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ABSTRACT FlexPro MD� (FP-MD), a novel multi-ingredient dietary supplement formulation, has been demonstrated to

relieve knee joint pain in humans. However, the mechanisms of action responsible for the activity of FP-MD have not been

elucidated. In this study, we show the anti-inflammatory effects of FP-MD in RAW264.7 macrophage cells and mice challenged

with lipopolysaccharide (LPS). FP-MD significantly inhibited the mRNA levels of pro-inflammatory cytokines, including

interleukin-6 (IL-6), tumor necrosis factor-a (TNF-a), and IL-1b. In contrast, it elevated the mRNA levels of anti-inflammatory

cytokine IL-10 in LPS-stimulated RAW264.7 cells. FP-MD markedly reduced LPS-induced phosphorylation levels of nuclear

factor-jB (NF-jB) p65 and inhibitor of jB-a (IjB-a). Importantly, the anti-inflammatory effects of FP-MD were demonstrated

in mice with LPS-induced inflammatory arthritis in which FP-MD significantly reduced the expression levels of pro-

inflammatory cytokines and inflammatory markers. Thus, this study suggests that FP-MD has anti-inflammatory effects by

inhibiting NF-jB that may offer a molecular basis for its pain relief property.
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INTRODUCTION

O steoarthritis (OA), the most prevalent type of arthri-
tis, is characterized by degradation of the articular car-

tilage that is caused by many risk factors such as mechanical
stress and metabolic or genetic factors.1,2 There is no cure for
OA. However, many therapies are available to help relieve the
pain and inflammation, including steroids, anti-inflammatory
patches, COX-2-specific nonsteroidal anti-inflammatory
drugs, and hyaluronic acid (HA) injections into the joint to
increase flexibility.3–6 The most well-known dietary supple-
ment for individuals with OA is glucosamine-chondroitin
sulfate. However, glucosamine-chondroitin sulfate can cause
stomach upset, constipation, diarrhea, headache, and rash.7,8

There are two main categories of polyunsaturated fatty
acids: omega-3 and omega-6 fatty acids. Omega-3 fatty acids
in fish oil can inhibit the production of both eicosanoid and
cytokine inflammatory mediators, thus having the potential to

be used as adjunctive therapy for various inflammatory dis-
eases, including arthritis, atopic dermatitis, and cardiovas-
cular disease.9–13 Krill oil (KO) extracted from Antarctic Krill
(Euphausia superba) is a rich source for omega-3 fatty acids,
including eicosapentaenoic acid (EPA) and docosahexaenoic
acid (DHA). Recent studies have demonstrated that EPA and
DHA can decrease IL-1b-mediated cartilage degradation and
inflammatory markers such as matrix metalloproteinase
(MMP)-3, MMP-13, a disintegrin, and metalloproteinase
with thrombospondin motifs 4 (ADAMTS-4), ADAMTS-5,
and COX-2 in osteocytes.14–17

Astaxanthin (AST), a member of the xanthophyll family
of hydroxycarotenoids, has been found in various micro-
organisms, marine animals, and seafood with antioxidant
and anti-inflammatory activity, as well as pro-inflammatory
cytokine-suppressing activity.18–21 AST can remove single
oxygen atoms and protect organs from damage by suppres-
sing oxidative damage of DNA and enhancing immune re-
sponse in young and female subjects.22 In addition, AST ester
and carotenoids from Hematococcus have protective effects
against gastric lesion in ethanol-induced gastric ulcer of rat.23

AST reduces MMP expression in human chondrocytes and is
known to be safe for human consumption.24,25
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HA is a natural molecule, found in connective tissue, skin,
and neuronal tissue. It plays a crucial role in all regions of
the joint. It is actively synthesized by synoviocytes and
complexed with proteoglycans in the cartilage.26 HA is es-
sential for maintaining the structural and functional char-
acteristics such as keeping flexibility of joints and protecting
against the wearing down of osteocyte and cartilage.27 HA
has been widely used in therapies for OA pain.6 Recent
studies have demonstrated that HA can modify symptoms
and relieve joint pain in OA.28–30

FlexPro MD� (FP-MD), a novel and patented joint health-
care supplement consisting of KO, AST, and HA, has shown
remarkable knee joint pain relief in subjects suffering from
chronic mild to moderate knee joint pain in an unpublished
double-blinded placebo controlled study in humans con-
ducted in the USA.31,32 The objective of this study was to
explore the mechanisms of action responsible for the ac-
tivity of FP-MD in the LPS-induced inflammation of mac-
rophage cells and in a mouse model.

