxidant efficacy of the different nuts is shown by the IC50

value in Fig. 1. The order of decreasing efficacy (increasing IC50)

for raw nuts is walnut > cashew > hazelnut� pecan � almond �
Macademia > pistachio > Brazil > peanut. For roasted nuts and
Table 1 Free and total polyphenols in nuts and peanut butter (mmol catech

Nut

Raw

Free Total

Almond (n ¼ 11) 34.8 � 1.1 (34.0 to 36.0) 48.0 � 28.9
Brazil (n ¼ 4) 33.7 � 0.0 (33.7) 66.1 � 8.8 (
Cashew (n ¼ 7) 21.0 � 1.6 (17.9 to 22.8) 28.6 � 2.3 (
Hazelnut (n ¼ 4) 21.6 � 0.6 (21.2 to 22.0) 26.7 � 2.0 (
Macademia (n ¼ 4) 15.0 � 2.9 (12.9 to 17.0) 39.1 � 10.1
Peanut (n ¼ 6) 24.0 � 4.1 (21.1 to 26.9) 48.5 � 9.4 (
Peanut Butter (Creamy) (n ¼ 2) N/A N/A
Peanut Butter (Crunchy (n ¼ 2) N/A N/A
Pecan (n ¼ 4) 22.3 � 3.4 (19.9 to 24.7) 49.9 � 23.1
Pistachio (n ¼ 6) 15.8 � 1.7 (14.6 to 17.0) 51.9 � 0.4 (
Walnut (n ¼ 4) 31.9 � 6.9 (27.0 to 36.8) 69.3 � 16.5

136 | Food Funct., 2012, 3, 134–140
peanut butters the order is almond � Macademia � pecan �
peanut butter crunchy > peanut butter creamy > peanut >

pistachio > hazelnut � walnut > Brazil > cashew. Roasting

causes a decline in efficacy; the average IC50 for raw nuts is 4.3 �
2.1 mM and for roasted nuts (not including Peanut Butters) is 6.9

� 3.9 mM. This is a 37% decrease but it is not quite significant,

p¼ 0.14. In addition to the nuts, tocopherol and gallic acid which

are both present in nuts, were tested and their IC50 values were

25.8 and 3.5 mM, respectively. Thus nuts on average had over 3

times better antioxidant efficacy than a-tocopherol, ranging from

15 times for raw walnut to 1.9 times for roasted cashew, the

poorest antioxidant among the nuts. Raw walnut had the highest

antioxidant efficacy among all the nuts. The phenol antioxidant

index (PAOXI), a combined measure of quantity and efficacy,

was highest for pecan and closely followed by walnut. Nuts

average 11 100 which was higher than 23 vegetables, 9170,35 and

lower than 20 fruits, 27 400.34
Lipoprotein binding

Results for the binding experiment are shown in Table 2. Cate-

chin was found in all three of the unhydrolyzed nut samples and

it was analyzed in the bound LDL + VLDL fraction. There is

a dose-response effect for binding of nut polyphenols indicating
in equivalents/g)

Roasted

Free Total

(27.5 to 68.4) 36.8 � 7.4 (25.7 to 47.8) 44.8 � 2.0 (29.2 to 74.8)
59.8 to 72.3) 17.0 � 0.8 (16.4 to 17.6) 73.2 � 8.5 (67.2 to 79.2)
25.9 to 30.2) 19.3 � 2.5 (17.9 to 22.1) 49.3 � 24.0 (26.4 to 71.6)
25.3 to 28.1) 22.6 � 0.6 (20.4 to 23.1) 61.4 � 43.6 (38.5 to 100)
(31.9 to 46.2) 11.1 � 4.2 (8.1 to 14.0) 45.1 � 23.2 (28.6 to 61.5)
41.8 to 55.1) 8.7 � 5. (13.7 to 22.8) 50.3 � 24.0 (27.5 to 73.5)

16.2 � 0.4 (15.9 to 16.5) 33.5 � 7.6 (28.1 to 38.9)
16.0 � 0.8 (14.5 to 15.4) 32.5 � 1.8 (31.2 to 33.8)

(33.5 to 66.2) 16.6 � 0.6 (16.2 to 17.0) 50.0 � 17.9 (37.4 to 62.7)
51.6 to 52.1) 19.9 � 3.7 (15.4 to 20.8) 39.7 � 24.5 (25.3 to 76.1)
(57.6 to 81.0) 65.5 � 9.1 (59.1 to 71.9) 107 � 12.1 (97.9 to 115)

This journal is ª The Royal Society of Chemistry 2012
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Table 2 Lipoprotein binding of polyphenols from nuts and lipoprotein-
bound antioxidant activity

Sample

Phenol
concentration
(mM)

LDL-bound
polyphenol
concentration
(nmol/70 mg protein)

%
Increase
in lag time
vs. control

Almond 1 0.57 5.2
Almond 5 2.64 64.8
Peanut 1 0.60 �13.6
Peanut 5 2.50 8.2
Peanut 10 5.40 48.3
Walnut 1 0.55 26.4
Walnut 5 2.37 118
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that saturation of protein and nut binding sites has not occurred.

