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ABSTRACT Inflammation and the presence of pro-inflammatory cytokines are associated with numerous chronic diseases
such as type-2 diabetes mellitus, cardiovascular disease, Alzheimer’s disease, and cancer. An overwhelming amount of data
indicates that curcumin, a polyphenol obtained from the Indian spice turmeric, Curcuma longa, is a potential chemopreventive
agent for treating certain cancers and other chronic inflammatory diseases. However, the low bioavailability of curcumin,
partly due to its low solubility and stability in the digestive tract, limits its therapeutic applications. Recent studies have
demonstrated increased bioavailability and health-promoting effects of a novel solid lipid particle formulation of curcumin
(Curcumin SLCP, Longvida®). The goal of this study was to evaluate the aqueous solubility and in vitro anti-inflammatory
effects of solid lipid curcumin particle (SLCP) formulations using lipopolysaccharide (LPS)-stimulated RAW 264.7 cultured
murine macrophages. SLCPs treatment significantly decreased nitric oxide (NO) and prostaglandin-E, (PGE,) levels at
concentrations ranging from 10 to 50 pg/mL, and reduced interleukin-6 (IL-6) levels in a concentration-dependent manner.
Transient transfection experiments using a nuclear factor-kappa B (NF-xB) reporter construct indicate that SLCPs signifi-
cantly inhibit the transcriptional activity of NF-xB in macrophages. Taken together, these results show that in RAW 264.7
murine macrophages, SLCPs have improved solubility over unformulated curcumin, and significantly decrease the LPS-
induced pro-inflammatory mediators NO, PGE,, and IL-6 by inhibiting the activation of NF-«xB.
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INTRODUCTION

INFLAMMATION AND ASSOCIATED pro-inflammatory pro-
cesses are centrally linked to several chronic human
diseases, including cancer, diabetes, obesity, arthritis, and
cardiovascular and neurodegenerative diseases.'® During
inflammation, macrophages play a critical role in managing
various immunopathological phenomena, including the
overproduction of inflammatory markers such as nitric oxide
(NO), prostaglandin-E> (PGE,), tumor necrotic factor o
(TNFo), and cytokines such as interleukin-6 (IL-6) and
interleukin-1 (IL-15). A number of inflammatory stimuli,
for example, lipopolysaccharides (LPS) and pro-inflamma-
tory cytokines, activate immune cells to produce inflam-
matory mediators, and these are, therefore, useful targets in
the development of novel anti-inflammatory drugs and in the
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evaluation of the molecular mechanisms of potential anti-
inflammatory drugs.”® Thus, dietary agents that can suppress
inflammatory markers, such as plant natural products, can
potentially prevent, delay the onset, and/or treat inflamma-
tion and inflammatory-mediated diseases. A growing body
of research suggests that plant phenolic compounds which
possess antioxidant and anti-inflammatory properties offer
an attractive dietary strategy to combat inflammation and
promote human health and wellness.”'°

Curcumin (diferuloylmethane) is derived from the ground
rhizomes of the Curcuma longa L. plant and is the most
active curcuminoid in the Indian curry spice, turmeric.'!*1?
Curcumin is a lipophilic, water-insoluble, low-molecular-
weight polyphenol (MW =368 g/moL) that has been used for
culinary applications in many parts of the world. In Ayur-
veda, turmeric is widely used to treat a variety of conditions
ranging from infections, wounds, and injuries, and has been
implicated in the prevention of chronic diseases such as
diabetes, asthma, and various inflammatory diseases.!?~!
A vast number of published research studies support a wide
range of pharmacological effects of curcumin, including
anti-oxidant, anti-cancer, anti-Alzheimer’s disease, and
anti-inflammatory effects both in vitro and in vivo.'*'¢ On
a molecular level, curcumin targets many transcription
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factors (including nuclear factor-kappa B [NF-xB], AP-1,
and STAT-3), inflammatory mediators (PGE,, cytokines),
enzymes, growth factors, protein kinases, and cell-cycle
regulatory proteins.'!7-19

