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Black walnut (Juglans nigra L.) is an excellent source of health-promoting compounds.
Consumption of black walnuts has been linked to many health benefits (e.g., anti-
inflammatory) stemming from its phytochemical composition and medicinal properties, but
these effects have not been systematically studied or characterized. In this study, potential
anti-inflammatory compounds found in kernel extracts of 10 black walnut cultivars were
putatively identified using a metabolomic profiling analysis, revealing differences in potential
anti-inflammatory capacities among examined cultivars. Five cultivars were examined for
activities in the human promonocytic cell line U-937 by evaluating the effects of the extracts
on the expression of six human inflammatory cytokines/chemokines using a bead-based,
flow cytometric multiplex assay. The methanolic extracts of these cultivars were added
at four concentrations (0.1, 0.3, 1, and 10 mg/ml) either before and after the addition
of lipopolysaccharide (LPS) to human U-937 cells to examine their effect on cytokine
production. Results from cytotoxicity and viability assays revealed that the kernel extracts
had no toxic effect on the U-937 cells. Of the 13 cytokines [interleukin (IL)-1p, tumor necrosis
factor alpha (TNF-a), monocyte chemoattractant protein (MCP)-1, IL-6, IL-8, IL-10, IL-12,
IL-17, IL-18, IL-23, IL-33, interferon (IFN)-«, IFN-y] measured, only six were detected under
the culture conditions. The production of the six detected cytokines by phorbol 12-myristate
13-acetate (PMA)-differentiated, LPS-stimulated U-937 was significantly inhibited by the
kernel extracts from two cultivars Surprise and Sparrow when the extracts were added
before the addition of LPS. Other cultivars (Daniel, Mystry, and Sparks) showed weak or
no significant effects on cytokine production. In contrast, no inhibitory effect was observed
on the production of cytokines by PMA-differentiated, LPS-stimulated U-937 when the
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Potential Anti-Inflammatory Properties of Black Walnut

kernel extracts were added after the addition of LPS. The findings suggest that the extracts
from certain black walnut cultivars, such as Sparrow and Surprise, are promising biological
candidates for potentially decreasing the severity of inflammatory disease.

Keywords: black walnut, Juglans nigra, metabolomic profiling, cytokine suppression, potential anti-inflammatory

compounds

INTRODUCTION

Inflammation is a complex pathophysiological response of the
immune system in response to infections of harmful stimuli or
tissue damage (Medzhitov, 2010). An uncontrolled inflammatory
response might result in development of a variety of chronic
inflammatory diseases such as rheumatoid arthritis (RA). RA
is the most common inflammatory arthritis affecting ~1% of
population worldwide (Firestein, 2003). This inflammatory
disease is associated with articular inflammation and synovial
joint damage that can result in disability and increased mortality.
In synovial tissues, several cytokines are released and are
functionally active in mediating immune responses associated
with the pathogenesis of RA (Mclnnes and Schett, 2007).
Cytokines are therapeutic targets for the treatment of patients
with RA [tumor necrosis factor (TNF)] and in RA clinical trials
[e.g., interleukin (IL)-1, IL-6, IL-27] (McInnes et al., 2016).

Black walnut (Juglans nigra L.) is one of the most economically
valuable hardwood species in the United States (Randolph et al.,
2013). Native Americans traditionally valued kernels of black
walnut as a food source and utilized leaves for medical purposes
to treat diarrhea, bilious, and cramp colic (Nolan and Robbins,
1999). A recent report indicated that the kernels of black walnut
contain a wealth of phytochemical substances (Vuetal.,2018),and
many of these phenolic compounds are associated with a variety
of biological functions such as antioxidant, antimicrobial, and
anti-inflammatory properties. Our previous study demonstrated
antibacterial activities of the kernels from black walnut against a
Gram-positive bacterium (Staphylococcus aureus RN6390), and
its antibacterial compounds (e.g., glansreginin A, azelaic acid)
were successfully identified (Ho et al., 2018).

Anti-inflammatory capacities of another common Juglans
species, English walnut (Juglans regia L.) have been well
established in vitro and in vivo. Willis et al. (2010) reported that
kernel extracts of English walnut reduced production of TNF-a
and nitric oxide synthase induced by BV-2 murine microglial cells
stimulated with lipopolysaccharide (LPS) when the cells were
pretreated with the extract before stimulation with LPS. Papoutsi
et al. (2008) also documented that extracts of English walnut
decreased expression of TNF-a-induced endothelial vascular
cell adhesion molecule (VCAM)-1 and intracellular adhesion
molecule (ICAM)-1 expression in human aortic endothelial
cells. In vivo, consumption of English walnut was associated with
multiple health benefits with respect to alleviating inflammation
and oxidative stress and improving vascular function in both
animals and human clinical trials (Ros, 2015). In fact, the
consumption of English walnut was associated with a lowered
risk of type 2 diabetes (Pan et al., 2013) and a reduction in the

incidence of major cardiovascular events (Estruch et al., 2013) in
two randomized clinical trials of 137,956 women aged 35-77 over
10 years and of 7,447 participants aged 55-80 (47% were men),
respectively. Anti-inflammatory functions of English walnut are
likely associated with its phytochemical compounds. Remarkably,
English walnut and black walnut share a similar phytochemical
profile, revealing potential anti-inflammatory capacities of black
walnut extracts. In fact, 16 phenolic compounds characterized in
English walnut are also found in black walnut (Vu et al., 2018).
Nonetheless, anti-inflammatory properties of black walnut have
never been characterized yet. Exploring the anti-inflammatory
properties of black walnut might point to novel uses of black
walnut and its by-products, promoting development of new
biological agents for the prevention or even treatment of
inflammation as well as increasing the value of black walnuts by
identifying new applications and health benefits.