MATERIALS AND METHODS

Animals

Male C57BL/6 mice (8–10-week-old) were used for the
experimental arthritis study. All animal experiments were
maintained under specific pathogen-free conditions with a
temperature of 22�C – 1�C, humidity at 55% – 10%, and a 12-h
light/12-h dark cycle. Experiments were performed in accor-
dance with the guidelines of the Institutional Animal Care and
Use Committees of Ewha Womans University (15-061).

Preparation of FP-MD

FP-MD, a multi-ingredient dietary supplement formula
consisting of 321 mg KO, 30 mg HA, and 2 mg AST, was
prepared as reported previously31,32 and stored at room tem-
perature until use.

LPS-induced arthritis model

The LPS-induced arthritis model was performed as de-
scribed previously.33,34 Briefly, mice were divided into the
following five groups (n = 5/group): (1) normal untreated
group, (2) LPS induced-arthritis group as the negative con-
trol, (3) indomethacin (1 mg/kg) treatment group as the pos-
itive control, (4) FP-MD at 33 mg/kg test group, and (5)
FP-MD at 67 mg/kg test group. On day 0, indomethacin or
FP-MD was fed orally to mice at 2-day intervals for 2 weeks
before injecting LPS (10 lg/mouse; Sigma, St. Louis, MO)
into mouse intra-articular knee. LPS was injected one more
time at 7 days post first injection. As a control for LPS,
phosphate-buffered saline (PBS) was injected. Indomethacin
and FP-MD were further administered orally at 2-day inter-
vals for 2 weeks. Animals in the LPS group were adminis-
tered with PBS until the end of the experiments. Mice were
sacrificed on day 28, and knee joint tissues were collected for
cytokine analysis.

Cell culture

RAW264.7 cells were maintained in DMEM (HyClone,
Logan, UT) supplemented with 10% fetal bovine serum (FBS;
HyClone) and 100 U/mL penicillin/streptomycin at 37�C with
5% CO2. For inflammatory cytokine expression, cells were
preincubated with or without 10–100 lg/mL FP-MD for 1 h
followed by stimulation with or without 100 ng/mL LPS for
2 h. For Western blot analysis, cells were preincubated with or
without DMSO and 100 lg/mL FP-MD for 1 h followed by
stimulation with or without 1 lg/mL LPS for 5 min.

Real-time PCR analysis

Total RNAs were isolated from RAW264.7 cells or knee
joint tissues of LPS-induced arthritis model mice using RNA
Mini Kit (Life Technologies, Carlsbad, CA). They were re-
verse transcribed to complementary DNA using SuperScript
cDNA Synthesis Kit (Invitrogen, Carlsbad, CA) following the
manufacturer’s instructions. Quantitative PCR (qPCR) was
performed on an ABI 7300 real-time PCR machine (Applied
Biosystems, Foster City, CA) using KAPA SYBR Green FAST
qPCR Kit (Kapa Biosystems, Boston, MA) to determine the
levels of mRNAs. Samples were analyzed in triplicates. Ex-
pression levels were normalized to the mRNA expression level
of b-actin. Primer sequences used in qPCR are listed in Table 1.

