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ABSTRACT The impact of chronic inflammatory conditions on immune function is substantial, and the simultaneous
application of anti-inflammatory and immune modulating modalities has potential for reducing inflammation-induced immune
suppression. Sorghum-based foods, teas, beers, and extracts are used in traditional medicine, placing an importance on
obtaining an increased understanding of the biological effects of sorghum. This study examined selected anti-inflammatory
and immune-modulating properties in vitro of Jobelyn™, containing the polyphenol-rich leaf sheaths from a West African
variant of Sorghum bicolor (SBLS). Freshly isolated primary human polymorphonuclear (PMN) and mononuclear cell subsets
were used to test selected cellular functions in the absence versus presence of aqueous and ethanol extracts of SBLS. Both
aqueous and nonaqueous compounds contributed to reduced reactive oxygen species formation by inflammatory PMN cells,
and reduced the migration of these cells in response to the inflammatory chemoattractant leukotriene B4. Distinct effects were
seen on lymphocyte and monocyte subsets in cultures of peripheral blood mononuclear cells. The aqueous extract of SBLS
triggered robust upregulation of the CD69 activation marker on CD3 — CD56 + natural killer (NK) cells, whereas the ethanol
extract of SBLS triggered similar upregulation of CD69 on CD3 + CD56+ NKT cells, CD3 + T lymphocytes, and monocytes.
This was accompanied by many-fold increases in the chemokines RANTES/CCLS, Mip-12/CCL3, and MIP-15/CCL4. Both
aqueous and nonaqueous compounds contribute to anti-inflammatory effects, combined with multiple effects on immune cell
activation status. These observations may help suggest mechanisms of action that contribute to the traditional use of sorghum-
based products, beverages, and extracts for immune support.
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INTRODUCTION

C HRONIC INFLAMMATION HAS A KNOWN negative impact
on immune defense mechanisms,! and is an underlying
phenomenon for many health problems. Treatment modali-
ties involving anti-inflammatory intervention are discussed
for improved outcomes in antibacterial, antiviral, and anti-
cancer treatments. The inflammatory response is essential
to survival, but needs to be regulated; if unsuccessfully
resolved, the chronic situation affects many aspects of im-
mune, metabolic, hormonal, neurological, and cardiovas-
cular health.*?

The modulation of inflammatory status by bioactive
consumables, particularly those present in common and
traditional medicinal foods, is becoming an increasingly
important factor in global preventive health management.
Chronic inflammation is linked to metabolic diseases and
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obesity, and altered cell-mediated immune responses are
affected by multiple mechanisms, due in part to a positive
feedback loop between local inflammation in adipose tissue
and dysregulated immune cell activation and production of
pro-inflammatory mediators, such as leptin.* As obesity
continues to rise, representing malnutrition and metabolic
disease, it is suggested that specific food components may
exert specific immune regulatory effects.” The geographical
areas of the world with the biggest obesity problems overlap
with the areas with the most people suffering from HIV,
cancers, and cardiovascular disease. Therefore, at a global
level, anti-inflammatory intervention, in conjunction with
immune supportive modalities, may help reduce chronic
inflammation and improve immune defense mechanisms.

Despite improved medical interventions, infectious dis-
eases still take a toll. This involves acute bacterial, parasitic,
and viral infections, as well as chronic infections, such as
HIV, hepatitis, and many other chronic viral diseases. In-
creased bacterial resistance to antibiotic treatments has led
to restrictions on the use of antibiotics, and support of im-
mune function remains a fundamental factor.
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Sorghum is a food grain that is grown across America,
Africa, and Asia in areas that are too hot and dry to grow
other grains and corn. Sorghum species are known to have a
high content of antioxidants, including simple phenolic
acids, as well as polyphenols, particularly 3-deoxyantho-
cyanidins, such as luteolinidin and apigenidin.®’ The high
content of these antioxidant compounds are present in
sorghum-based beers and contribute to the inhibition of lipid
peroxidation during mashing and boiling.® The leaf sheath
has a different chemical composition than the leaf blade.’
The sorghum leaf sheaths have a high concentration of di-
meric 3-deoxy-anthocyanidins.!®!! Sorghum extracts have a
strong chemoprotective potential and inhibit proliferation of
gastrointestinal cancer cell lines, and these effects are par-
tially independent of their antioxidant content.'> The anti-
cancer properties of sorghum are due in part to the high
content of 3-deoxyanthocyanidins.'?