This situation allows for valid binding comparisons to be made.

With similar amounts of catechin bound for almond, walnut and

peanut (�2.5 nmol), the antioxidant effect as measured by the %

increase in lag time vs. the control was much greater for walnut

than the other nuts. Since binding of catechin was similar for the

3 nuts this is an indication that catechin did not interfere with the

binding of other nut polyphenols (unidentified). The most

accurate method to compare the lipoprotein-bound antioxidant

activity is CLT50 which is the concentration to increase the lag

time by 50% vs. the control. For almond it is 2.1 mM, peanut 5.6

mM and walnut 1.0 mM. Thus walnut-bound polyphenol anti-

oxidants are twice as effective as almond and 5 times those of

peanut.
Per capita consumption

Per capita consumption of nuts was calculated from nut

consumption data and the total polyphenol concentration in

roasted nuts except for Brazil and Walnut which are eaten raw.

Brazil and Cashew consumption were assumed to be equal for

our estimate of per capita polyphenol consumption in the USA in

2008/09. Total nut consumption (tree nuts and peanuts) in the

USA was estimated at 12.9 g day�1 which is similar to the 2007

EU consumption of 11.1 g day�1. Peanuts comprised 65% of the

nut consumption in the US and 45% in the EU. In the USA the

total tree nut polyphenol consumption is an estimated 73.3 mg

day�1 and peanuts including peanut butter 88.9 mg day�1 for

a total nut contribution in the USA of 162 mg day�1. In the US,

almonds were the largest tree nut source of polyphenols very

closely followed by walnuts. The greater contribution of poly-

phenols from peanuts was due to the higher peanut consumption;

a total of 7.5 g day�1 of peanuts vs. 4.4 g day�1 of tree nuts.

Almonds were the most highly consumed tree nut at 1.6 g day�1

followed by walnuts and pecans at 0.6 g day�1. In the EU 5.0 g of

peanuts per day were consumed, contributing 71.5 mg of poly-

phenols. Tree nuts totalled 86.9 mg of polyphenols and thus nut

contribution of polyphenols to the EU diet amounted to 158 mg

day�1, which was very similar to the US diet.
Discussion

Quantity of antioxidants

In our assay, which includes raw and roasted nuts, walnuts were

superior in antioxidant content to the other nuts. Six other
This journal is ª The Royal Society of Chemistry 2012
published articles using several different assays and standards

measured free polyphenols in raw nuts and four used Folin

assays.37–42 Walnuts ranked first in 3/4 studies that used Folin

and first in the two studies that used a FRAP antioxidant assay.

Walnuts were first in both free and total polyphenols in the study

that did a hydrolysis.39 Raw walnuts, on a serving size basis and

using our assay provide the 7th largest amount of total poly-

phenols among common foods and beverages.

Roasted nuts had 14% more total polyphenols than raw nuts

and the % free polyphenols decreased. These two results indicate

that hydrolysis took place during roasting. This conclusion

agrees with studies on almonds and hazelnuts which showed an

increase in antioxidant activity following roasting.43,44
Antioxidant efficacy

Our dose-response efficacy assay is equivalent to a comparison of

nut polyphenols on a molecule to molecule basis and to other

single molecule antioxidants with respect to their ability to react

with free radicals. Roasting caused an average decline in efficacy,

but the effect was not consistent as seen in Fig. 1. Some nuts

decreased in efficacy and others increased during roasting. This is

hypothesized to be due to chemical reactions which decrease the

concentrations of some polyphenols and increase the concen-

tration of others. This was seen in the aforementioned Hazelnut

study in which gallic acid increased and procatechuic acid

decreased during roasting.44 Walnuts had the highest antioxidant

efficacy in our assay indicating their polyphenolic composition

was of higher quality than the other nuts. Walnut extract at 1 mM

(gallic acid equivalents) was previously found to inhibit the

oxidation of LDL 84%.45 All nuts had more efficacious antioxi-

dants than a-tocopherol. The normal non-supplemented human

plasma levels of tocopherol range from 8 to 28 mM, and average

21mM.46 Thus at a possible and reasonable polyphenol plasma

concentration of 0.1 to 1 mM walnuts may have appreciable

plasma antioxidant activity in the presence of tocopherol since

walnut’s antioxidants have 15 times the efficacy of vitamin E. An

in vivo post-prandial LDL antioxidant effect occurred after

human consumption of pecans.25 Additionally another study

showed that post-prandial oxidized LDL significantly decreased

with walnut consumption with a high fat meal and endothelial

function was also improved.47 This antioxidant effect is not due

to the change in LDL fat composition since walnuts have the

highest PUFA content of all the nuts and PUFA are the most

oxidizable fats. Walnuts have the highest content of beneficial

linoleic acid and a-linolenic acids among the nuts.48 Linoleic acid

is 3 times higher in walnuts than almonds and almonds have only

trace levels of linolenic acid.49 These post-prandial results are

evidence implicating nut polyphenols or their metabolites as

in vivo antioxidants.