Immunoblot analysis

Cells were extracted with lysis buffer (50 mM Tris-HCl,
pH 8.0, 150 mM NaCl, 0.5% deoxycholate acid, and 1%

Table 1. Primers Used for Real-Time PCR

Gene Sequence (50/30)

b-actin
f TGGAATCCTGTGGCATCCATGAAAC
r TAAAACGCAGCTCAGTAACAGTCCG

IL-6
f GAGGATACCACTCCCAACAGACC
r AAGTGCATCATCGTTGTTCATACA

TNF-a
f TCCCAGGTTCTCTTCAAGGGA
r GGTGAGGAGCACGTAGTCGG

IL-1b
f CACAGCAGCACATCAACAAG
r GTGCTCATGTCCTCATCCTG

IL-10
f GGTTGCCAAGCCTTATCGGA
r ACCTGCTCCACTGCCTTGCT

MMP1
f TGTTTATTGTTGCTGCCCAT
r CCTTGAACGTCATCATCAGG

MMP2
f GTGCGACCACAACCAACTAC
r CTCCAGGGTCCTGAAGAGTGT

iNOS
f TTCATGAAGCACATGCAGAA
r ACATCTCCTGGTGGAACACA

COX2
f AGAACCTGCAGTTTGCTGTG
r GCTCCTGCTTGAGTATGTCG
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NP-40) containing protease and phosphatase inhibitors.
Whole cell lysates were separated by sodium dodecyl sulfate–
polyacrylamide gel electrophoresis and transferred to PVDF
membranes (Millipore, Billerica, MA). Membranes were
immune reacted with antibodies conjugated to horseradish
peroxidase. Antibodies against NF-jB-p65, phosphorylated
(p)-p65, p-IjB-a, extracellular signal-regulated kinase (ERK),
p-ERK, p38 MAPK, p-p38 MAPK, c-Jun N-terminal kinase
( JNK), and p-JNK were purchased from Cell Signaling
Technology (Danvers, MA). Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH; Santa Cruz Biotechnologies, Santa
Cruz, CA) was used as loading controls.

Statistical analysis

All data were expressed as the mean – standard deviation
from at least three independent experiments. Differences be-
tween groups were evaluated with Student’s t-test. Statistical
significance was considered when P value was less than .05.

RESULTS

FP-MD regulates LPS-induced inflammatory
cytokine expression.

Previous studies have reported that LPS is a potent in-
ducer of inflammatory response, including the production of

pro- and anti-inflammatory cytokines.35,36 To investigate the
involvement of FP-MD in the regulation of inflammatory
responses, we determined the mRNA levels of LPS-induced
inflammatory cytokines in murine macrophage RAW264.7
cells by real-time PCR. As shown in Figure 1A–C, the
mRNA levels of pro-inflammatory cytokines, including
interleukin-6 (IL-6), tumor necrosis factor-a (TNF-a), and
IL-1b, were significantly increased in LPS-stimulated cells
compared to those in unstimulated cells. Cells treated with
FP-MD had significantly reduced the mRNA levels of IL-6,
TNF-a, and IL-1b in a dose-dependent manner compared to
LPS-stimulated cells. In addition, the mRNA levels of anti-
inflammatory cytokine IL-10 in LPS-stimulated cells were
slightly higher compared to that in unstimulated cells
(Fig. 1D). Interestingly, cells treated with LPS and FP-MD
had markedly elevated IL-10 mRNA level compared to cells
treated by LPS only. These results indicate that FP-MD can
reciprocally regulate the production of pro- and anti-
inflammatory cytokines stimulated by LPS.

FP-MD inhibits LPS-induced NF-jB activation

Nuclear factor-jB (NF-jB) and mitogen-activated protein
kinases (MAPKs) signaling pathways are important for LPS-
induced inflammatory cytokine expression.37 To investigate
whether FP-MD could regulate NF-jB and MAPK activation,

