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hytochemicals and potential
health-promoting properties of black walnut

Danh C. Vu, *a Trang H. D. Nguyenb and Thi L. Hoc

Black walnut (Juglans nigra L.) is one of the most widely consumed nuts in the United States. The nut has

been recognized for its unique, bold flavor, and used as a versatile food ingredient. The objective of this

review is to summarize available research data pertaining to phytochemicals present in black walnut and

their previously reported health-promoting properties. Black walnut is rich in phenolics and contains

higher levels of phytosterols, unsaturated fatty acids and tocopherols than many other commonly

consumed nuts. Dietary intervention of these constituents has been associated with a great number of

disease-preventive properties. Black walnut has a potential to inhibit the release of proinflammatory

mediators in vitro. Similarities in contents of unsaturated fatty acids and tocopherols between black

walnut and English walnut suggest that black walnut consumption may produce beneficial effects on

cardiovascular disease risks. In addition, the high level of g-tocopherol in black walnut could make the

nut a cancer-preventive option. Although evidence has shown black walnut kernel is a rich source of

phytochemicals of potential importance to human health, there is a paucity of in vitro and in vivo studies

on the bioactivities of these phytochemicals isolated from black walnut and the health-promoting

properties of black walnut consumption. Clinical studies are needed to better understand the health

benefits of black walnut.
1. Introduction

Black walnut (Juglans nigra L.), native to North America, is
a member of the walnut family (Juglandaceae). Black walnut
trees are highly valued for their distinctively avored nuts that
have a long history of use as a food ingredient (Fig. 1). And
though the tree nut is quite an ordeal to extract, it provided
valuable food for indigenous Americans. Alternate bearing is
a characteristic of this walnut species, with the size of the crop
ranging from 4.5–15.9 thousand tons (fresh weight, hulled).1

Over 15.5 thousand tons of black walnut was produced in 2017,
resulting in approximately 1860 tons of edible nutmeat (12%
yield), while the gures for 2018 and 2019 dropped by 60%.1–3

The production still predominantly relies on harvesting and
processing from wild nut trees. As black walnut is one of the few
crops still hand-picked, it is considered a hands-on product,
making it all natural and entirely sustainable. Currently,
Hammons Products Company, based in Stockton, Missouri, is
the sole, large-scale processor and supplier of black walnut
nutmeat and shell products in the United States. Approximately
65% of the annual harvest comes from Missouri, USA.
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Compared to English walnut or Persian walnut (Juglans regia L.),
black walnut has a sweeter, mustier, more complex avor,
making it a versatile ingredient for candies, baked goods and
ice cream.4 Nutritionally, black walnut is an excellent source of
vitamins (folic acid, vitamin B5, vitamin B6, tocopherols),
minerals (phosphorus, manganese, magnesium, zinc, potas-
sium), omega-3 fatty acids, and phytochemicals.5 Consumption
of black walnut may exert a benecial effect on human vascular
function.6 Derivatives of black walnut kernels, husk, bark and
leaves are thought to have a variety of medicinal properties. For
example, a tincture of the nuts, green husk, and leaves is
traditionally used in folk medicine as a treatment for biliary and
cramp colic, and in removal of intestinal worms.7 Dated back in
late 1960s, extracts of black walnut leaves and husk were re-
ported to exhibit an antitumor activity in a mouse study.8

Recently, evidence has indicated that black walnut kernel
extracts possess great potentials to suppress the pro-
inammatory cytokine production in LPS-induced human pro-
monocytic cell line U-937.9 In addition, black walnut kernel
extracts have shown inhibitory effects on the growth of bacteria
including Staphylococcus aureus.10,11 It is proposed that these
bioactivities are attributed to the presence of phytochemical
constituents in black walnut. While some researchers relied on
traditional fractionation of black walnut extracts to isolate and
characterize bioactive components others have taken advantage
of advanced computational algorithms and freely available
metabolite databases to tentatively identify compounds
This journal is © The Royal Society of Chemistry 2020
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Fig. 1 Black walnut fruits (A), nutshell (B) and kernel (C).
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associated with the bioactivities.8,9,11,12 The purpose of this
review is to provide a summary of available information about
phytochemicals in black walnut kernel and their potential
health-promoting properties. We have also highlighted simi-
larities in phytochemical contents between black walnut and
English walnut as well as the recent reports on benets of
English walnut consumption to comment on potential health
effects of black walnut.
2. Bioactive compounds of potential
importance to human health
2.1. Phenolics

Phenolics are a diverse class of compounds containing one or
more aromatic rings attached directly to hydroxyl groups. These
compounds can be classied into subclasses, such as phenolic
acids, avonoids, stilbenes, coumarins, and tannins based on
variations in the structural arrangement of aromatic rings and
positions of the attached hydroxyl groups. These phenolics have
received tremendous attention due to their potentials to posi-
tively impact upon human health. One study by Negi et al.
(2011) suggests that antioxidant activity of walnut extracts is
positively correlated with phenolic content in walnuts.13 Recent
investigations have shown that black walnut contains a complex
mixture of phenolic acids, avonoids, ellagitannins, gallo-
tannins.11,12,14 Compared to English walnut, black walnut
contains similar levels of most of phenolics that have been re-
ported. For example, levels of ellagic acid, phenolic acids and
quercetin glycosides in kernels of the two walnuts are not
signicantly different. In contrast, catechins, trigalloylglucose,
pentagalloylglucose are rarely found to be present in black
walnut. There is evidence to suggest that phenolic contents in
black walnut may be affected by environmental and climatic
conditions.15,16 While agronomic practices and geographic
factor contribute to changes in phenolic composition of English
walnut, it remains unclear how these factors affect that of black
walnut. This section is to summarize phenolics recently iden-
tied in black walnut kernels and their prominent bioactivities
(Table 1).