Despite the promising health benefits of curcumin, its low
water solubility limits its oral delivery in aqueous-based
formulations that are popular among consumers and widely
used in the nutraceutical and functional food industries.
Moreover, the poor bioavailability and extensive phase-II
metabolism of curcumin are limiting factors for the oral
dosage of unformulated curcumin, which limits its potential
as a preventive and/or therapeutic agent.'®*° Various clin-
ical trials have reported low systemic bioavailability of
curcumin even after oral administration of doses for ap-
proximately 12 g/day.'®! Several research strategies have
been undertaken to improve the bioavailability of curcumin,
including novel drug delivery systems and formulations
such as liposomes, nanoparticles, and phospholipid com-
plexes.!*?? In a clinical study, a combination of curcumin
and piperine, a nonspecific CYP-450 and UGT inhibitor,
resulted in increased curcumin bioavailability, but with an
absorption half life of only 7min.?* Other in vitro studies
suggest that polymer-based nanoparticle formulations of
curcumin, also known as ‘‘nano-curcumin,”” exhibit phar-
macological activity at slightly lower concentrations than
those of pure curcumin in human pancreatic cancer cell
lines.?* However, the potential increase in bioavailability of
these latter formulations is offset by the lack of data and
clinical trials on the safety and metabolism of nanoparticle
formulations in humans.

Recently, a single-dose human pharmacokinetic study of
a standardized novel solid lipid curcumin particle (SLCP)
preparation (commercially available as Longvida®) reported
increased bioavailability compared with a generic curcumin
extract, suggesting the potential for sustained release dos-
age forms of this natural product.> Moreover, acute and
sub-chronic animal toxicity studies by Dadhaniya et al.
demonstrated the safety of the SLCP and the No Observed-
Adverse-Effect Level (NOAEL) was determined to be
720 mg/kg bw/day, which was the highest test dose.”® In
addition, DiSilvestro et al. demonstrated that a low dose
of Longvida (80mg/day) imparted potentially health-
promoting effects in healthy middle-aged humans.?’ In
addition, in a recent investigation, Longvida selectively
suppressed soluble Tau dimers and corrected molecular
chaperone, synaptic, and behavioral deficits in transgenic
mice, suggesting that this curcumin formulation may have
potential beneficial effects against Alzheimer’s disease.?®
However, to date, the effects of this bioavailable curcumin
preparation, namely, Longvida, on inflammation and in-
flammatory biomarkers remain unknown.

The goal of this study was to evaluate the effects of two
novel SLCP preparations using LPS-stimulated RAW 264.7
macrophages, a well-established in vitro anti-inflammatory
model. LPS increases inflammatory markers such as NO,
PGE,, and IL-6. We hypothesized that the standardized
SLCP formulations would block the expression of pro-
inflammatory mediators.

MATERIALS AND METHODS
SLCP formulations and curcumin extract

The SLCP preparation (Longvida, SLCP-1), a solution-
dispersible SLCP preparation (Longvida SD, SLCP-2), and
a curcumin extract (containing 95% curcuminoids) were
provided to our laboratory by Verdure Sciences (Nobles-
ville, IN, USA). The SLCP extracts were produced using
patent-pending methodology as previously described®>?’
and were standardized to contain ~20% curcumin.?>-*
SLCP-1 is a granular powder used for tablets and capsules,
and SLCP-2 is a fine powder intended for use in other
dosage forms. Briefly, turmeric root extract was mixed with
pure phosphatidylcholine, vegetable stearic acid, ascorbic
acid (vitamin C) palmitate, and other inert ingredients. The
formulations were manufactured under cGMP standards and
meet internal and external specifications for precise che-
mical and physical characteristics. The solubility of the two
SLCP formulations and the curcumin extract are shown in
Table 1 (data provided by Verdure Sciences).