In the present study, we first examined and compared effects
of kernel extracts from 10 black walnut cultivars via a global
metabolomic profiling approach. We then characterized possible
anti-inflammatory properties in kernel extracts of five selective
cultivars by evaluating the expression of six inflammatory
mediators (IL-13, TNF-a, MCP-1, IL-6, IL-8, and IL-10) using
the human promonocytic cell line U-937.

MATERIALS AND METHODS

Black walnut cultivars. The nuts of 10 black walnut cultivars
including Daniel, Davidson, Hay, Jackson, Kwik Krop, Mystry,
Schessler, Sparks, Sparrow, and Surprise were collected at the
University of Missouri, Horticulture and Agroforestry Research
Center (New Franklin, MO, USA). The black walnuts were hulled
mechanically and hung up to dry at 24°C for 15 days. The hulled
nuts were then stored at —20°C until analysis.

Sample preparation. The hulled nuts were cracked manually
and the kernels removed from the shell and homogenized using
a coffee grinder (CBG100S, Black + Decker, Beachwood, OH,
USA). For metabolomic analysis, the kernels (2.5 g, 20-30 mesh)
from 10 cultivars were extracted by sonication in 15 ml methanol.
The methanolic extract was sonicated in a water bath (4°C) for
60 min followed by centrifugation for 10 min at 8,000 rpm. The
supernatant was collected and filtered through a 0.2-um Whatman
Anotop syringe membrane filter (Sigma-Aldrich, St. Louis, MO,
USA) and then injected into ultra high-performance liquid
chromatography tandem mass spectrometry (UHPLC-MS).
For assays, the kernels (2.5 g) from five selective cultivars (i.e.,
Daniel, Mystry, Sparks, Sparrow, and Surprise) were extracted by
sonication in 10 ml of methanol. The extract was sonicated for
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60 min followed by centrifugation for 10 min at 4,000 rpm, and
the supernatant was collected. Subsequently, the supernatant was
filtered through the syringe membrane filter (0.2 pm, Whatman).
The aqueous extract was evaporated until dryness under a flow
of nitrogen and was resuspended with 0.125 ml of dimethyl
sulfoxide (DMSO) (Sigma-Aldrich, USA), and then, the resulting
extract was concentrated 40 times to achieve the concentration
of 10,000 mg/ml. Cytokine-modulating activities of the extract
were identified using multiplex bead-based cytokine assay kits
(BioLegendplex™ Human Inflammation panel kits, BioLegend,
San Diego, CA, USA).

UHPLC-QTOF-MS analysis to examine metabolite profiles
of black walnut. The kernel extracts (2 ul per injection) from
10 black walnut cultivars were analyzed by UHPLC coupled to
a maXis impact quadrupole time-of-flight mass spectrometer
(Bruker Co., Billerica, MA, USA). Separations were achieved
on a Waters Acquity UHPLC BEH C18 column (2.1 x 150 mm,
1.7 um particle size) using a linear gradient of 95%/5-30%/70%
eluents A/B (A: 0.1% formic acid and B: acetonitrile) in 30 min.
Subsequently, the separation was followed by a linear wash
gradient as follows: 70-95% B (30-33 min), 95% B (33-35 min),
95-5% B (35-36 min), and 5% B (37-40 min), respectively. The
column temperature was kept at 60°C, and the flow rate was 0.56
ml/min. Mass spectrometry was performed in both negative and
positive electrospray ionization modes with the nebulization
gas pressure at 43.5 psi, dry gas of 12 I/min, dry temperature of
250°C, and a capillary voltage of 4,000 V. Mass spectral data were
collected automatically from 100 to 1,500 m/z; three precursors
were selected for auto MS/MS and m/z range auto-calibrated
using sodium formate after data acquisition. Each cultivar was
analyzed in triplicate along with methanol blank used as a control.

Cell culture and differentiation induction. The human
monocyte cell line U-937 was purchased from American Type
Culture Collection (ATCC) (CRL-1593.2, ATCC, Manassas,
VA, USA). U-937 cells were cultured in complete Roswell Park
Memorial Institute (RPMI) medium (RPMI 1640, ATCC)
supplemented with 10% fetal bovine serum (FBS, Sigma-Aldrich)
and 100 pg/ml gentamicin, and then incubated at 37°C in a 5%
CO, humidified atmosphere. U-937 cells were seeded at 2 x 10°
cells/well in 96-well plates in a 200-ul volume in the presence of 50
nM of phorbol 12-myristate 13-acetate (PMA, Sigma-Aldrich) for
48 h (Rovera et al., 1979) to induce differentiation. After washing
the PMA-differentiated cells twice, fresh media was added, and
the cultures were incubated for an additional 18 h at 37°C in a
5% CO, humidified atmosphere before the addition of extracts.
Subsequently, the cultures were pretreated with extract dilutions
from five cultivars (Daniel, Mystry, Sparks, Sparrow, and Surprise)
at four final concentrations (0.1, 0.3, 1, and 10 mg/ml) for 2 h
before stimulation with 1 pg/ml LPS (Escherichia coli 0127:B8,
Sigma-Aldrich). In some experiments, the PMA-differentiated
cells were stimulated with LPS for 2 h before the addition of two
cultivar extracts (Sparrow and Surprise). Extracts were prepared
in tissue-culture-grade DMSO, and the highest concentration of
DMSO in any cultivar sample was 0.1%. An immunosuppressant
drug, cyclosporin A (CSA, Sigma-Aldrich), was added at a final
concentration of 0.002 mg/ml in 0.02% DMSO and served as a
positive control for the inhibition of cytokine secretion. Samples

without CSA or cultivars were supplemented with 0.1% DMSO
and served as vehicle controls. Twenty-four hours after the
addition of LPS and extracts, the triplicate culture supernatants
from each group were pooled, spun to remove cell debris,
transferred to new tubes, and stored at —20°C until analysis.
Cytokine secretion levels in LPS-stimulated, cultivar-treated
cultures were compared to samples containing DMSO but not
cultivars. Viability of the attached cells was determined using a
3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide
(MTT) assay (see methods section below).