2.1.1. Phenolic acids. Research has provided a wealth of
evidence that indicates links between consumption of diets rich
in nuts and maintenance of health and disease prevention.17,18

Along with the many oil nuts, black walnut contains high levels
of phenolic acids.12 Among the phenolic acids in black walnut,
This journal is © The Royal Society of Chemistry 2020
chlorogenic acid (CGA) and its isomer neochlorogenic acid (also
known as caffeoylquinic acids) have drawn great attention due
to their broad spectrum of potential health benets. CGA
possesses a great potential to attenuate oxidative stress by
scavenging free radicals, contributing to metal chelation, miti-
gating lipid peroxidation and suppressing activity of NADPH
oxidase.19 A study by Rani et al. (2018) indicates that CGA exerts
a benecial effect against hyperglycemia through its inhibition
of ROS generation and amelioration of GPx activity and GSH
content.20 CGA in extracts of Juglans regia (English walnut)
reportedly play an important role in regulation of the self-
renewal ability of colon cancer stem cells
(CD133+CD44+HCT116).21 Similar to CGA, the other phenolic
acids in black walnut, including ferulic, p-coumaric, p-hydrox-
ybenzoic, syringic and vanillic acids, are also of special interest
because of their bioactivities potentially important to human
health. Some of these, such as syringic and vanillic acids,
reportedly contribute to antioxidant activities of black walnut
and English walnut extracts.22,23 Other phenolic acids, such as
ferulic, p-coumaric and p-hydroxybenzoic acids, may exert
powerful actions on glucose metabolism. For example, p-cou-
maric acid was demonstrated to reduce blood glucose elevation
in Wistar rats.24 The oral administration with p-coumaric acid
(100 mg per kg b.w.) to the male rats injected with streptozo-
tocin (40 mg per kg b.w.) for 30 days to induce diabetes mellitus
signicantly reduced blood glucose elevation, levels of total
cholesterol and triglycerides in liver and kidney, LDL-C, VLDL-C
and increased HDL-C. The authors revealed that the antidia-
betic effect involved in pancreatic GLUT-2 activation, protecting
pancreatic b-cells of diabetic rats. In a rat model, p-hydrox-
ybenzoic acid was shown to have a potential to produce
a hypoglycemic effect in streptozotocin-induced diabetic rats.25

Ferulic acid, a hydroxycinnamic acid, exhibited inhibitory
effects on body weight gain, body and liver fat accumulation,
blood glucose dysregulation and inammation in Wistar rats
and C57BL/6J mice fed with high fat diet.26,27 This acid (1000 mg
daily for six weeks) is also capable of improving lipid prole,
reducing oxidative stress biomarker (MDA) and inammatory
markers (hs-CRP and TNF-a) in hyperlipidemic subjects.28

Gallic acid, also known as 3,4,5-trihydroxybenzoic acid, is found
to be present in the kernels of black walnut cultivars with
concentrations ranging from 0.5 to 4.3 mg g�1. It was also
detected in English walnut varieties at slightly higher levels.29

This phenolic acid reportedly contributes to antioxidant activi-
ties of black walnut.23 The antioxidant ability of gallic acid has
aroused considerable attention, giving rise to its hep-
atoprotective effect. For example, gallic acid is effective at
attenuating uoxetine-induced liver damage due to its free
radical scavenging potential and TNF-a related anti-
inammatory effect.30 Gallic acid at a concentration of 6.25 mg
mL�1 improved glucose uptake by 19.2% in insulin-resistant
FL83B mouse hepatocytes.31 In addition, the authors showed
gallic acid administration (10 or 30 mg per kg b.w.) for 4 weeks
alleviated hyperglycemia and ameliorated hepatic glucose
metabolism in HFD-induced diabetic rats. This demonstrates
gallic acid possesses a great potential to prevent diabetes
mellitus.
RSC Adv., 2020, 10, 33378–33388 | 33379
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Table 1 Summary of phenolics identified in black walnut and their bioactivities potentially important to human health

Phenolics Class
Concentrationsa (mg
per g of kernel) Effects Mechanism of action References

Chlorogenic acid Phenolic
acid

1.1 Antihyperglycemic activity Inhibition of ROS 20
[ GPx activity and GSH

Suppression of colon cancer Y Expression of CD133, CD44, DLK1, and
Notch1

21

Blockage of b-catenin/p-GSK3b signaling
pathway

Neochlorogenic
acid

Phenolic
acid

2.2

p-Coumaric acid Phenolic
acid

<0.3 Antidiabetic activity Activation of pancreatic GLUT-2 24
Cholesterol-lowering effect

p-
Hydroxybenzoic
acid

Phenolic
acid

<1.4 Hypoglycemic effect 25

Ferulic acid Phenolic
acid

<4.9 Antiobesity, anti-inammatory,
and antioxidant effects

26 and 27

Reduced risk of cardiovascular
disease

Improving lipid prole 28
Y Oxidative stress biomarker (MDA)
Y Inammatory markers (hs-CRP and TNF-
a)