Cell culture

RAW 264.7 mouse macrophage cells were obtained from
American Type Culture Collection (ATCC, Manassas, VA,
USA). RAW 264.7 cells were routinely cultured in Dul-
becco’s modified Eagle medium (DMEM) supplemented
with 10% v/v fetal bovine serum (FBS), penicillin (100 U/mL),
and streptomycin (100 pg/mL) (Sigma-Aldrich, St. Louis,
MO, USA) and maintained at 37°C with 5% CO; humidified
air. Stimulated RAW 264.7 cells (1x10°/100 uL) were
treated with LPS (Sigma-Aldrich) with or without different
concentrations of test samples (10, 25, and 50 pug/mL) for
24 h. All test samples were solubilized in dimethyl sulfoxide
(DMSO; Sigma-Aldrich) with a final DMSO concentration
<0.1% in the culture medium. Cell culture supernatants
were collected for NO, PGE2, and cytokine assays.

Cytotoxicity assay

The viability of RAW 264.7 macrophages after 24 h of
continuous exposure to the test samples was determined
by performing colorimetric MTS [3-(4,5-dimethylthiazol-
2-yl)-5-(3-carboxymeth-oxyphenyl)-2-(4-sulphenyl)-2H-
tetrazolium salt] assay (Promega, Madison, CA, USA)
according to the protocol previously described.?® Briefly,

TABLE 1. SOLUBILITY OF CURCUMIN EXTRACT
AND THE SOLID LipID CURCUMIN PARTICLE
FORMULATIONS IN WATER

Solubility
Solubility in water Fold
Test samples in water (%)  (ug/mL)  improvement
Curcumin (unformulated) 0.00006 0.6 1
SLCP-1 (Longvida®) 14 140,000 233,000
SLCP-2 (Longvida) 76 760,000 1,270,000

SLCP, solid lipid curcumin particle.
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after 24 h of treatment, 20 puL. of MTS reagent was added
to each reaction well (in a 96-well format). After 2h of
incubation, the absorbance was measured at 490 nm using
a spectrophotometer (SpectraMax M2; Molecular De-
vices Corp, Sunnyvale, CA, USA).

Nitrite determination

RAW 264.7 macrophages were plated in a 96-well plate
(1 x 105 cells/100 pL) and incubated at 37°C for 24 h. After
24 h, the medium was replaced and the cells were co-treated
with 50ng/mL LPS and different concentrations of the
SLCP formulations (10, 25, and 50 pg/mL) for 24 h at 37°C.
Cells that were not treated with LPS served as a negative
control. After 24 h, the cell culture supernatants were col-
lected and incubated (1:1, v/v) with modified Griess reagent
(1% sulfanilamide in 5% phosphoric acid and 0.1% naph-
thylethylenediamine dihydrochloride in distilled water)
(Sigma-Aldrich) for 20 min at room temperature as previ-
ously described.*® The absorbance at 540 nm was measured
using a spectrophotometer (SpectraMax M2; Molecular
Devices Corp). The nitrite concentration was quantified by
comparison with a sodium nitrite standard curve. The assay
was performed in triplicate for each concentration.

PGE; determination

To evaluate the effects of various concentrations of the
SLCP-1 and SLCP-2 formulations on PGE, levels, PGE2
metabolites accumulated in the cell supernatants were
measured using a PGE2 enzyme-immunoassay (EIA) kit
(Cayman Chemical, Ann Arbor, MI, USA), according to the
manufacturer’s protocol. The assay was performed in trip-
licate for each concentration.

Determination of IL-6

The effects of the SLCP-1 and SLCP-2 formulations on
the production of pro-inflammatory cytokine IL-6 were
determined by Bio-Plex® Multiplex Immunoassays (BioRad
Laboratories, Hercules, CA, USA), as described by the
manufacturer’s instructions. The experiment was performed
in quadruplicate.