A macrophage model system was chosen to investigate the
anti-inflammatory potential of black walnut extracts because
macrophages are central to the inflammatory response and are
active during all phases of inflammation. The U-937 cell line can
be induced to differentiate with PMA, and the addition of LPS
derived from Gram-negative bacterial cell walls results in the
release of numerous inflammatory mediators. These cytokines
include, but are not limited to, TNF-a, IL-1f, and IL-6, which
in turn contribute to the recruitment and activation of other
immune cells against bacterial infections (Gordon, 2002). Since
cytokines such as TNF, IL-6, and IL-1p play primary roles in the
pathogenesis of RA (Smolen and Aletaha, 2015), they can be
used as key biomarkers of RA.

Quantification of secretion of cytokines/chemokines by
macrophages. The LEGENDplex™ human inflammation bead-
based immunoassay was used to quantitate the secretion of
cytokines in the U-937 culture model system in the absence or
presence of black walnut extract, according to the manufacturer’s
procedure. Initial experiments were performed using a predefined
panel of 13 inflammatory analytes (IL-1, TNF-a, MCP-1, IL-6,
IL-8, IL-10, IL-12, IL-17, IL-18, IL-23, IL-33, IFN-a, and IFN-y),
but subsequent experiments focused on a subset of six cytokines.
Data were collected on a BD LSR Fortessa™ X-20 cell analyzer
(BD Biosciences, San Jose, CA, USA) using instrument settings
recommended by BioLegend. A cytokine standard curve was
included in each experiment, and cytokine levels were calculated
from a five-parameter logistic curve using the software provided
in the BioLegend kit. Triplicates were collected at each cultivar
concentration in multiple experiments.

Effects of black walnut extracts on cell viability. The MTT
assays were performed to evaluate the effect of black walnut
extracts on cytotoxicity and/or cell loss at the time of supernatant
collection. A colorimetric cell viability assay (CGD1-1KT, Sigma-
Aldrich) using MTT as the substrate (Mosmann, 1983) was
carried out after collection of the supernatants. The ability of the
cellsto convert MTT to formazan crystals indicates mitochondrial
activity and cell viability. Dulbeccos modified eagle medium
high-glucose phenol red free media (Fisher Scientific, Pittsburgh,
PA, USA) containing 1% FBS and MTT was added to each well,
and the plates were incubated for 3 h at 37°C until precipitates
were observed. An acidified isopropanol solvent was then added
to dissolve the formazan crystals, and the samples were pipetted
several times to completely dissolve the crystals. Absorbance was
measured within 30 min after solvent addition using a BioTek
ELx808 microplate reader (BioTek, Winooski, Vermont, USA).
Formazan crystals were detected at a wavelength of 570 nm, and
background absorbance was measured at 630 nm.
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Statistical Analysis

For the metabolic analyses, the original UHPLC-MS data were
converted into a format (*.cdf) that is compatible with XCMS
Online (http://xcmsonline.scripps.edu) (Tautenhahn etal., 2012),
and they were processed using the XCMS Online algorithms.
This web-based tool for metabolomics data allows converting
data file for peak detection, peak grouping, retention time
correction, and alignment. Pairwise analyses between each black
walnut cultivar and the control (methanol) were performed to
identify single ion (m/z) features that were significantly different
at p < 0.005 and intensity >10,000 across the chromatographic
time domain. The metabolites of the significant ion features were
putatively identified based on the accurate mass of the molecular
ions, referenced to METLIN metabolite mass spectral database
containing over 1 million molecules (http://metlin.scripps.edu)
(Guijas et al.,, 2018). Metabolites that have been reported to
possess anti-inflammatory activities based on a literature search
(Supplementary Table 1) were selected to initially examine
profiles of black walnut cultivars and to identify potential anti-
inflammatory compounds in each cultivar. Multivariate analyses
such as partial least squares discriminant analysis (PLS-DA) and
heat map were performed using MetaboAnalyst (Chong et al.,
2018) to reveal differences in metabolic profiles among black
walnut cultivars.

Relative cell viability was measured with the MTT assay
according to the manufacturer’s protocol. The amount of MTT
conversion was determined by subtracting the background
absorbance (630 nm) from the absorbance of formazan crystals
at 570 nm (Ag) ,m — Agso nm = specific MTT absorbance). Cell
viability was expressed relatively to the PMA-differentiated, LPS-
stimulated sample (control sample) in the absence of black walnut
cultivars. The percentage of cell viability (%) was calculated by
dividing the specific MT T absorbance of the treated sample by the
specific MTT absorbance of the control sample and multiplying
by 100. The control sample was set at 100%.

Cytokine concentrations were determined in the multiplex
bead-based assay by extrapolating the concentration from a five-
parameter logistic standard curve using curve-fitting software.
The absolute concentrations of each cytokine from treated
samples were then compared to the control samples, as described
above for the MTT assay. The relative percentage (%) was
obtained by dividing the cytokine concentration of the treated
sample by the cytokine concentration of the control sample and
multiplying by 100. The PMA-differentiated, LPS-stimulated
sample served as the control sample and was set at 100%.

The data were analyzed as a randomized complete block design
using PROC MIXED in SAS 9.4 (SAS Institute, Cary, NC). The
black walnut extract was the fixed effect, and replication was the
random variable. Differences between extracts were determined
using Fisher’s least significant difference at p < 0.01.