Gallic acid Phenolic
acid

<4.3 Hepatoprotective effect Y TNF-a expression 29
[ Hepatic CAT, SOD activities

Antidiabetic activity 30
Quinic acid — 1.1–7.8
Syringic acid Phenolic

acid
<14.3 Antioxidant 22

Vanillic acid Phenolic
acid

<9.9 Antioxidant 23

Catechin Flavonoid <0.6 Synergistic anticancer effect Y Tumor protein expressions of mTOR and
EGFR

32

Activation of GADD153–DR5–TRAIL
apoptotic pathway
[ Accumulation of antibiotics in bacterial
cells

33

Suppression of colon cancer Y Expression of CD133, CD44, DLK1, and
Notch1

21

Blockage of b-catenin/p-GSK3b signaling
pathway

Epicatechin
gallate

Flavonoid <13.2

Eriodictyol-7-O-
glucoside

Flavonoid n/a Antibacterial activity 11

Naringin Flavonoid <1.3 Neuroprotective effect [ GSH, CAT, SOD activities 35
Y Production of TNF-a
PI-3K/Akt-dependent Nrf2 activation

Quercetin-3-b-D-
glucoside

Flavonoid <4.1 Neuroprotective effect in ischemic
stroke

Y TLR4- and NF-kB-associated productions
of TNF-a, IL-6, and IL-1b

37

Deactivation of phosphorylation of ERK,
JNK, MAPK, CREB
Regulation of Bax, Bcl-2, and caspase-3

Quercetin-3-O-
arabinoside

Flavonoid 0.4

Quercetin-3-O-
galactoside

Flavonoid 1.4 Anti-inammatory and wound-
healing activities

38

Quercetin-3-O-
pentoside

Flavonoid 21.1

Quercetin-3-O-
rhamnoside

Flavonoid 0.2

Rutin Flavonoid <4.2 Hepatoprotective effect [ GSH, GPx, GR, CAT activities 34
Y MDA and NO levels
Y TNF-a, IL-6
Y Expressions of p38-MAPK, NF-kB, iNOS
and COX-2

33380 | RSC Adv., 2020, 10, 33378–33388 This journal is © The Royal Society of Chemistry 2020
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Table 1 (Contd. )

Phenolics Class
Concentrationsa (mg
per g of kernel) Effects Mechanism of action References

Ellagic acid Phenolic
acid

9.1–72.1 Antiatherogenic activity Y TNF-a-induced endothelial expression of
VCAM-1 and ICAM-1

41

1,3,6-Trigalloyl
glucose

Gallotannin <11.4

Penta-O-galloyl-
b-D-glucose

Gallotannin <15.2

Pedunculagin Ellagitannin n/a Antioxidant activity 23
Tellimagrandin I Ellagitannin n/a Antioxidant activity 23
Heterophylliin E Ellagitannin n/a Antioxidant activity 23
Glansreginin A — n/a Antibacterial activity 11

Antioxidant activity 29
Anti-inammatory activity 44

a Concentration values of phenolic reported in ref. 11, 12, 14 and 23. n/a: the compound was previously tentatively identied, and not quantied.

Fig. 2 Metabolism of ellagitannins (A) and a mechanism by which
microflora human metabolites of ellagitannins and ellagic acid inhibit
LPS-induced inflammation in RAW 264.7 murine macrophages (B).
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2.1.2. Flavonoids. Flavonoids have been identied as one
of the most common phenolic groups in tree nuts. Catechin and
epicatechin gallate belong to the avan-3-ol group under the
avonoid subclass. Catechin levels were found approximately
100-fold lower in black walnut than in English walnut.12 This
could be due to catechin mostly existing in the forms of glyco-
sides and gallic acid conjugates in black walnut. Catechin has
attracted considerable attention due to its ability against certain
cancers. Recent evidence has indicated that catechin and its
naturally occurring derivatives act synergistically with anti-
cancer agents, resulting in substantial improvement in growth
suppression and apoptosis of breast, colorectal, lung, and
prostate cancer cells.32,33 Along with other phenolics in walnut
extracts, catechin reportedly contributes to regulation of the
self-renewal ability of colon cancer stem cells
(CD133+CD44+HCT116).21 Eriodictyol-7-O-glucoside was tenta-
tively identied in black walnut using accurate mass measure-
ments and mass fragmentation data. It is suggested that the
compound may contribute to antibacterial activities of black
walnut extracts.11 Naringin is a avanone-7-O-glycoside found in
This journal is © The Royal Society of Chemistry 2020
walnuts and many other oil nuts. Recent studies have shown
that naringin is capable of protecting vulnerable neurons and
improving the function of existing neuronal structures.35,36