In addition to the high content of anti-inflammatory
phenolic compounds, sorghum contains several groups of
bioactive compounds with the capacity to induce pro-
inflammatory immune responses. Water-soluble beta-glucans
are found in sorghum'* that showed biologically active beta-
glucans capable of initiating macrophage activation.

Sorghum seeds contain an antiviral peptide, shown to inhibit
infection, replication, and spread of several viruses, including
Herpes simplex and to a lesser extent the nonenveloped polio
virus.' It is not known whether some of the effect involves
activation of immune defense mechanisms or are targeted di-
rectly at the virus envelope. It is also not known whether this or
similar peptides are found in other parts of the plant.

Sorghum is used in traditional medicine in developing
countries, including primary care of anemia,'®!” cancer, and
a variety of infectious diseases, including viral diseases. An
aqueous extract from sorghum leaf sheaths has hepatopro-
tective and hematopoietic effects,'® including the generation
and hemoglobin-content of erythrocytes'?; it is not known if
this effect extends to other cell types produced in the bone
marrow, such as, for example, natural killer (NK) cells.
Sorghum is also used to help alleviate chronic pain, and an
extract from the leaf base was shown to have central anti-
nociceptive properties.’

In this study, we tested dried Sorghum bicolor leaf
sheaths (SBLS) domesticated from a wild variety that is
native to west Africa. This variety has been in use for cen-
turies as traditional medicinal food by people of south-
western Nigeria. It differs from other varieties of S. bicolor
in the intense dark brown pigmentation present. The bo-
tanical material is a proprietary blend of SBLS from the sub-
Saharan belt in west Africa. SBLS is harvested, processed,
packaged, and supplied under the trade name Jobelyn™ by
Health Forever Products Inc. (Lagos, Nigeria) and Hains
Herbal Products LLC (Gaithersburg, MD, USA). To better
understand the contribution of various effects of S. bicolor
on the immune system, as a mechanism of action for many
of the traditional uses, we evaluated the biological effects of
both aqueous and nonaqueous extracts from a west African
SBLS extract in selected bioassays addressing effects on
inflammatory cells and immune cell activation status.

MATERIALS AND METHODS
Reagents, dyes, and monoclonal antibodies

The following buffers and reagents were obtained from
Sigma-Aldrich (St. Louis, MO, USA): Histopaque 1077 and
1119, phosphate-buffered saline (PBS), the RPMI-1640
culture medium, fetal calf serum, L-glutamine 200 mM,
penicillin—streptomycin 100X solution, fibronectin, and
bovine serum albumin. CD3-PerCP, CD56-PE, and CD69-
FITC were obtained from BD Biosciences (San Jose, CA,
USA). Sodium azide (NaN3) was obtained from LabChem
Inc. (Pittsburgh, PA, USA). Leukotriene-B4 (LTB4) was
obtained from Cayman Chemicals (Ann Arbor, MI, USA).
The precursor dye DCF-DA was from Molecular Probes
(Eugene, OR, USA).

S. bicolor source and handling

The botanical material was produced from SBLS from the
sub-Saharan belt in west Africa. SBLS was harvested, pro-
cessed, and supplied under the trade name Jobelyn™ by
Health Forever Products Inc. To prepare sterile liquid
fractions of the product suitable for addition to live cell
cultures, 0.5 grams of the leaf sheath powder was added to
5 mL physiological saline for the aqueous extraction meth-
od, and to SmL 50% ethanol for the ethanol extraction
method, in 15-mL vials. The vials were vortexed and placed
on a rocker at room temperature for 1h. Solids were re-
moved by centrifugation at 900 g for 10 min, and the re-
sulting liquid extracts further diluted in physiological saline.
The liquid extracts were filtered through a 0.22 micron
cellulose acetate filter to produce a sterile stock solution,
from which serial dilutions were made in physiological sa-
line. The serial dilutions added to live cell cultures were
such that no more than 0.5% of ethanol was present in cell
cultures. This dose of ethanol was considered to have no
physiological effect in the assay, as verified by previous
control tests.