RESULTS

Anti-inflammatory profiles of black walnut. The anti-
inflammatory profiles of the kernel extracts from 10 black
walnut cultivars were characterized using data acquired from

liquid chromatography-high-resolution MS (LC-HRMS). The
UHPLC-HRMS data processed with XCMS Online provided
650 and 420 significant features in positive and negative modes,
respectively, which were further annotated using METLIN
metabolite database. This resulted in the identification of 26
substances with known anti-inflammatory activities. These
metabolites included flavanols, hydroxybenzoic acids, and
ellagitannins (Supplementary Table 1). The PLS-DA score plot
showed significant differences in anti-inflammatory profiles
among 10 black walnut cultivars (Figure 1A). In the score plot,
Sparrow and Schessler, Mystry and Sparks, and Daniel and
Davidson were distributed separately on quadrants I, II, and IV,
respectively, whereas other four cultivars including Kwik Krop,
Jackson, Hay, and Surprise roughly clustered together in the
intersection of quadrants I and I'V. Five cultivars (Daniel, Mystry,
Sparks, Sparrow, and Surprise) were chosen as representative
examples for further examined for their ability to alter cytokine
production using human promonocytic cell line U-937 because
they were selected from different groups distributed in four
distinct quadrants (I, IL, IV, or the intersection of I and IV). This
approach was utilized to select cultivars that capture the most
potentially diverse set of anti-inflammatory compounds.

Each black walnut cultivar contained several potential anti-
inflammatory compounds, and the relative concentrations
of many compounds were distinct within specific cultivars
(Figures 1B, C). Sparks and Mystry contained the highest
relative abundance of gallic acid and four ellagitannins including
tellimagrandin I isomer 1 and 3, punicalin isomer 1, and
pedunculagin isomer 1, while cinnamic acid and quercetin
neohesperidoside were relatively dominant in Daniel and
Davidson. The highest relative abundance of ellagic acid was
found in Surprise, and this cultivar also contained procyanidin
dimer, quercetin neohesperidoside, and pedunculagin isomer 1
as major components. Kwik Krop contained the highest relative
abundance of myricetin hexoside, procyanidin dimer, punicalin
isomer 3, and dicaffeocylquinic acid isomer 2. Schessler and
Sparrow also contained a variety of bioactive compounds.
Quercetin glucoside, myricetin, and pedunculagin isomer 3
were presented dominantly in Sparrow, while vanillic acid
and dicaffeoylquinic acid isomer 3 were major compounds in
Schessler.

Cell viability assays. The cell viability assays were performed
to address possible cytotoxic effects of the black walnut cultivars.
A reduction in MTT absorbance could point to a decrease in
cell viability, a decrease in mitochondrial activity, and/or cell
loss, resulting in a concomitant decrease in cytokine secretion.
MTT viability assays were performed at the same time cell
supernatants were collected. CSA, a potent immunosuppressive
agent capable of inhibiting cytokine production and release, was
included in the experiments as a positive control. Black walnut
extracts were resuspended in DMSO, and all experimental
groups contained up to 0.1% DMSO. Control groups without
extracts were supplemented with 0.1% DMSO to account for any
adverse effects of the DMSO vehicle. The results indicated that
the viability was not significantly different in any of the groups
analyzed (Figure 2). These groups include no treatment (none,
no LPS, and no black walnut extracts, with DMSO), LPS control
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FIGURE 1 | Differences in metabolic profiles of black walnut cultivars. (A) Partial least squares discriminant analysis (PLS-DA). (B) Variable importance in projection
(VIP) and (C) heat map. In the PLS-DA plot, circles with same colors represent replicates of metabolic profiles for each cultivar. The colored ellipses indicate 95%
confidence regions of metabolic profiles for each cultivar. In the VIP score plot, 15 out of 26 metabolites in total were shown, and the colored boxes on the right
indicate the relative abundance of the corresponding metabolite in each cultivar. Red represents higher relative abundance, whereas green and blue represent lower
relative abundance in the VIP score plot and the heat map, respectively.

cultures (LPS: LPS and DMSO, no extract), treated cells (Daniel,
Mystry, Sparks, Sparrow, and Surprise: extracts, DMSO, and
LPS), and CSA (CSA: CSA, DMSO, and LPS). Since the extracts
of all five cultivars and CSA at all the concentrations tested
were nontoxic to the PMA-differentiated U-937 cells, they were
selected for examining their effect on cytokine production.
Secretion of cytokines. Secreted cytokine levels were
quantified in PMA-differentiated, LPS-stimulated U-937 cells
after pretreatment with five representative cultivars at four
concentrations. A predefined human inflammation bead-based
multiplex kit was chosen because it could be used to detect

multiple cytokines simultaneously from the same sample with
a small amount of the sample. The panel was comprised of
13 cytokines involved in various aspects of the inflammatory
process, and many of these were studied previously in the
U-937 model system. Of the six cytokines initially detected in
the supernatants, five (TNF-a, IL-1p, IL-6, IL-8, and MCP-1)
are proinflammatory and one (IL-10) is anti-inflammatory.
Subsequent experiments focusing on these cytokines showed
that secretion by PMA-differentiated, LPS-stimulated U-937
cells was significantly and dose-dependently attenuated by
pretreatment with extracts derived from Sparrow and Surprise
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Sparks Sparrow Surprise

compared to control cells (Figures 3-8). More specifically,
cultures pretreated with Sparrow extracts at the concentrations
of 0.1, 0.3, 1, and 10 mg/ml reduced the secretion of TNF-a
by 23.9%, 31.7%, 35.5%, and 42.7%, respectively; IL-1B by
17.7%, 16.4, 23.1, and 34.1%, respectively; IL-6 by 26.3%,
23.7%, 35.6%, and 43.3%, respectively; IL-8 by 23.4%, 34.1%,
39.8%, and 51.1%, respectively; IL-10 by 22.0%, 30.1%,
25.6%, and 33.9%, respectively; and MCP-1 by 26.5%, 41.9%,
40.8%, and 49.1%, respectively (Figures 3-8). Similarly, at the
concentrations of 0.1, 0.3, 1, and 10 mg/ml, cultures pretreated
with Surprise extracts also reduced the secretion of TNF-a by
36.4%, 37.6%, 47.8%, and 55.7%, respectively; IL-1p by 32.1%,
34.8%, 44.0%, and 48.7%, respectively; IL-6 by 24.9%, 34.3%,
58.9%, and 56.3%, respectively; IL-8 by 33.1%, 29.3%, 45.9%,
and 59.3%, respectively; IL-10 by 21.2%, 27.8%, 34.9%, and
45.5%, respectively; and MCP-1 by 27.8%, 30.7%, 45.6%, and
46.0%, respectively (Figures 3-8).