These neuroprotective benets are mediated by interactions of
naringin with cellular signaling cascades in the brain, leading
to improvement of antioxidant defense, inhibition of
neurotoxin-induced apoptosis, and promotion of neuronal
survival. Quercetin-3-b-D-glucoside, a quercetin glycoside iden-
tied in black walnut and English walnut, has been reported to
possess a great potential to ameliorate cerebral impairment
induced by ischemic stroke.37 These in vitro and in vivo studies
have indicated that treatment with quercetin-3-b-D-glucoside
reduced the infarct size, apoptosis, oxidative stress, and
inammatory response triggered by ischemia and reperfusion
injury. Rutin, also known as quercetin-3-O-rutinoside and
identied in different black walnut cultivars, is believed to
exhibit multiple bioactivities potentially benecial to human
health, including antioxidative, anti-inammatory, antidia-
betic, anti-adipogenic, hepatoprotective, and neuroprotective
properties. For example, pretreatment with rutin (50 and
100 mg per kg b.w.) alleviated cyclophosphamide-induced
hepatotoxicity in Wistar rats due to its ability to diminish
oxidative stress and inammatory responses through targeting
MAPK, NF-kB, COX-2, iNOS, COX-2, TNF-a, and IL-6.34 Quer-
cetin glycosides, including quercetin-3-O-arabinoside, quer-
cetin-3-O-galactoside, quercetin-3-pentoside and quercetin-3-O-
rhamnoside, were among the avonoids identied in black
walnut extracts. These compounds may exert anti-inammatory
and wound healing actions.38

2.1.3. Hydrolyzable tannins. Black walnut has been shown
to contain compounds belonging to the hydrolyzable tannin
group, such as ellagitannins and gallotannins. Two gallo-
tannins present in black walnut are 1,3,6-trigalloylglucose and
penta-O-galloyl-b-D-glucose.12 Several compounds of the ellagi-
tannin class, including pedunculagin, tellimagrandin I and
heterophylliin E, were tentatively identied in black walnut.23

Ellagitannins are hydrolyzed to ellagic acid during digestion,
and ellagic acid is then gradually metabolized by intestinal
RSC Adv., 2020, 10, 33378–33388 | 33381
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Table 2 Summary of phytosterols detected in black walnut and their potential health-promoting properties

Phytosterols
Concentration rangea (mg per g of
kernel) Effects Mechanism References

b-Sitosterol 988.3–1223.9 Cholesterol-lowering effect Y Intestinal cholesterol binding to
mixed micelles

49 and 52

Antioxidant activity [ SOD, GPx 50
Y Catalase

Anti-inammatory activity Y TNF-a, IL-6 51
Campesterol 31.9–47.7 Cholesterol-lowering effect Y Intestinal cholesterol binding to

mixed micelles
49 and 52

Stigmasterol <4.0 Antiproliferative effect on colon
cancer cells

Stimulation of apoptosis 53

Campestanol 26.0 Cholesterol-lowering effect Y Intestinal cholesterol binding to
mixed micelles

49 and 52

Stigmastanol 12.3–21.5
Clerosterol 59.3–88.2 Cytotoxic effects on human

melanoma cells
54

D5-Avenasterol 42.0–295.0 Cholesterol-lowering effect
Antioxidant activity

Cycloartenol 50.9–148.0 Anti-inammatory activity 55 and 56
Cycloeucalenol <7.6
24-
Methylenecycloartenol

2.4–52.9

Citrostadienol 5.5–12.8 Antitumor effect onmelanoma cells 57
D5,23-Stigmastadienol 4.7–12.3
D5,24(25)-
Stigmastadienol

19.4–43.7

28-Methylobtusifoliol <13.6

a Concentration values reported in ref. 46 and 58.

Fig. 3 Fatty acid compositions of black walnut and other edible oil
nuts. (A) depicts fatty acid content (%) in black walnut. (B) presents fatty
acid levels in black walnut and other nuts. The data from ref. 58 were
used to create the graphs.

Fig. 4 Tocopherol contents of black walnut and other oil nuts. The bar
graph was presented using the data from ref. 58.
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microbiota to yield urolithins (Fig. 2A). At physiological
concentrations ($40 mM), urolithins were reported to inhibit
NF-kB dependent expression of iNOS and production of pro-
33382 | RSC Adv., 2020, 10, 33378–33388
inammatory cytokines (TNF-a, IL-1b and IL-6) in RAW 264.7
macrophages (Fig. 2B).39 Ellagic acid has been detected in not
only black walnut and English walnut but also in Japanese
walnut, another Juglans species botanically named Juglans
ailanthifolia var. cordiformis.40 The concentration of ellagic acid
in black walnut was reportedly equivalent to that in English
walnut.12 Papoutsi et al. (2008) reported that ellagic acid in
walnut extracts may exert an antiatherogenic action, suggesting
benecial effects of walnut consumption on cardioprotection.41

Ellagic acid is also well known for its antioxidant capacity. The
antioxidant ability of ellagic acid has attracted tremendous
attention, giving rise to most of its potential health-promoting
properties, including anti-inammatory, antidiabetic effects,
This journal is © The Royal Society of Chemistry 2020
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neuroprotection, hepatoprotection, as well as protection
against cardiovascular disease and cancer.42 Dietary ellagic acid
is metabolized by intestinal microbiota to produce urolithins,
which exert multiple bioactivities of potential importance to
human health.39,43