Transient transfection and luciferase assay

LPS-induced NF-xB upregulation accounts for a part of
LPS-mediated activation of a variety of inflammatory genes,
and, hence, it is important to identify the effects of SLCP
formulations on the transcriptional activity of NF-xB.3! To
monitor these effects of the two SLCP formulations, RAW
264.7 macrophages were transiently co-transfected with
pNF-xB and pRL-CMYV reporter vectors (Promega) using
GenePORTER® 3000 Transfection Reagent (Genlantis, San
Diego, CA, USA) according to the manufacturer’s protocol.
Briefly, the cells were seeded into 96-well plates (1.2 x 10*
cells/100 pL) in complete medium without antibiotics
(DMEM +10% FBS) and incubated for 24h (~50-70%
confluency). Cells were then treated with the transfection
complexes and incubated for 72h before treatment with

each of the SLCP formulations (10, 25, and 50 pug/mL). LPS
was added after 2h (1 pg/mL). After 5h, cells were lysed
with 20 uL passive lysis buffer and NF-xB activity was
measured as relative firefly/renilla luciferase activity using a
Dual-Luciferase® Reporter Assay System (Promega) with a
GloMax™ 20/20 Luminometer (Promega) according to the
manufacturer’s protocol. All samples were tested in quadru-
plicate. Luciferase activity was recorded as relative light units
and expressed as fold change relative to LPS treatment con-
trol, and the assay was performed using three replicates for
each concentration.

Statistical analysis

All statistical analyses were carried out using the software
program GraphPad Prism Version 5.0 (GraphPad Software,
LaJolla, CA, USA). Experimental data were grouped by one
variable and were analyzed by one-way ANOVA followed
by a Dunnett’s multiple-comparison test. A value of P<.05
was considered significant.

RESULTS
Aqueous solubility of SLCP formulations versus curcumin

Both the SLCP-1 and SLCP-2 formulations were soluble
in water, with SLCP-1 possessing ca. fourteen percent sol-
ubility and SLCP-2 having ca. seventy-six percent solubility
(Table 1). On the other hand, the curcumin extract exhibited
significantly less solubility in water, which was in agree-
ment with the previous data published by Kurien et al.**
Given this solubility data as well as the previously published
data supporting the increased bioavailability of the SLCPs
compared with a generic curcumin extract in humans,? we
proceeded to further evaluate the SLCP formulations in
targeted in vitro bioassays.

Effect of SLCP formulations
on LPS-induced NO production

NO and PGE, are secreted into cell culture supernatant
by RAW 264.7 murine macrophages when they are treated
with LPS. Since NO is highly unstable, the accumulation
of nitrite (a stable oxidized product of NO) in culture media
is often used as a biomarker for NO production in LPS-
activated macrophages.®* An NO assay was used to evaluate
the effect of the SLCP formulations on NO production
as described in the ‘“‘Nitrite determination’ section (see
Materials and Methods). RAW 264.7 cells were incubated
with or without LPS (50 ng/mL) in the presence or absence of
test samples (10, 25, and 50 pg/mL) for 24 h. In LPS-stim-
ulated macrophages, nitrite levels increased significantly to
88.7+6.2 uM as compared with the solvent control (Fig.
l1a). In Figure la, treatment with SLCP formulations sup-
pressed nitrite concentration in LPS-activated macrophages
in a concentration-dependent manner. At 25 ug/mL, both
SLCP formulations significantly decreased medium nitrite to
33.5+4.2 uM and 61.6%+2.0 uM, respectively. At 50 ug/mL,
both SLCP-1 and SLCP-2 inhibited LPS-induced NO
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FIG. 1. Effects of SLCP formulations on: (a) Nitrite and (b) PGE»
production in LPS-stimulated RAW 264.7 cells. Cells were co-treated
with LPS (50 ng/mL) and samples (10, 25, and 50 ug/mL) for 24 h.
SLCP-1 and SLCP-2 inhibited NO and PGE: levels in LPS-stimulated
macrophages in a concentration-dependent manner. Data are ex-
pressed as mean values+SD. ?P<.001 and ®P<.01 indicate a sig-
nificant difference as compared with the LPS-treated group. LPS,
lipopolysaccharide; NO, nitric oxide; PGE,, prostaglandin-E»; SLCP,
solid lipid curcumin particle.

production in macrophages by 100%. No nitrite production
could be detected in cells treated with test samples without
LPS (data not shown).