Antioxidant capacity

The antioxidant capacity was evaluated by a panel of
chemical oxygen radical absorbance capacity (ORAC) tests,
each targeted at measuring the quenching of specific oxi-
dative reactions. There are five predominant reactive species
found in the body: peroxyl radicals, hydroxyl radicals,
peroxynitrite, super oxide anion, and singlet oxygen. Total
ORAC provides a measure of the total antioxidant power of
a food/nutrition product against the five predominant reac-
tive species. Testing was performed at Brunswick Labora-
tories (Southborough, MA, USA).

Cellular antioxidant protection

The cellular antioxidant protection assay using erythro-
cytes (CAP-e) was performed according to the method
published by Honzel et al.,*! but using an accelerated and
more sensitive microplate-based protocol. Briefly, a red
blood cell suspension was prepared for the CAP-e assay by
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adding 0.1 mL packed red blood cells to 10 mL physiolog-
ical saline (pH 7.4) in a V-bottom 96-well microplate. Six
wells served as negative controls (no oxidative damage was
induced) and six wells served as positive controls (maxi-
mum oxidative damage in the absence of any antioxidants).
Gallic acid was used as a standard reference compound.
Serial dilutions of either the aqueous extract or the ethanol
extract were tested in duplicate. The level of ethanol in the
cellular CAP-e assay was below 0.2%. Levels of ethanol
below 2% do not affect the CAP-e assay, so the amount of
ethanol in the test was considered negligible. The cells were
incubated for 20 min to allow antioxidants to enter into the
cells. Unabsorbed compounds were subsequently removed
from the cells by two washes in physiological saline. Cell
pellets were resuspended and lysed in water, and the pre-
cursor dye DCF-DA was added to the wells for 15 min.
Oxidative damage was induced by AAPH for 1 h. The green
fluorescence intensity, as a measurement of oxidative
damage, was recorded at 488 nm using a Tecan SpectraFluor
plate reader (Durham, NC, USA). The cellular antioxidant
protection was calculated as the inhibition of oxidative
damage reflected by the reduced fluorescence intensity in
the wells, where the cells were pretreated with test products,
compared to the baseline (negative controls) and maximum
oxidative damage (positive controls).

Purification of polymorphonuclear and peripheral blood
mononuclear cells

Healthy human volunteers between the ages of 18 and 65
years served as blood donors after written informed consent
was obtained, as approved by the Sky Lakes Medical Center
Institutional Review Board (FWA2603). Isolation of pe-
ripheral blood mononuclear cells (PBMC) and polymor-
phonuclear (PMN) cells was performed as previously
described.?>?* The PMN cells were used for evaluation of
anti-inflammatory activity in assays for production of re-
active oxygen species (ROS) and migratory response to the
inflammatory mediator LTB4. PBMC were used to establish
lymphocyte cultures for the evaluation of phenotypic
changes associated with immune modulation by the test
product.

Evaluation of ROS formation in PMN cells

The PMN cells were incubated at 37°C, 5% CO, for
90 min, either untreated or treated with serial dilutions of
SBLS aqueous or ethanol extracts. A stock solution of the
precursor dye DCF-DA was prepared by adding 0.18 mL
dimethyl sulfoxide to a 50-ug aliquot of DCF-DA. A work-
ing solution was then prepared by adding 0.01 mL stock to
10mL PBS. The PMN cells were washed twice in PBS to
remove any unbound and unabsorbed compounds from the
test product. The cells were resuspended in the DCF-DA
working solution, and incubated for 1 h at 37°C to allow for
the precursor dye to get absorbed into the PMN cells. All
samples, except for the triplicate negative control samples,
were then exposed to 167 mM H>O, for 45 min to induce
severe oxidative stress. Samples were washed twice in PBS

to remove the peroxide, transferred to the cold RPMI 1640
medium, and stored on ice in the dark. The DCF-DA fluo-
rescence intensity was immediately analyzed by flow cy-
tometry. Data were collected in triplicate for controls and
for each dose of the SBLS extracts. The mean fluorescence
intensity of PMN cells was compared between untreated,
H,0,-treated, and extract-pretreated cells. A reduction in
mean fluorescence intensity in samples pretreated with test
products before challenge with H>O» indicated that the test
product was able to reduce the ROS formation in PMN cells.