Glansreginin A, an indicator component in English walnut,
was tentatively identied in black walnut based on accurate
mass measurements and ion fragmentation data. This
compound may be an important contributor to antibacterial
activities of black walnut extracts.11 Oral administration of
walnut glansreginin A at 50–100 mg per kg body weight resulted
in a signicant suppression of LPS-induced abnormal behavior
and LPS-induced activation of microglia in hippocampus in
male ICR mice.44
2.2. Phytosterols

Phytosterols indicate plant-derived compounds with chemical
structure highly similar to that of cholesterol. The rst investi-
gation into phytosterols in generic black walnut was conducted
by Phillips and colleagues in 2005, which included seven
identied phytosterols.45 Recently, one study has shown that
phytosterol contents vary signicantly among eleven black
walnut cultivars.46 The total phytosterol level in black walnut is
slightly higher in comparison with English walnut. The use of
phytosterols has been touted as being safe and effective in
lowering serum cholesterol. The phytosterols marketed as
a pharmaceutical drug (cytellin) was rst commercialized by Eli
Lily in the 1950s. Nowadays, the efficacy of phytosterols as
cholesterol-reducing agents has also been demonstrated in the
case of phytosterol-supplemented foods.47 There is also
evidence that phytosterols may contribute to prevention of
lifestyle-related diseases such as obesity, diabetes mellitus,
hyperlipidemia, and high blood pressure.48 This section is to
provide a summary of phytosterols previously found to be
present in black walnut kernels and their potential health
effects (Table 2).

b-Sitosterol is the most abundant phytosterol in black
walnut, with concentrations ranging between 988.3 and 1223.9
mg per g of kernel. This compound may lower serum cholesterol
levels due to its ability to reduce intestinal cholesterol absorp-
tion.49 This sterol has been reported to alleviate oxidative stress
by increasing activities of antioxidant enzymes.50 A recent clin-
ical study has revealed an ability of this sterol to prevent obesity-
related chronic inammation.51 These authors have observed
negative correlations between serum b-sitosterol and pro-
inammatory cytokines (IL-6 and TNF-a) levels. Along with b-
sitosterol, campesterol and stigmasterol may exert an effect on
serum cholesterol levels due to their ability to reduce intestinal
cholesterol absorption.49 The underlying mechanism by which
these phytosterols reduce cholesterol absorption is not entirely
understood. It is suggested that they compete with intestinal
cholesterol for binding to mixed micelles, resulting in reduced
cholesterol uptake in the enterocyte, thereby less cholesterol is
incorporated into chylomicrons.52 Campesterol and stigmas-
terol are thought to play an important role with regard to
prevention of colon cancer.53
This journal is © The Royal Society of Chemistry 2020
Clerosterol is believed to contribute to several cytoprotective
activities of the plant extracts. For examples, clerosterol
reportedly has cytotoxic effects on human melanoma cells.54

Based on the understanding of bioactivities of this sterol, it is
proposed that clerosterol-rich food such as black walnut could
be used to produce effective preventive and therapeutic agents
protecting against UVB-induced skin damages.

Campestanol and stigmastanol are the two phytostanols
detected in black walnut. The efficacy of phytostanols in LDL-
cholesterol reduction has been well documented. Moreover,
phytostanols are more effective at reducing LDL-cholesterol
compared to phytosterols.49

Although D5-avenasterol is recognized as a commonly found
compound in walnuts and other oil nuts, limited information
about its bioactivities is available. It is assumed that this sterol
possesses cholesterol-lowering and antioxidant properties.
Assessment of potential health promoting activities of D5-ave-
nasterol warrants further research.

Other sterols in black walnut, such as cycloartenol, cyclo-
eucalenol and 24-methylenecycloartenol, were reported to have
an anti-inammatory activity against 12-O-
tetradecanoylphorbol-13-acetate-induced inammation in
mice.55,56 A low cytotoxic activity of citrostadienol, a minor sterol
in black walnut, at a concentration of 250 mgmL�1 was observed
in melanoma cell line (B16F10).57 Therefore, it is suggested that
citrostadienol may have an antitumor activity.
2.3. Fatty acids

In black walnut, fatty acids exist in saturated (SFA), mono-
unsaturated (MUFA), and polyunsaturated (PUFA) forms
(Fig. 3A and B). The SFA, accounting for about 7% of the total
fatty acids in black walnut oil, comprise palmitic (16 : 0) and
stearic (18 : 0) acids. The unsaturated fatty acids (MUFA and
PUFA) in black walnut oil are similar to those in English walnut
oil, consisting of oleic (18 : 1), linoleic (18 : 2), and a-linolenic
(18 : 3) acids, and making up 93% of the total fatty acids.
Compared to oils of the other edible nuts, black walnut oil
contains the lowest amount of SFAs whereas its total level of
unsaturated fatty acids is the highest (Fig. 3B).
2.4. Tocopherols