There has been few published investigations of absorption and

metabolism of nut polyphenols in humans. In a single dose

human pecan study unmetabolized epigallocatechin gallate was

found in the plasma and reached a maximum of 116 nM at 2 h

post-consumption.25 In a comprehensive human study with

almond skins monomeric polyphenols were poorly absorbed and

appeared as phase II metabolites (glucuronides and sulfates).50 In

this study it was found that almond skin polyphenols were 24%

absorbed as measured by Folin polyphenols in the almond and
Food Funct., 2012, 3, 134–140 | 137
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Fig. 2 Daily per capita contribution of polyphenols from food sources

to the US diet in 2008.
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Folin levels in urine pre- and post-consumption. Microbial-

derived conjugated phenolic acid metabolites were the predom-

inant compounds found in plasma and urine and were derived

from degradation of monomers and polymeric flavonoids. Over

20 compounds were identified and all of them were conjugated.

Our efficacy data in the present study was for aglycones. We have

found ferulic acid glucuronide to have better antioxidant efficacy

for LDL + VLDL oxidation than the parent compound ferulic

acid (Vinson, unpublished results) and this was also the case for

LDL oxidation.51 We have also found that ferulic acid glucuro-

nide bound more strongly to LDL + VLDL than ferulic acid

(Vinson, unpublished results). Binding to proteins represents one

of the non-antioxidant mechanisms for polylphenols in vivo. The

health benefits of nuts are not necessarily specifically related to

their antioxidant activity. However one study showed a signifi-

cant positive correlation between nut polyphenol content and

cellular antiproliferative activity.39

Most recently there has been a supplementation study with

mixed nuts (50% walnuts plus almonds and hazelnuts) to subjects

with metabolic syndrome.52 Metabolomics using LC-MS found

that urolithin A (glucuronides and sulfates) and serotonin

metabolites were significant biomarkers of nut consumption.

Urolithin A is a characteristic microbial-derived metabolite of

walnut ellagitannins53 and was the most discriminative of the

phenolics found in the urine. A thorough search of the literature

revealed that only walnuts of the mixed nuts contained ellagi-

tannins.54 Walnuts are also considered by the authors to be the

source of the serotonin in the urine since walnuts are very high in

serotonin.55 The same mixed nuts after supplementation to

metabolic syndrome subjects produced an improvement in fast-

ing insulin, insulin resistance and inflammatory markers.56
Lipoprotein binding

In our study, walnuts were superior lipoprotein-bound antioxi-

dants to both peanuts and almonds. At similar catechin-bound

concentrations for the nuts, walnuts had a 5-fold longer lag time

than almonds, and peanuts had a negative effect of lag time vs.

the control, i.e. pro-oxidant. At 2.6 nmol/70 mg protein walnut

increased the lag time 2-fold compared to almond and 8-fold

compared to peanut. Thus at presumably low physiological

concentrations (nM to mM) walnuts would be better in vivo

antioxidants than peanut or almond. Catechins have been found

in plasma after pecan (human) and almond (hamster)

consumption.25,57 We have shown previously that a wide variety

of pure polyphenols and extracts from foods and beverages bind

to LDL + VLDL.58 Polyphenols from olive oil and red wine have

been found bound to LDL after human consumption59,60 and

thus nut polyphenols could be potent in vivo antioxidants. The

binding of nut polyphenols to lipoproteins provides a mechanism

for the heart-beneficial decrease in oxidized LDL after nut

consumption, specifically for walnuts and almonds.6,47
Per capita consumption

The US per capita consumption of vegetables and fruits has

declined 13% and 6% since our estimation of polyphenol

consumption during the 90’s. In 2008 we estimate that 204 mg of

polyphenols/day are provided by vegetables and 223 mg day�1 by
138 | Food Funct., 2012, 3, 134–140
fruits. Nuts provide a significant amount of polyphenols, 162 mg

day�1. We have also analyzed total polyphenols in other foods

such as grains, spices and oils and the total polyphenols from all

food sources is conservatively estimated as 954 mg day�1 in 2008.

In the USA, nuts provide 19% of total food polyphenols per day,

see Fig. 2. In Spain nuts, including peanuts, provided 12% of free

food polyphenols on a daily basis.61,62 A single serving (28.4 g) of

raw walnuts would provide 575 mg of polyphenols which is

greater than the daily sum of these antioxidants provided by

fruits and vegetables combined.

Conclusions

Thus nuts are a major source of antioxidants in the US diet. Nuts

are high in fiber, low in saturated fats, high in beneficial unsat-

urated fats and very high in antioxidants. Nuts are a nutritious

snack and food additive providing both nutrients and bioactive

antioxidants which provide significant health benefits to the

consumer.
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