Migratory response to the inflammatory mediator LTB4

The PMN cell is a highly active and migratory cell type.
The effect of exposure of PMN cells to the SBLS extracts on
migration toward the inflammatory chemoattractant LTB4
was tested. The following experimental model was per-
formed in quadruplicate for each control and treatment.
Cells were incubated with serial dilutions of SBLS aqueous
or ethanol extracts for 10 min. The top compartments of
Millipore transwell (3.0-um pore size) migration plates were
coated with 50 pug/mL Fibronectin for 30 min. Meanwhile,
RPMI 1640 with LTB4 (12nM) was added to the bottom
chamber wells of the transwell migration plate in a volume
of 150 uL. Fibronectin was removed from the top wells by
aspiration before plating of cells. Fifty microliters of cells
(1x106/mL) was plated in the top chambers, and the top
chamber plate was then lowered into the bottom plate and
allowed to incubate for 4 h at 37°C. After the incubation, the
top chambers were removed, and the relative number of
cells that had migrated to the bottom chambers was evalu-
ated by staining with CyQuant®. Fluorescence intensity was
measured in a Tecan Spectrafluor fluorescence plate reader.
Samples were assayed in quadruplicate and experiments
repeated 3 times using PMN cells from different donors.

PBMC cultures for immunostaining and flow cytometry

To evaluate the activation status of NK cells, T lym-
phocytes, and monocytes, multiparameter flow cytometry
was performed to allow electronic gating on CD3 — CD56 +
NK cells, CD3+ T cells, and high forward/side scatter
monocytes. These electronic gates were then followed by
evaluation of the expression level (mean fluorescence in-
tensity) of the CD69 activation marker on each cell type.
Freshly isolated PBMC were plated in sterile U-bottom 96-
well culture plates (Nunc, Roskilde, Denmark) and exposed
to serial dilutions of SBLS aqueous or ethanol extracts for
18h. Cells were transferred to V-bottom 96-well plates
(Nunc), washed, and resuspended in PBS buffer containing
1% bovine serum albumin and 0.02% NaNs3; monoclonal
antibodies were added and incubated in the dark at room
temperature for 10 min. The monoclonal antibodies were
CD3-PerCP (red), CD56-PE (orange), and CD69-FITC
(green). The amounts used for each monoclonal antibody
was previously titrated to provide optimal staining. The cells
were washed and resuspended in 0.05 mL PBS buffer con-
taining 0.02% NaN3 and transferred into 5S-mL Falcon tubes
each containing 0.4 mL of 1% formalin in PBS. Samples
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TABLE 1. CONTENT AND PROPERTIES OF FLAVONES IN THE WEST AFRICAN SORGHUM BICOLOR LLEAF SHEATHS

ug’s Rings Phenolic class Solubility in water Solubility in ethanol
Naringenin 130 3 Flavanone Almost insoluble Yes
Apigeninidin 39,900 3 3-deoxyanthocyanidin
Luteolinidin 450 3 3-deoxyanthocyanidin
Apigenin 6910 3 Flavone
Luteolin 570 3 Flavone Almost insoluble Yes

were acquired by flow cytometry using a FACSCalibur
cytometer (Becton-Dickinson, San Jose, CA, USA). Ana-
lysis was performed using the FlowJo (Tree Star Inc.,
Ashland, OR, USA) software.

Cytokine analysis

PBMC treated with the ethanol extract of SBLS were
prepared as indicated above and plated in a flat bottom 96-
well plate (Costar Corning, NY, USA). All reagents were
prepared and the assay was executed according to the Human
Cytokine Magnetic 25-Plex Panel assay guidelines (Life
Technologies, Carlsbad, CA, USA). A standard curve was
created using three different concentrations of standards.
Culture supernatants were tested in duplicate as follows: two
samples from untreated cell cultures as controls, two samples
from cell cultures exposed to 111 mg/L of the ethanol extract,
and two samples from cell cultures exposed to 37 mg/L of the
ethanol extract. A blank was also used to control for back-
ground fluorescence. Results were read using a Luminex-
MagPix instrument (Applied Biosystems, Foster City, CA,
USA). Data were analyzed using Microsoft Excel.

Statistical analysis

Statistical analysis was performed using Student’s f-test.
Levels of statistical significance between data sets were
significant if the P value was less than .05, highly significant
if P<.01, and a very high level of significance if P<.001.