Minor to no effects were observed in IL-13, TNF-a, and
MCP-1 cytokine levels following pretreatment with Daniel,
Mystry, and Sparks at all four concentrations tested. The secretion
of IL-6 was significantly inhibited by extracts derived from Daniel
(20.1 mg/ml), Mystry (10 mg/ml), and Spark (10 mg/ml). More
specifically, the extracts of Daniel at the concentrations of 0.1,
1, 0.3, and 10 mg/ml, Mystry and Sparks at a concentration of
10 mg/ml significantly reduced the secretion of IL-6 by 19.5%,
26.7%, 26.5%, 28.5%, 34.9%, and 44.1%, respectively (Figure 5).
In addition, the extract of Mystry at a concentration of 10 mg/ml
reduced the secretion of IL-8 (26.3%) and IL-10 (22.8%) by PMA-
differentiated, LPS-stimulated U-937 cells (Figures 6 and 7).

In order to gain insight into potential mechanism(s) of action,
parallel experiments whereby LPS was added 2 h before exposure
to extracts were conducted. These experiments focused on Sparrow
or Surprise cultivars because of their strong inhibitory effect on
cytokine secretion among examined cultivars when the extracts
were added before the addition of LPS. In these experiments,
the cell stimulation and cytokine secretion were initiated before
the extracts were added. The results showed that Sparrow and
Surprise extracts had no inhibitory effect on the secretion of the

six cytokines (TNF-a, IL-1p, IL-6, IL-8, IL-10, and MCP-1) when
LPS was added before the extracts (data not shown).

DISCUSSION

The results of this study demonstrated for the first time that
black walnut possesses compounds that exert an inhibitory
effect on the secretion of six measured cytokines (TNF-a,
IL-1p3, IL-6, IL-8, IL-10, and MCP-1) induced by a human
promonocytic cell line differentiated with PMA and stimulated
with LPS. Cytokines play vital roles in mediating pathological
responses in RA. TNFE, IL-1, and IL-6 are pivotal cytokines in
regulating innate and adaptive immune responses associated
with the disease onset and persistence, and TNF and IL-1 are
signature innate cytokines in RA. TNF is functionally central
to RA pathophysiology and is involved in leukocyte activation,
adhesion, and migration, in endothelial-cell adhesion
molecule expression, and in stromal-cell, chondrocyte, and
osteoclast activation (Mclnnes et al., 2016); IL-1 plays a role
in destruction of bone at inflammatory joint sites, such as in
RA, via activation, differentiation, and survival of osteoclasts
(Kim et al., 2009), and it also mediates secretion of cytokines
from synovial fibroblasts and monocytes and induces
endothelial-cell adhesion molecule expression (Mclnnes
and Schett, 2007). IL-6 is a key player in innate and adaptive
immune responses, including proliferation, differentiation,
cytotoxic T cell activity, antibody production, generation of
blood cells and platelets, hepatic acute-phase responses, and
neuroendocrine effects (MclInnes and Schett, 2007). The two
proinflammatory cytokines, TNF and IL-6, are therapeutic
targets for the treatment of RA (Smolen and Aletaha, 2015),
whereas inhibition of IL-1 using biological therapies has not
been effective in preventing RA (McInnes et al., 2016). In the
present study, we showed that black walnut cultivars Sparrow
and Surprise significantly and dose-dependently reduced the
secretion of three proinflammatory cytokines (TNF-a, IL-1p,
and IL-6) in the U-937 model system. Additionally, other
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cultivars also had an inhibitory effect on IL-6 secretion. Our
findings suggest that the extracts from certain black walnut
cultivars, such as Sparrow and Surprise, might be promising
biological agents for future investigation on the prevention of
inflammatory diseases, such as RA in animal model studies.

Our results also revealed the inhibitory effects of black walnut
extracts on three other cytokines/chemokines (MCP-1, IL-8, and
IL-10) in the U-937 model system. MCP-1 and IL-8, members of
the CC and CXC chemokine family, respectively, play important
roles in acute inflammation. The expression of MCP-1 regulates
migration and infiltration of monocytes, memory T cells, and
dendritic cells (Carr et al., 1994, Deshmane et al., 2009), whereas
IL-8 recruits neutrophils and other granulocytes to the site of
infection and stimulates phagocytosis (Harada et al., 1994).
IL-10 is a potent immune-modulatory cytokine with broad anti-
inflammatory properties (O'garra et al., 2008) and is produced
by a variety of cells including B cells, Th1, Th2, Th17, T reg,
CD8+ T cells, and myeloid cells (Saraiva and O’garra, 2010).
During inflammation, IL-10 can be produced by regulatory B
cells and inhibit the production of TNF (Smallie et al., 2010) as
well as inhibit the infiltration and activation of neutrophils in
the synovial tissue (Bober et al., 2000). Interestingly, Sparrow
and Surprise exhibited inhibitory effects not only on MCP-1
and IL-8 but also on IL-10. Black walnut extracts contain many
possible anti-inflammatory metabolites (Figure 1) that might
exert the inhibitory effect on the production of IL-8 and MCP-1
(Figure 1) as well as other unidentified metabolites. Some
anti-inflammatory compounds might have broad cytokine
suppressive effect that might inhibit the production of IL-10 in
the U-937 model system.