Tocopherols are fat-soluble compounds that have been found to
possess vitamin E activity. In black walnut, four different forms
or isomers of tocopherols have been identied, namely a-, b-, g-,
and d-tocopherols.58 Among these, g-tocopherol is the most
abundant form, accounting for approximately 88% of the total
tocopherols (330 mg per g of kernel) in black walnut. Compared
to the other commonly consumed nuts, black walnut contains
the highest level of g-tocopherol (Fig. 4). In particular, it has
42% higher g-tocopherol than English walnut. Tocopherols are
widely recognized for their potent inhibitory effects on lipid
oxidation in foods and biological systems. These compounds
are the major lipid-soluble chain-breaking antioxidant in the
body, providing defense against lipid peroxidation and pro-
tecting cell membranes from free radical assault.59
RSC Adv., 2020, 10, 33378–33388 | 33383
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3. Potential health promoting
properties
3.1. Antioxidant activity

Nuts of walnut species (Juglans sp.) are valued for constituents
possessing high antioxidant activities. For example, extracts of
English walnut, Japanese walnut and iron walnut reportedly
exhibited high antioxidant activities linked to the presence of
phenolics in the nuts.40,60,61 As a nut rich in phenolics, black
walnut had presumably been able to exhibit antioxidant prop-
erties. Indeed, black walnut extracts have recently been shown
to exert great antioxidant capacities measured by FRAP assays.23

The average FRAP values of black walnut extracts ranged
between 452 and 1002 mM FeCl2 per g walnut. Besides, the
antioxidant activities were positively correlated with relative
concentrations of thirteen phenolics tentatively identied in the
extracts. Among these phenolic compounds, gallic acid, syringic
acid, valoneic acid bilactone, epicatechin gallate, tell-
imagrandin I and pedunculagin had previously been found to
contribute to antioxidant properties of English walnut extracts.
In addition to FRAP, another method commonly used to assess
total antioxidant capacities of walnut extracts is ORAC (oxygen
radical absorbance capacity) assay.61,62 FRAP has an advantage
in quantifying both water- and fat-soluble antioxidants, whereas
ORAC is more suitable for evaluating hydrophilic fractions of
walnut extracts. For example, a study by Bulló et al. (2010)
showed signicantly higher ORAC values of hydrophilic frac-
tions than those of lipophilic fractions of walnut-skin extracts
and whole walnuts.63 While the ORAC assay is among the most
recognized methods for assessment of antioxidant capacity of
walnuts, it has not been used for black walnut. Based on these
ndings, it is suggested that ORAC should be assayed on black
walnut to give a better understanding of the correlation between
antioxidant activity and phenolic composition of the nut.

Research has provided strong evidence that multiple bioac-
tivities of importance to human health arise from antioxidant
activity of walnut. For example, English walnut phenolic
extracts exhibited protective effects on lungs against oxidative
damage caused by toxicants in cigarette smoke in female Wistar
rats administered with single dose (1.3 mL per kg b.w.) of
cigarette smoke extract through intratracheal instillation.64 The
effects resulted from signicant restoration of glutathione
reductase and catalase levels and reduction in xanthine oxidase
activity in lung tissue. Extracts of English walnut phenolics (at
a dose of 150mg per kg b.w.) also reduced lung inammation by
attenuating decreases in activities of glutathione reductase and
catalase in lung tissue of Wistar rats intratracheally injected
with bleomycin at 10 U per kg body weight.65 While in vitro and
in vivo studies on the antioxidative role of English walnut
abound in the literature, those of black walnut are limited.
Nevertheless, based on the similarities in phenolic content
between the two walnuts, it is extrapolated that antioxidant
activities of black walnut could give rise to multiple bioactivities
potentially important to human health.12
33384 | RSC Adv., 2020, 10, 33378–33388
3.2. Antibacterial activity

Phenolics, such as gallic acid, ellagic acid, ferulic acid and
naringin, have been linked to antibacterial actions.66–68 It is
suggested that the mechanism by which phenolics inhibit
bacterial growth includes disruption of membrane structure
and/or inhibition of DNA synthesis.69 The presence of the
phenolic compounds in black walnut hints at possible inhibi-
tory effects of the nut on bacterial growth. Indeed, acetonic
extracts of black walnut exhibited antibacterial activity ranging
from 125 to 500 mg mL�1 while streptomycin fell within 7.8–63
mg mL�1.10 Recently, methanolic extracts of black walnut have
been reported to show inhibitory effects on Staphylococcus
aureus, with the largest zone of inhibition reaching 12 mm.11

Interestingly, the study revealed the contributions of several
phenolics, including glansreginin A, catechin derivatives,
quercetin glycosides and eriodictyol-7-O-glucoside, to the anti-
bacterial activity. However, due to a lack of a positive control of
a standard antibiotic to compare the activity of the extracts in
the study, it remains unclear how potent the antibacterial
activity of black walnut is.
3.3. Anti-inammatory activity

A recent study on black walnut has revealed that black walnut
extracts have the capacity to suppress the production of six pro-
inammatory cytokines (TNF-a, IL-1b, IL-6, IL-8, IL-10 and
MCP-1) in PMA-differentiated, LPS-induced human pro-
monocytic cells (U937).9 The authors suggest that the inhibi-
tory effects are linked to the presence of several phenolics in
black walnut, including gallic acid, quercetin, quercetin glyco-
sides, 3-methylquercetin and ellagitannins. Quercetin and 3-
methylquercetin (30 mM) were previously reported to exhibit
the similar inhibitory effects on production of TNF-a, IL-6 and
IL-1 in PMA-differentiated, LPS-stimulated U937 cells.70