RESULTS

Anti-inflammatory effects and antiviral immune support

Antioxidant capacity and cellular protection. The west
African SBLS was tested for antioxidant capacity in a panel
of chemical antioxidant assays and also tested in the CAP-e
assay. The importance of testing in both chemical and
cellular assays stems from the observation that many com-

TABLE 2. ANTIOXIDANT CAPACITY OF THE WEST AFRICAN
SORGHUM BICOLOR LEAF SHEATHS

(umol TE/g)

Antioxidant power against peroxyl-free radicals 3549
Antioxidant power against hydroxyl-free radicals 18,387
Antioxidant power against peroxynitrite 269
Antioxidant power against superoxide anion 11,417
Antioxidant power against singlet oxygen 4000

Total oxygen radical scavenging capacity (ORAC) 37,622

pounds with chemical antioxidant capacity are not always
able to enter and protect living cells. SBLS was found to
contain high amounts of anthocyanidins, including the two
3-deoxyanthocyanidins apigenidin and luteolinidin, and a
total content per dry weight of 3-deoxyanthocyanidins ex-
ceeding 40,000 ug/g, equaling over 4% of the dry weight
(Table 1). SBLS was shown to have a very high chemical
antioxidant capacity of 37, 622 uM Trolox equivalents/gram
(Table 2), where the strongest capacities for quenching free
radicals were seen for hydroxyl-free radicals and superoxide
anion. In parallel, aqueous and ethanol extracts of SBLS
were compared in the CAP-e bioassay, where both provided
significant protection of cellular damage at a dose of
270 mg/L (Fig. 1). At lower doses, the antioxidant protection
in the CAP-e assay was below the level of detection.

ROS formation by PMN cells

PMN cells are capable of rapid formation of ROS in re-
sponse to inflammatory stimuli. The produced ROS serves
both as antimicrobial defense mechanisms and also accel-
erates an inflammatory response. When ROS production
was induced in PMN cells previously treated with the
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FIG. 1. Cellular antioxidant protection from oxidative damage.
Aqueous and ethanol extractions of the Sorghum bicolor leaf sheaths
(SBLS) were compared in the cellular antioxidant protection using
erythrocytes (CAP-e) assay at a dose of 270mg/L. The level of
ethanol in the cellular CAP-e assay was below 0.2%. Levels of eth-
anol below 2% do not affect the CAP-e assay, so the amount of
ethanol in the test was considered negligible. The ethanol extract
provided better protection than the aqueous extract, but both fractions
were able to provide significant protection of intracellular oxidative
damage when comparing levels of cellular damage between cultures
with and without SBLS extract (*P <.05).
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FIG. 2. Formation of reactive oxygen species (ROS) in polymor-
phonuclear (PMN) cells. Freshly isolated primary human PMN cells
were either untreated or pretreated with serial dilutions of SBLS
aqueous or ethanol extracts, then cultured under conditions of oxi-
dative stress to provoke intracellular ROS formation. All test condi-
tions were performed in quadruplicate. The data are shown as
meant SD and represent one of three separate experiments using
cells from three different donors (*P <.05).

ethanol extract of SBLS at doses ranging from 0.1 to 10 mg/
L, significant reduction in ROS formation was seen when
compared to the level of ROS induction in untreated cells
(P <.05; Fig. 2). The inhibitory effect by the aqueous extract
was slightly milder, and only the doses 0.1 and 10 mg/L
reached statistical significance.

Effect on migratory behavior of PMN cells toward
the inflammatory chemoattractant LTB4

The PMN cell population contributes 50%—-70% of cir-
culating white blood cells. The cells are capable of rapidly
entering an activated state where they migrate toward che-
moattractants of either microbial or inflammatory nature.
The effect of SBLS on the migration of PMN cells in re-
sponse to the inflammatory chemoattractant LTB4 was
evaluated, where both the aqueous and ethanol extracts were
compared over a dose range of 0.1 ug/L-1g/L. A strong
inhibition of PMN migration toward LTB4 was seen at the
dose range of 100-1000 mg/L, but even at lower doses of
SBLS, a significant reduction in PMN migration was seen,
remaining significantly lower than untreated cells at
0.001 mg/L (P <.05; Fig. 3).