Our results indicated a rich source of possible anti-
inflammatory bioactive compounds in black walnut. These
compounds were tentatively identified through a metabolomics
analysis (Figure 1), and many of them, including gallic acid,
vanillic acid, ellagic acid, quercetin, quercetin 3-O-glucoside,
naringin, and cinnamic acid, have been confirmed and
quantified in black walnut kernels using LC-MS/MS analysis
with authentic standards (Vu et al., 2018). The presence of
multiple compounds in certain cultivars raises the possibility
of synergistic effects on cytokine secretion. We previously
identified multiple bioactive compounds (e.g., glansreginin A,
azelaic acid, and quercetin) in black walnut that are
responsible for antibacterial activities against a Gram-positive
bacterium (S. aureus RN6390) (Ho et al., 2018). Bioassay-
guided fractionation was utilized to isolate and identify the
bioactive compounds (based on MS/MS fragmentation data
of ions) by a metabolomics approach using high-resolution
MS/MS databases (e.g., METLIN, MassBank of North
America, MetFrag). Future research will focus on purification,
validation, and characterization of compounds responsible
for cytokine suppressive activities in Surprise and Sparrow
utilizing the same metabolomics strategy. The compounds in
black walnut might be useful as natural anti-inflammatory
agents to mitigate inflammation.

Interestingly, the inhibitory effect of Surprise and Sparrow
cultivars was only observed when U-937 were pretreated
with the extracts of these cultivars before the addition of LPS,

whereas the suppressive activity did not occur when U-937
were stimulated with LPS before addition of the extract. These
findings suggest the possibility that the extracts are inhibiting
cell activation at the level of the receptor rather than affecting
downstream signaling pathways. The observed decrease in
cytokine levels in the pretreated experiments could result
from the ability of the extract to interfere with the interaction
between LPS and its receptor TLR4 and/or coreceptor CD14,
or from the direct binding of the extract to the LPS receptor,
thereby blocking cell activation. In other words, the extracts
might function by preventing LPS from activating U-937 cells.
Importantly, TLR4 receptors are expressed in U-937 cells, and
receptor activation leads to a dose-dependent induction of
certain inflammatory markers (Vogel et al., 2012).When U-937
were stimulated with LPS before the addition of the extracts,
LPS might bind to its receptor and initiate the signaling cascade
before the addition of the extracts. Additionally, the active
compounds may be effective against other receptors and/
or affect intracellular signaling pathways. The mechanism of
action is not fully understood at this point. Future experiments
will be required to elucidate how the active compounds are
carrying out their effect.

We also documented that cytokine suppressive activities
of black walnut were variable among tested cultivars. Two
cultivars (Sparrow and Surprise) exhibited inhibitory effect
on the secretion of six detected cytokines induced by U-937
differentiated with PMA and stimulated with LPS, while other
cultivars (Daniel, Mystry, and Sparks) reduced the secretion
of IL-6 alone. Mystry also reduced the secretion of IL-10 and
MCP-1, but no inhibitory effect of Mystry on TNF-a, IL-1B, and
IL-8 was observed. Differences in the suppressive properties of
black walnut are likely due to the differences in the composition
and proportions of different compounds among these cultivars
(Figure 1A). In our previous studies, we also found differences
in antibacterial properties among black walnut cultivars (Ho
etal., 2018). In fact, Surprise and Mystry exhibited the strongest
antibacterial capacities against S. aureus among 22 tested
cultivars, while Daniel, Davidson, Hay, Jackson, Kwik Krop,
Schessler, Sparks, and Sparrow cultivars showed no effect on the
inhibition of S. aureus. Health-promoting characteristics of black
walnut (e.g., anti-inflammatory and antibacterial capacities)
could potentially be used to select traits to improve nut quality.
Over 700 black walnut cultivars have been recorded, and many
of them were selected for nut production in the past century
(Williams, 1990). Current nut production criteria include yield,
percent kernel, leafing date, flowering dates, growth habit,
disease resistance, precocity, productivity, and shelling quality
(Reid et al., 2004).

CONCLUSION

We demonstrated cytokine suppressive properties of black
walnut extracts using the human promonocytic cell line U-937.
Black walnut kernels contain a wealth of bioactive metabolites
putatively identified through a metabolomics approach. The
five cultivars (Daniel, Mystry, Sparks, Sparrow, and Surprise)
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tested showed differences in their ability to inhibit the
secretion of six cytokines/chemokines (TNF-a, IL-1f, IL-6,
IL-8, IL-10, and MCP-1). Sparrow and Surprise showed the
strongest inhibitory effects on the secretion of all measured
cytokines. Mystry reduced the secretion of IL-6, IL-10, and
MCP-1, while Daniel and Sparks only reduced the production
of IL-6. Our findings reveal that certain black walnut cultivars
may represent promising preventive agents for inflammatory
diseases. In addition, this could potentially have an application
in the cosmeceutical field related to inflammatory skin
disorders.

DATA AVAILABILITY

All datasets generated for this study are included in the
manuscript and the Supplementary files.

AUTHOR CONTRIBUTIONS

C-HL contributed to conception of the study. K-VH wrote
the first draft of the manuscript. K-VH and KS designed the
experiments and performed the analyses. K-VH, KS, and DV
performed the experiments. KS, ZL, LS, MC, and C-HL provided

REFERENCES

Bober, L. A., Rojas-Triana, A., Jackson, J. V., Leach, M. W, Manfra, D,
Narula, S. K. et al. (2000). Regulatory effects of interleukin-4 and
interleukin-10 on human neutrophil function ex vivo and on neutrophil
influx in a rat model of arthritis. Arthritis Rheum. 43 (12), 2660-2667. doi:
10.1002/1529-0131(200012)43:12<2660::AID-ANR5>3.0.CO;2-4

Carr, M. W, Roth, S. ., Luther, E., Rose, S. S., and Springer, T. A. (1994). Monocyte
chemoattractant protein 1 acts as a T-lymphocyte chemoattractant. Proc. Natl.
Acad. Sci. US.A. 91 (9), 3652-3656. doi: 10.1073/pnas.91.9.3652