Evidence shows that ellagic acid and walnut extracts containing
this compound as a major phenolic constituent have abilities to
decrease bleomycin-induced lung inammation in male Wistar
rats.65,71 This has raised a question as to whether phenolic-rich
black walnut extracts inherit potential anti-inammatory
properties from their phenolic constituents. While these
effects are interesting, it should be noted that cytokine
suppressive properties of black walnut extracts could represent
additive or synergistic effects of multiple phenolics rather than
through specic constituents present in the black walnut.
Despite limited information about the ability of black walnut to
impact upon inammation in vivo and in human subjects, it is
suggested that black walnut may be benecial in retarding
inammatory diseases.
3.4. Antidiabetic activity

As graphically summarized in Fig. 3B, following English walnut,
black walnut contains the second highest levels of linoleic acid,
an u-6 PUFA, among the commonly consumed oil nuts. Prior
research has attested to benecial effects on insulin sensitivity
when SFA and trans fatty acids are replaced with unsaturated
fatty acids, leading to reduced risks of type 2 diabetes (T2D).72
This journal is © The Royal Society of Chemistry 2020
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Notably, u-6 PUFA, particularly linoleic acid, play an important
role in preventing T2D through their ability to improve insulin
sensitivity.72,73 While some researchers have suggested that
consumption of u-3 PUFA (0.4–5 g per day, for at least 8 weeks)
could be an alternative treatment for T2D,74 others have re-
ported unconvincing inverse associations of u-3 PUFA intake
with T2D risks.75 Therefore, it is uncertain as to whether u-3
PUFA have impacts on insulin sensitivity and glycemic control.
In a review article on dietary u-3 PUFA in T2D, Jafari et al. (2013)
pointed to genetic factors and lifestyle of participants, as well as
variations in dietary patterns that made it difficult to draw
a nal conclusion of how u-3 PUFA affect insulin sensitivity.73

Thus, future studies are necessary and should be focused on
how black walnut consumption and its fatty acids could effec-
tively help combat T2D.
3.5. Cardioprotective effect

High blood pressure and high cholesterol are among the key
risk factors for cardiovascular diseases (CVD).76 Prior research
has yielded much evidence that multiple health benets,
including lowering of serum LDL and total cholesterol levels as
well as signicant reduction in diastolic blood pressure are
positively inuenced by consumption of English walnut.77,78

These benets are in part ascribable to the presence of unsat-
urated fatty acids and tocopherols. It is important to note that
there are similarities in fatty acid and tocopherol compositions
between black walnut and English walnut (Fig. 3B and 4). From
this point of view, it is possible to infer that black walnut may
produce benecial effects on CVD risks. This section is to
comment on how fatty acids and tocopherols are benecial to
CVD.

Remarkable scientic interest has been focused on the
impact of unsaturated fatty acids in the development of CVD.
Studies have suggested that intake of unsaturated fatty acids,
particularly PUFA, has benecial effects on factors associated
with CVD risks.79 For example, it is shown that intake of u-3 and
u-6 PUFA, through walnut consumption (43 g per day for 8
weeks) signicantly decreases plasma total, LDL, and non-HDL
cholesterol levels in normal and mildly hyperlipidemic people,
potentially leading to a reduced risk of CVD.80 In a review of
dietary u-3 fatty acids and CVD, Mori (2014) concludes that this
group of fatty acids is clinically safe at doses up to 4 g d�1, and
no adverse drug interactions with cholesterol-lowering or anti-
hypertensive medications have been documented.81 Evidence
has also suggested that PUFA consumption may improve
vascular and cardiac hemodynamics, endothelial function,
reduce triglycerides, and lower inammation, thrombosis, and
arrhythmia.82,83 The molecular mechanisms by which PUFA
positively affect CVD risks include alteration of membrane
structure and associated functions, inuence on ion channel
activities, changes in eicosanoid synthesis, regulation of gene
expression through nuclear receptors and transcription factors,
and production of PUFA-derived bioactive metabolites.82–84

Along with unsaturated fatty acids, tocopherols have been
known to inuence cardiovascular health. Antioxidant activity
of tocopherols was shown to give rise to preventive effects on
This journal is © The Royal Society of Chemistry 2020
cardiovascular diseases. For example, treatment with tocoph-
erol supplement for 8 weeks decreased platelet aggregation, and
lipid peroxidation in erythrocytes, and increase activation of
endothelial NOS in leukocytes, suggesting benecial effects of
tocopherols on cardiovascular system.85–88 Notably, these
studies also highlighted that the mixed tocopherols had more
potent effects than a-tocopherol alone. Mechanistic research
has revealed that g-tocopherol exhibits distinctive antioxidant
and anti-inammatory properties that are superior to those of a-
tocopherol in prevention and treatment of chronic diseases.59,89

In summary, as a rich source of MUFA, PUFA and tocoph-
erols, especially the highest level of g-tocopherol, similar to
English walnut, black walnut may potentially provide protective
effects against cardiovascular risks.
3.6. Anticancer activity