Effect on activation of NK cells, NKT cells, T cells,
and monocytes using the cell surface marker CD69

The NK cells in blood circulation are characterized as
CD3— CD56+ lymphocytes, and are predominantly nega-
tive for the activation marker CD69. Given appropriate test
stimuli, CD69 expression will increase and correlates to
increased cytotoxic capacity.>* The treatment of PBMC
cultures with aqueous and ethanol extracts of SBLS showed
that the aqueous extract induced a strong increase in CD69
expression on CD3 — CD56+ NK cells (at 100-1000 mg/L:
P <.05; Fig. 4). In contrast, a significant effect on NK cells
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FIG. 3. Migration of PMN cells toward the inflammatory che-
moattractant leukotriene B4 (LTB4). Freshly isolated primary human
PMN cells were either untreated or pretreated with serial dilutions of
SBLS aqueous or ethanol extracts, then added to the top chambers of
trans-well migration plates. LTB4 was added to the bottom chambers,
except in negative control wells. All test conditions were performed
in quadruplicate. The data are shown as mean=® SD and represent one
of three separate experiments using cells from three different donors
(*P<.05).

by the ethanol extract was only seen at the highest dose used
(1000 mg/L).

In contrast, the ethanol extract provoked a strong increase
in CD69 expression on CD3+ CD56+ NKT cells (at
333-1000 mg/L: P <.05), whereas the aqueous extract only
induced a milder effect at the same doses (Fig. 5). This
parallels what was seen for CD3+ T cells (Fig. 6). Thus,
different compounds in SBLS are responsible for the acti-
vation of NK versus NKT and T cells.

In addition, the expression level of CD69 on the monocyte
population, as distinguished by its forward/side scatter prop-
erties during flow cytometry analysis, was affected by both the
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FIG. 4. Expression of the CD69 activation marker on CD3—
CD56 + natural killer (NK) cells. Peripheral blood mononuclear cells
(PBMC) were cultured for 18 h in the absence (baseline) or presence
of either an aqueous extraction or an ethanol extraction from SBLS.
The aqueous extract triggered a significant, dose-dependent increase
in expression of the CD69 activation marker on NK cells. For data
points where CD69 expression on treated cell cultures was signifi-
cantly higher than on untreated cells (baseline, 4.36+0.43), this is
indicated (*P <.05). Conditions were assayed in triplicate, and the
results shown are mean=tSD values from a representative of three
separate experiments using PBMC from three different donors.
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FIG. 5. Expression of the CD69 activation marker on CD3+
CD56+ natural killer T (NKT) cells. PBMC were cultured for 18 h in
the absence (baseline) or presence of either an aqueous extraction or
an ethanol extraction from SBLS. The aqueous extract triggered a
mild, but significant increase in expression of the CD69 activation
marker on NKT cells. The ethanol fraction triggered a robust, dose-
dependent increase in the CD69 expression on NKT cells. For data
points where CD69 expression on treated cell cultures was signifi-
cantly higher than on untreated cells (baseline, 4.05+0.17), this is
indicated (*P <.05). Conditions were assayed in triplicate, and the
results shown are meanxSD values from a representative of three
separate experiments using cells from three different donors.

aqueous and ethanol extracts from SBLS (Fig. 7). CD69 is
constitutively expressed on human monocytes; however,
treatment with SBLS extracts led to significant increases in
expression (P<.05). The ethanol extract produced a more
robust, dose-dependent response than the aqueous extract.

Effect on cytokine/chemokine expression

The changes in cytokine levels were tested using a human
25-plex Luminex panel. Fifteen of the 25 cytokines and
chemokines showed an increase in cell cultures treated with
an ethanol extract of SBLS (111 mg/L). The changes in
mean fluorescence intensity as well as the calculated levels
(ng/mL) are shown for these cytokines in Table 3. The most
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FIG. 6. Expression of the CD69 activation marker on CD3+ T
cells. PBMC were cultured for 18h in the absence (baseline,
1.34£0.01) or presence of either an aqueous extraction or an ethanol
extraction from SBLS. The ethanol extract triggered a significant,
dose-dependent increase in expression of the CD69 activation marker
on T cells. Conditions were assayed in triplicate, and the results
shown are mean® SD values from a representative of three separate
experiments using cells from three different donors.
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FIG. 7. Expression of the CD69 activation marker on monocytes.
PBMC were cultured for 18 h in the absence (baseline, 11.56+0.30)
or presence of either an aqueous extraction or an ethanol extraction
from SBLS. The aqueous extract had a minor, but significant effect
on monocytes. In contrast, the ethanol extract triggered a significant,
dose-dependent increase in expression of the CD69 activation marker
on monocytes. Conditions were assayed in triplicate, and the results
shown are mean+ SD values from a representative of three separate
experiments using cells from three different donors.

robust increases were seen for IL-6, MCP-1, MIP-1«, and
MIP-1p.