Effects of SLCP on PGE> production

We next evaluated the effects of SLCP on LPS-induced
PGE: synthesis in RAW 264.7 cells. The same supernatants
were used for measurement of PGE,. After stimulation with
LPS (50ng/mL), PGE, was released into the culture me-
dium and rapidly converted into its metabolite. As shown in
Figure 1b, at 10 pug/mL, SLCP-1and SLCP-2 lowered LPS-
induced PGE, production to about 31% and 25%, respec-
tively. Treatment with 25 pg/mL of SLCP-1 and SLCP-2
significantly suppressed PGE; levels by about 66% and 64%,
respectively; whereas both the test samples at 50 pug/mL
concentration reduced PGE; levels to about 96% as com-
pared with control. The SLCP formulations did not increase
PGE; levels in cells that were not treated with LPS (data not

shown). Thus, our results show that SLCPs inhibited PGE;
production in a concentration-dependent manner in LPS-
stimulated cells. The test samples were not responsible for
altering the viability of activated macrophages as determined
by MTS assay (Supplementary Fig. S1; Supplementary Data
are available online at www.liebertpub.com/jmf). Hence, the
observed effects by the SLCP treatments was not attributed to
cell cytotoxicity.

Effects of SLCPs on the levels of IL-6

LPS induction in macrophages causes the upregulation of
pro-inflammatory cytokines such as 1L-6.>* Consequently,
the effect of varying concentrations of the test samples on
this cytokine was evaluated. LPS treatment significantly
elevated levels of IL-6 (6043 =589.94) in the media (Fig. 2).
IL-6 levels in macrophages treated with the test samples
alone, without LPS, were negligible (data not shown). The
SLCP formulations suppressed IL-6 levels in a concentration-
dependent manner. At 25 and 50 pg/mL of SLCP-1 treat-
ment, IL-6 levels were significantly reduced by 29.4% and
97.4%, respectively. Similarly, treatment with 25, and 50 pg/
mL of SLCP-2 decreased IL-6 production by about 13%,
and 95%, respectively. These data suggested that both SLCP
formulations were effective in lowering IL-6 levels in LPS-
stimulated macrophages.

Effects of SLCP formulations on NF-kB activation

The activation of the transcription factor, NF-«kB is a key
step in stimulating pro-inflammatory signals. Thus, we next
investigated the effect of the SLCP formulations on NF-kB
activity, by transient transfection of macrophages followed
by luciferase assay. After treatment with 1 upg/mL LPS,
the NF-xkB activity of the macrophages was significantly
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FIG. 2. Effects of SLCP formulations on LPS-induced production
of pro-inflammatory cytokine, IL-6, in RAW 264.7 cells. The SLCP
formulations were able to suppress IL-6 levels in a concentration-
dependent manner. Data are expressed as mean values +SD. *P <.001
and “P<.05 indicate a significant difference as compared with the
LPS-treated group. AU, arbitrary units; IL-6, interleukin-6.
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FIG. 3. Effects of SLCP formulations on NF-xB activation in
stimulated RAW 264.7 macrophages. The SLCP formulations sig-
nificantly inhibited the transcriptional activity of NF-xB in LPS-
activated murine macrophages at tested concentrations. Data are
expressed as mean values+SD. *P<.001 indicates a significant dif-
ference as compared with the LPS-treated group.

increased as compared with control (Fig. 3). Treatment with
the SLCPs formulations significantly reduced NF-kB luci-
ferase activity in a concentration-dependent manner, as
shown in Figure 3. NF-«B luciferase activity was decreased
to almost 10-fold with 10 ug/mL of SLCP-1 treatment;
whereas with 10 ug/mL of SLCP-2, the activity was reduced
to about 6-fold as compared with control.