Chong, J., Soufan, O., Li, C., Caraus, I, Li, S., Bourque, G., et al. (2018).
MetaboAnalyst 4.0: towards more transparent and integrative metabolomics
analysis. Nucleic Acids Res. 46, W486-W494. doi: 10.1093/nar/gky310

Deshmane, S. L., Kremlev, S., Amini, S., and Sawaya, B. E. (2009). Monocyte
chemoattractant protein-1 (MCP-1): an overview. J. Interferon Cytokine Res.
29 (6), 313-326. doi: 10.1089/jir.2008.0027

Estruch, R., Ros, E., Salas-Salvado, J., Covas, M.-I., Corella, D., Ar6s, F, et al.
(2013). Primary prevention of cardiovascular disease with a Mediterranean
diet. N. Engl. J. Med. 368 (14), 1279-1290. doi: 10.1056/NEJMoal200303

Firestein, G. S. (2003). Evolving concepts of rheumatoid arthritis. Nature 423
(6937), 356. doi: 10.1038/nature01661

Gordon, S. (2002). Pattern recognition receptors: doubling up for the innate
immune response. Cell 111 (7), 927-930. doi: 10.1016/S0092-8674(02)01201-1

Guijas, C., Montenegro-Burke, J. R., Domingo-Almenara, X., Palermo, A.,
Warth, B., Hermann, G., et al. (2018). METLIN: a technology platform for
identifying knowns and unknowns. Anal. Chem. 90 (5), 3156-3164. doi:
10.1021/acs.analchem.7b04424

Harada, A., Sekido, N., Akahoshi, T., Wada, T., Mukaida, N., and Matsushima, K.
(1994). Essential involvement of interleukin-8 (IL-8) in acute inflammation.
J. Leukoc. Biol. 56 (5), 559-564. doi: 10.1002/j1b.56.5.559

Ho,K.-V,, Lei, Z., Sumner, L., Coggeshall, M., Hsieh, H.-Y,, Stewart, G., etal. (2018).
Identifying antibacterial compounds in black walnuts (Juglans nigra) using a
metabolomics approach. Metabolites 8 (4), 58. doi: 10.3390/metabo8040058

Kim, J. H,, Jin, H. M., Kim, K., Song, I, Youn, B. U., Matsuo, K., et al. (2009).
The mechanism of osteoclast differentiation induced by IL-1. J. Immunol. 183,
1862-1870. doi: 10.4049/jimmunol.0803007

materials required for the experiments. All authors edited and
approved the final version of the manuscript.

ACKNOWLEDGMENTS

The authors would like to thank the Center of Agroforestry,
University of Missouri and Missouri Department of Agriculture
Specialty Crop Block Grant Program for supporting this
research. The Sumner Lab and the MU Metabolomics Center
have been graciously supported by several entities over the
years for the development of natural products profiling and
plant metabolomics. These specifically include support from the
University of Missouri, The Samuel Roberts Noble Foundation,
Bruker Daltonics Gmbh, Agilent Technologies, US National
Science Foundation (NSF)-JST Metabolomics for a Low Carbon
Society #1139489, NSF MRI DBI #1126719, NSF RCN #1340058,
and NSF MCB #1024976.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fphar.2019.01059/
full#supplementary-material

Mclnnes, 1. B,, Buckley, C. D., and Isaacs, J. D. (2016). Cytokines in rheumatoid
arthritis—shaping the immunological landscape. Nat. Rev. Rheumatol. 12 (1), 63.
doi: 10.1038/nrrheum.2015.171

McInnes, I. B., and Schett, G. (2007). Cytokines in the pathogenesis of rheumatoid
arthritis. Nat. Rev. Immunol. 7 (6), 429. doi: 10.1038/nri2094

Medzhitov, R. (2010). Inflammation 2010: new adventures of an old flame. Cell 140
(6), 771-776. doi: 10.1016/j.cell.2010.03.006

Mosmann, T. (1983). Rapid colorimetric assay for cellular growth and survival:
application to proliferation and cytotoxicity assays. J. Immunol. Methods 65
(1-2), 55-63. doi: 10.1016/0022-1759(83)90303-4

Nolan, J. M., and Robbins, M. C. (1999). Cultural conservation of medicinal plant use in
the Ozarks. Hum. Organ. 58, 67-72. doi: 10.17730/humo.58.1.k1854516076003p6

O'garra, A., Barrat, E J., Castro, A. G., Vicari, A., and Hawrylowicz, C. (2008).
Strategies for use of IL-10 or its antagonists in human disease. Immunol. Rev.
223 (1), 114-131. doi: 10.1111/j.1600-065X.2008.00635.x

Pan, A., Sun, Q., Manson, J. E., Willett, W. C., and Hu, F. B. (2013). Walnut
consumption is associated with lower risk of type 2 diabetes in women. J. Nutr.
143 (4), 512-518. doi: 10.3945/jn.112.172171

Papoutsi, Z., Kassi, E., Chinou, I, Halabalaki, M., Skaltsounis, L., and
Moutsatsou, P. (2008). Walnut extract (Juglans regia L.) and its component
ellagic acid exhibit anti-inflammatory activity in human aorta endothelial cells
and osteoblastic activity in the cell line KS483. Br. J. Nutr. 99 (4), 715-722. doi:
10.1017/S0007114507837421

Randolph, K. C., Rose, A. K., Oswalt, C. M., and Brown, M. J. (2013). Status of black
walnut (Juglans nigra L.) in the eastern United States in light of the discovery of
thousand cankers disease. Castanea 78 (1), 2-14. doi: 10.2179/12-024

Reid, W, Coggeshall, M. V,,and Hunt, K. L. (2004). “Cultivar evaluation and development
for black walnut orchards,” in Black Walnut in a New Century. Eds. Michler, C. H.,
Pijut, P. M., van Sambeek, J. W,, Coggeshall, M. V., Seifert, ., Woeste, K. Square,
PA, USA: US. Department of Agriculture, Forest Service, (North Central Research
Station), 18-24.