DISCUSSION

The unique properties of the west African SBLS reported
here go beyond a simple content of antioxidant polyphenols
and water-soluble proinflammatory glucans. The com-
plexity is illustrated by the presence of antioxidants and
anti-inflammatory compounds in both the aqueous and
ethanol-based extracts, as well as the presence of immune
modulating compounds with selectively different biological
effects in the aqueous versus ethanol-based extracts. For
example, select ethanol soluble sorghum bran fractions have
been demonstrated to inhibit the pro-inflammatory cyto-
kines IL-18 and TNF-o in vitro.?> In addition, the antioxi-
dant protection capacity of the leaf sheaths from SBLS is
many-fold higher than that reported for cereal grains and
vegetables (Table 2).%° At least some of the antioxidants are
able to enter into and protect live cells from oxidative
damage, as shown by the CAP-e bioassay. Beyond the
simple antioxidant cellular bioavailability, anti-inflamma-
tory action was seen at much lower doses than the cellular
antioxidant protection measured in the CAP-e assay, indi-
cating complex cellular signaling by both aqueous and
nonaqueous compounds in SBLS. Previous work®' has
elucidated the relative advantages and disadvantages of
differing assays that could be used to characterize the anti-
oxidant properties of SBLS. ORAC is a natural assay for
determining the antioxidant potential of SBLS at the basic
chemistry level. The cell-based antioxidant protection in an
erythrocyte model (CAP-e) assay is better suited for cap-
turing antioxidant protection of SBLS within a cellular en-
vironment, but without eliciting complex signaling and
inflammatory pathways. The ROS formation in PMN cells
assay may be better suited to studying such signaling and
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TABLE 3. CHANGES IN CYTOKINE LEVELS AFTER EXPOSURE OF PERIPHERAL BLOOD MONONUCLEAR CELLS TO SBLS ETHANOL EXTRACT

Target MFI (untreated)* MFI (SBLS)® Fold change® Concentration (ng/mL)*
IL-1p5 1.00 9.00 9 <12.07
IL-1R« 2.50 21.00 8 72.58
IL-6 6.50 1129.50 174 430.68
1L-7 0.75 4.75 6 16.73
CXCLS8 1IL-8 660.25 8511.50 13 >388.9
CSIF 1IL-10 0.50 7.50 15 <30.25
IL-12 2.50 11.50 5 13.08
1IL-13 0.50 2.50 5 <8.78
IL-15 1.00 8.50 9 <11.61
CCL2 MCP1 13.00 1890.25 145 >592.51
CCL3 MIP-1« 0.50 120.50 241 62.97
CCL4 MIP-1f 2.50 418.75 168 127.27
CCL5 RANTES 156.00 337.25 2 94.84
IFN-o 1.00 12.00 12 33.38
CXCL10 1P10 1.00 5.50 6 <1.62

No change: IL-2, IL-2R, IL-4, IL-5, IL-17, eotaxin/CCL11, GM-CSF, IFN-y, MIG/CXCL9, TNF-o.

“Cytokine levels in untreated cell cultures.
°SBLS ethanol extract (111 mg/L).
“Calculated from net mean fluorescence intensity (MFI) data.

dCalculated from the standard curves for the Luminex array. Concentrations reflect treatment with SBLS.

SBLS, Sorghum bicolor leaf sheaths.

inflammatory pathways.?”-*® Antioxidant assays that employ
malignant or transformed cell lines (e.g., hepatocarcinoma)
may not serve as a good model for such an evaluation due to
the complex nature of genomic instability present in such
cell lines. Data generated in assays using cells of such
complexity and dysregulation does not allow for conclusive
interpretation pertaining to a test product’s antioxidant ca-
pacity, as cellular signaling and life/death decisions are
additional factors affecting the total free radical levels.