DISCUSSION

Inflammation is a key component in multiple disease
states.>® Based on a review of the literature, the NF-xB
signaling pathway is the predominant upstream molecular
signaling pathway that causes inflammation through en-
hanced cytokine, NO, and prostaglandin production.3®
Several studies in different animal models and in human
trials support the diverse pharmacological effects of cur-
cumin, including anti-proliferative, anti-angiogenic, anti-
oxidant, anti-inflammatory, anti-microbial, hepato-, and
nephro-protective properties.>> The SLCPs are novel pro-
prietary curcumin formulations with improved solubility
and bioavailability compared with generic curcumin.?® In
this study, we investigated the inhibitory effects of the SLCP
treatments on the inflammatory response initiated by LPS in
RAW 264.7 macrophages.

In inflammation, macrophages undergo sequential steps
to release pro-inflammatory mediators such as cytokines,
NO, and PGE.. These molecules recruit other immune cells
to the sites of inflammation. Therefore, inhibition of the
release of these chemicals is a good strategy for monitoring
inflammatory diseases.*>

In this study, we reported that LPS-activated RAW 264.7
murine cells treated with curcumin formulations, namely,
SLCP-1 and SLCP-2 exhibited concentration-dependent
downregulation of NO and PGE, production. These obser-

vations were in agreement with the previous investigations,
which reported the inhibition of NO through the suppression
of inducible NO synthase gene and protein expression by
curcumin in LPS and IFN-y-activated RAW 264.7 macro-
phages.®’% Our study further revealed that the SLCP
treatments on LPS-activated macrophages decreased IL-6
levels in a concentration-dependent manner. It has been
previously demonstrated that there is a reduction in LPS-
induced IL-6 levels with curcumin treatment in macro-
phages.’**® Moreover, it was reported that curcumin
inhibited the LPS-induced NF-kB activation through the
prevention of Inhibitor kB degradation in RAW 264.7
cells.® Thus, the downregulation of NF-xB activation
can be one of the many mechanisms underlying the anti-
inflammatory effects of the SLCPs.

The improved solubility of SLCP formulations compared
with regular curcumin (Table 1) may be due to the amphi-
philic nature of SLCP formulations that utilize phospho-
lipids and other lipids to solubilize curcumin in aqueous
solutions. In previous studies, similar types of formulations
contributed to the creation of micelle-type physical struc-
tures that permit increased dissolution of lipophilic com-
pounds. SLCP-1 and SLCP-2 differ with regard to powder
size, and the differential solubility between them (Table 1)
which may be due to the relative amount of surface area
exposed to the aqueous medium. In this study, it was found
that SLCP-2 possessed greater water solubility than SLCP-
1, likely due to its decreased powder size and thus increased
surface area exposed to the aqueous solution. However, both
SLCPs possessed similar activity in vitro on inflammatory
mediators. Future research may investigate the dissolution
and micellar characteristics of these formulations and their
interactions with cytokines on a molecular level. Overall,
the increased aqueous solubility of the SLCP formulations
compared with natural curcumin leads to a broader scope
of possible formulations that can be utilized by the nu-
traceutical and functional food industries.

In toto, SLCP formulations concentration dependently
mitigated the LPS-induced inflammatory response in mac-
rophages, by downregulation of the production of the in-
flammatory markers NO, PGE,, and IL-6 through inhibition
of NF-«B activation. SLCP-1 was slightly more effective in
inhibiting the anti-inflammatory response than SLCP-2.
Further investigations should explore the potential use of
SLCP in the prevention and/or therapy of inflammation-
linked diseases. However, future in vivo studies on SLCP are
warranted to determine the clinical efficacy of these formu-
lations of curcumin.
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