Ros, E. (2015). Nuts and CVD. Br. J. Nutr. 113 (S2), S111-S120. doi: 10.1017/
$0007114514003924

Rovera, G., Santoli, D., and Damsky, C. (1979). Human promyelocytic leukemia cells
in culture differentiate into macrophage-like cells when treated with a phorbol
diester. Proc. Natl. Acad. Sci. U.S.A. 76 (6), 2779-2783. doi: 10.1073/pnas.76.6.2779

Frontiers in Pharmacology | www.frontiersin.org

10

September 2019 | Volume 10 | Article 1059


https://www.frontiersin.org/journals/pharmacology#articles
https://www.frontiersin.org/journals/pharmacology/
www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fphar.2019.01059/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphar.2019.01059/full#supplementary-material
https://doi.org/10.1002/1529-0131(200012)43:12<2660::AID-ANR5>3.0.CO;2-4
https://doi.org/10.1073/pnas.91.9.3652
https://doi.org/10.1093/nar/gky310
https://doi.org/10.1089/jir.2008.0027
https://doi.org/10.1056/NEJMoa1200303
https://doi.org/10.1038/nature01661
https://doi.org/10.1016/S0092-8674(02)01201-1
https://doi.org/10.1021/acs.analchem.7b04424
https://doi.org/10.1002/jlb.56.5.559
https://doi.org/10.3390/metabo8040058
https://doi.org/10.4049/jimmunol.0803007
https://doi.org/10.1038/nrrheum.2015.171
https://doi.org/10.1038/nri2094
https://doi.org/10.1016/j.cell.2010.03.006
https://doi.org/10.1016/0022-1759(83)90303-4
https://doi.org/10.17730/humo.58.1.k1854516076003p6
https://doi.org/10.1111/j.1600-065X.2008.00635.x
https://doi.org/10.3945/jn.112.172171
https://doi.org/10.1017/S0007114507837421
https://doi.org/10.2179/12-024
https://doi.org/10.1017/S0007114514003924
https://doi.org/10.1017/S0007114514003924
https://doi.org/10.1073/pnas.76.6.2779

Ho et al.

Potential Anti-Inflammatory Properties of Black Walnut

Saraiva, M., and O'garra, A. (2010). The regulation of IL-10 production by immune
cells. Nat. Rev. Immunol. 10 (3), 170. doi: 10.1038/nri2711

Smallie, T., Ricchetti, G., Horwood, N. J., Feldmann, M., Clark, A. R., and Williams,
L. M. (2010). IL-10 inhibits transcription elongation of the human TNF gene
in primary macrophages. J. Exp. Med. 207 (10), 2081-2088. doi: 10.1084/
jem.20100414

Smolen, J. S., and Aletaha, D. (2015). Rheumatoid arthritis therapy reappraisal:
strategies, opportunities and challenges. Nat. Rev. Rheumatol. 11 (5), 276. doi:
10.1038/nrrheum.2015.8

Tautenhahn, R., Patti, G. J., Rinehart, D., and Siuzdak, G. (2012). XCMS Online: a
web-based platform to process untargeted metabolomic data. Anal. Chem. 84
(11), 5035-5039. doi: 10.1021/ac300698¢

Vogel, C. E, Garcia, J., Wu, D., Mitchell, D. C., Zhang, Y., Kado, N. Y.,
et al. (2012). Activation of inflammatory responses in human U937
macrophages by particulate matter collected from dairy farms: an in vitro
expressionanalysis of pro-inflammatory markers. Environ. Health 11, 17.
doi: 10.1186/1476-069X-11-17

Vu, D. C,, Vo, P. H., Coggeshall, M. V., and Lin, C. H. (2018). Identification and
characterization of phenolic compounds in black walnut kernels. J. Agric. Food
Chem. 66 (17), 4503-4511. doi: 10.1021/acs.jafc.8b01181

Williams, R. D. (1990). “Juglans nigra L., black walnut,” in Silvics of North America,
vol. 2 . Eds. R. M. Burns and B. H. Honkala (Washington, D.C., USA: U. S.
Department of Agriculture, Forest Service), 391-399.

Willis, L. M., Bielinski, D. E, Fisher, D. R., Matthan, N. R., and Joseph, J. A.
(2010). Walnut extract inhibits LPS-induced activation of BV-2 microglia
via internalization of TLR4: possible involvement of phospholipase D2.
Inflammation 33 (5), 325-333 doi: 10.1007/s10753-010-9189-0.

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

At least a portion of this work is authored by Mark V. Coggeshall on behalf of the U.S.
Government and, as regards Dr. Coggeshall and the U.S. Government, is not subject to
copyright protection in the United States. Foreign and other copyrights may apply. This is
an open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Pharmacology | www.frontiersin.org

11

September 2019 | Volume 10 | Article 1059


https://www.frontiersin.org/journals/pharmacology#articles
https://www.frontiersin.org/journals/pharmacology/
www.frontiersin.org
https://doi.org/10.1038/nri2711
https://doi.org/10.1084/jem.20100414
https://doi.org/10.1084/jem.20100414
https://doi.org/10.1038/nrrheum.2015.8
https://doi.org/10.1021/ac300698c
https://doi.org/10.1186/1476-069X-11-17
https://doi.org/10.1021/acs.jafc.8b01181
https://doi.org/10.1007/s10753-010-9189-0
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Black Walnut (Juglans nigra) Extracts Inhibit Proinflammatory Cytokine Production From Lipopolysaccharide-Stimulated Human Promonocytic Cell 
Line U-937

	Introduction

	Materials and Methods

	Statistical Analysis


	Results

	Discussion

	Conclusion

	Data availability

	Author Contributions

	Acknowledgments

	Supplementary Material

	References