The data presented here show three different anti-
inflammatory activities: Reduced production of free radicals
by PMN cells, reduced migratory responsiveness toward
the inflammatory chemoattractant LTB4 and induction of
several anti-inflammatory cytokines. The previously pub-
lished proinflammatory effects of water-soluble beta-
glucans in sorghum,'* are therefore only one part of the
overall biological effects, and we suggest that other com-
pounds are responsible for the anti-inflammatory effect re-
ported here. Antiviral effects (traditional medicine) linked
to the use of hot teas made from sorghum, may be explained
in part by the NK cell-activating properties associated with
the aqueous extract.?*-*°

The CD56 cell surface molecule is also called the neural
cell adhesion molecule, and is expressed on almost all cir-
culating NK cells in the blood, and only on a minor subset of
CD3+ T cells. The CD3+ CD56+ T cell phenotype is
associated with increased MHC-unrestricted antitumor ac-
tivity, and the adoptive transfer of such cells as part of im-
munotherapy for treatment of solid tumors is currently
subject for discussion.®' The cell type has also been reported
to play a role in recognition of bacterial super-antigens and
attenuated vaccines.>” The activation of human CD3+
CD56+ T cells by the SBLS ethanol extract suggests that
SBLS contains compounds capable of supporting immune

defense reactions toward transformed cells, as well as pos-
sibly support certain types of vaccine responses. Since this
was tested on PBMC cultures, we cannot conclude whether
this was a direct effect on T cells, or whether SBLS acted on,
for example, monocytes, and that the activation was cyto-
kine mediated.

Human monocytes constitutively express CD69 cell sur-
face molecules. The present study indicates that SBLS up-
regulates CD69 expression. Monocytes differentiate and
become active through several known pathways, depending
on the environmental signals present. For example, it has
been shown that exposure to certain cytokines can shift
differentiation of monocytes from dendritic cells to acti-
vated macrophages.* Similarly, it may be possible that el-
evated CD69 expression may influence differentiation and
activation of monocytes. Additional data also support this
hypothesis.>* Further research is warranted to investigate
the relationship between CD69 expression and monocyte
activation.

Several cytokines showed increased expression in this
assay, including some that showed a multifold increase in
expression. Particularly noteworthy was the increase in
RANTES/CCLS5, MIP-10/CCL3, and MIP-1p/CCL4, since
these chemokines have previously been implicated in sup-
pression of HIV activity.?® Other effects included many-fold
increases in both pro- and anti-inflammatory cytokines. The
increased secretion of the proinflammatory cytokine IL-6
was one of the most robust changes with a 174-fold
increase compared to untreated cells. Other affected proin-
flammatory cytokines, included IL-1f and IL-8. The anti-
inflammatory cytokines, IL-10 and IL-13, were upregulated
5-15-fold in culture supernatants treated with the SBLS
ethanol extract. Interferon-alpha (IFN-«) production was
increased 12-fold, and since this cytokine has a dual action
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as both a pro- and anti-inflammatory regulating factor, this
suggests that a sequence of events orchestrate the immune
actions in response to SBLS.

Thus, both the cellular activation events seen among
multiple cell types and the secreted cytokines point to a
complex effect of SBLS. Our current hypothesis suggests
that SBLS contains compounds that directly activate
monocytes, both to express CD69 and to secrete a complex
profile of cytokines that, in turn, help activate T cells.
Further work is needed to differentiate which cytokines are
contributed directly from an effect of SBLS onto mono-
cytes, NK cells, and T cells, and which effects require
a concerted interaction between these cell types. The
complex and highly selective effects of water-based and
ethanol-based extracts suggests multiple, potentially syn-
ergistic, active compounds. The work presented here re-
flects in vitro testing on human cell subsets, and therefore
cannot be directly translated to conclude whether ingestion
of SBLS may trigger similar immune modulating effects
in vivo. The data suggest that there may be value in eval-
uating anti-inflammatory and immune modulating effects
in clinical studies, which may also help explain the tradi-
tional use of sorghum-based products and extracts thereof
in traditional medicine across the world. Given the di-
chotomy of inflammation as a two-edged sword, and the
complex action of SBLS on cytokine profiles, it is possible
that consumption of SBLS may support pro-inflammatory
acute immune defense reactions, while also assisting the
resolution of an inflammatory insult. Such complexity
needs to be addressed in clinical studies in vivo, using
specific models to address acute immune responses to a
controlled challenge, versus chronic viral infections and
inflammatory conditions.
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