In a review article commenting on in vivo anticancer properties
of walnut phytochemicals, Hardman et al. (2014) concluded g-
tocopherol played an important role in contributing to anti-
carcinogenic activity of walnut diet.90 g-tocopherol also has
benets against prostate and colon cancers via activation of
peroxisome proliferator-activated receptors (PPAR) while a-
tocopherol is not identied as being benecial in attenuating
carcinogenesis.91,92 At this point, it is extrapolated that the high
level of g-tocopherol in black walnut could make the nut
a cancer-preventive option in a healthy diet.
4. Distinctive flavors of black walnut

Fruity aroma is the unique attribute found in black walnut while
it is not reported in English walnut.4 This is conrmed and
reinforced by the detection of many fruity-avored esters in
black walnut by Lee et al. (2011).93 More than 50% of the total
VOCs released from black walnut kernel are esters, with methyl
isovalerate preponderating over the other VOCs. This also
indicates that aromatic composition of black walnut is signi-
cantly different from that of English walnut with high aldehyde
content. Esters may play an inuential role in the aroma of nuts
and fruits. They are biosynthetically formed through the b-
oxidation of fatty acids and/or amino acid metabolism. In
addition to esters, alcohols, aldehydes and ketones are among
the VOCs released from black walnut kernel.93 Aldehydes are the
products of oxidative decomposition of linoleic and linolenic
acids. As summarized earlier, black walnut is rich in linoleic
and linolenic acids (33 and 2 g per 100 g of kernel, respectively),
which may account for the presence of aldehydes in the black
walnut volatile prole. Levels of esters decrease from light to
dark black walnut kernel, while those of alcohols, aldehydes
and ketones, conversely, have a positive correlation with kernel
color. Delayed harvesting and hulling are able to negatively
affect kernel color of black walnut,94 which in turn can lead to
unpleasant avors. It is widely accepted that aroma and avor
provide the dening characteristic of how we experience food.
Therefore, analyses of volatile constituents linked to avor have
become important, helping understand the nature of existing
black walnut, evaluate quality and study shelf-life of the nut.
RSC Adv., 2020, 10, 33378–33388 | 33385
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5. Botanical aspects

Black walnut is a large deciduous tree that can grow to a height
of 38 meters, but typically 22–30 meters. Mature trees develop
long, smooth trunks and small rounded crowns, oen with
a few ascending and spreading coarse branches. Black walnut
leaves are odd-pinnate compound. A leaf is up to 60 cm long,
consisting of 13–23 oblong to lanceolate leaets. Monoecious
owers bloom in late spring, and female ones develop into
edible nuts enclosed in yellow-green husk. Black walnut fruits
have a spherical shape, are about 5 cm in diameter, and occur
singly or in groups of 2–3. Each fruit contains a dark brown
hard-shelled nut. Black walnut is found generally growing
throughout the central and eastern parts of the United States.
The range of this species extends from Kansas to the North
Carolina coast, from Minnesota to Texas, and from Massachu-
setts and Connecticut to Northern Florida.95
6. Production and applications of
black walnut

Black walnut has a bold, unique avor which has been a staple
of many sweet and savory recipes in American Midwest
kitchens.4 This versatile nut is widely used as a food ingredient,
supplementing a rich taste and texture to baked goods, ice
cream and confections.96,97 Along with nutmeat, black walnut
shell has been marketed and sold globally since 1950s. The
shell, is among the hardest part of the whole nut, serves as
a highly useful product for a wide array of applications. Aer the
nutmeat is removed, the shell is crushed, ground into different
standard mesh sizes for industrial uses. As a natural, biode-
gradable, durable material with excellent strength characteris-
tics, the black walnut shell is an abrasive media used for blast
cleaning and tumbling, polishing, and cosmetics. A variety of
cosmetics and soaps oen contain nutshell for its abrasive
action. In oil industry, the shell is used as an important ingre-
dient in making and maintaining seals in fracture zones, and as
an environmentally safe and effective lter media separating
crude oil from water. Recently, the shell has been discovered as
a revolutionary, environmentally-sound new articial media for
sports turf, replacing traditional crumb rubber turf made from
old shredded tires.

Black walnut is also known as one of the North America's
most prized hardwood tree species for timber production. Black
walnut high-quality wood is used for furniture, cabinet-work,
ooring, gunstocks, and other decorative interior applications.
7. Future research and conclusions

Black walnut is among the commonly consumed nuts in the
United States. The above summary of data available in the
literature is focused on the major classes of black walnut
phytochemicals including phenolics, phytosterols, fatty acids,
and tocopherols. The summary also highlights similarities in
phytochemical contents between black walnut and English
walnut. Black walnut contains greater levels of total
33386 | RSC Adv., 2020, 10, 33378–33388
phytosterols, unsaturated fatty acids, and tocopherols
compared to many other nuts. Several studies showed that
black walnut extracts had antibacterial and antioxidant activi-
ties, as well as great potentials to inhibit proinammatory
mediator release in vitro. In view of benets to human health
resulting from dietary intervention of the phytochemicals
present in black walnut, it is concluded that these compounds
possess numerous disease-preventive properties. Although
there is a paucity of research into disease prevention of black
walnut, based on the aforementioned data, it is presumed that
regular black walnut consumption could contribute to protec-
tion against the development of many lifestyle-related diseases,
age-related neurodegenerative disorders, and even certain types
of cancer. Future research and clinical studies should be
focused on a better understanding of the health promotion of
black walnut and its isolated bioactive compounds.
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