FIG. 1. FP-MD regulates LPS-induced cytokine
expression in RAW264.7 cells. RAW264.7 cells
were preincubated with or without 10–100 lg/mL
FP-MD for 1 h followed by stimulation with or
without 100 ng/mL LPS for 2 h. Levels of IL-6 (A),
TNF-a (B), IL-1b (C), and IL-10 (D) were deter-
mined by real-time PCR. Their expression levels
were normalized to the expression level of b-actin.
*P < .05, **P < .01, significantly different from the
values obtained for cells treated with LPS in the
absence of indomethacin or FP-MD. IL, interleu-
kin; LPS, lipopolysaccharide; TNF-a, tumor ne-
crosis factor-a.
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FIG. 2. FP-MD regulates LPS-induced NF-jB
activation in RAW264.7 cells. RAW264.7 cells
were preincubated with or without DMSO and
100 lg/mL FP-MD for 1 h followed by stimula-
tion with or without 1 lg/mL LPS for 5 min. The
phosphorylation levels of NF-jB p65 and IjB-a
(A) and MAPKs, such as ERK, p38, and JNK (B),
were determined by immunoblotting. The ratios p-
p65 to total p65 and p-IjB-a to GAPDH (A), as
well as p-ERK to total ERK, p-p38 to total p38,
and p-JNK to total p38 (B), were quantified from
three independent experiments. *P < .05. ERK,
extracellular signal-regulated kinase; GAPDH,
glyceraldehyde 3-phosphate dehydrogenase;
JNK, c-Jun N-terminal kinase; MAPK, mitogen-
activated protein kinase; NF-jB, nuclear factor-
jB; n.s., not significant.

FIG. 3. FP-MD modulates inflammatory cyto-
kine expression in inflammatory arthritis. In-
domethacin (1 mg/kg) or FP-MD 33 or 67 mg/kg
was orally administrated at 2-day intervals for
15 days before injecting LPS. At 2 days post LPS
injection, indomethacin and FP-MD were further
administered orally at 2-day intervals for 2
weeks. Levels of IL-6 (A), TNF-a (B), IL-1b
(C), and IL-10 (D) mRNAs were determined by
real-time PCR. Their expression levels were
normalized to that of b-actin. Values are ex-
pressed as mean – SD. n = 5. *P < .05 compared
to that in the LPS group. IM, indomethacin. SD,
standard deviation.
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we examined LPS-induced phosphorylation levels of NF-jB
p65, IjB-a, ERK, p38, and JNK in RAW264.7 cells by im-
munoblotting. As shown in Figure 2A, FP-MD markedly re-
duced LPS-induced phosphorylation levels of NF-jB p65 and
IjB-a compared to DMSO control. However, there were no
significant differences in LPS-induced phosphorylation levels
of ERK, p38, or JNK between FP-MD treatment and DMSO
control (Fig. 2B). These data suggest that FP-MD can spe-
cifically inhibit the NF-jB signaling pathway induced by LPS.

Effect of FP-MD on inflammatory cytokine expression
in mouse knee joint tissues

Inflammation in arthritis induces expression of pro-
inflammatory cytokines, such as IL-6, TNF-a, and L-1b, as
well as anti-inflammatory cytokine IL-10.38 To investigate the
effect of FP-MD on the expression of inflammatory cytokines
in the LPS-induced arthritis model, mice were sacrificed fol-
lowed by isolation of mRNAs from knee joints. Quantitative
real-time PCR analysis indicated that the mRNA levels of pro-
inflammatory cytokines, including IL-6, TNF-a, and IL-1b,
were markedly decreased in FP-MD-administrated mice
compared with those in LPS-administrated mice (Fig. 3A–C).
In contrast, FP-MD administration significantly increased the
expression levels of IL-10 mRNA (Fig. 3D). These results
suggest that FP-MD can act as a modulator of inflammation in
knee joints.

FP-MD inhibits NF-jB-dependent iNOS
and COX-2 expression

During inflammation, large amounts of the pro-
inflammatory mediators such as NO and PGE2 are generated
by iNOS and COX-2. It has been well established that iNOS
and COX-2 are expressed in response to LPS through NF-jB-
dependent pathway. The expression levels of iNOS and
COX-2 have been used as markers of NF-jB activation.39,40

To investigate the effect of FP-MD on NF-jB activation,
mRNA expression levels of iNOS and COX-2 in knee joints
were measured by quantitative real-time PCR. As shown in
Figure 4, FP-MD administration significantly decreased the
mRNA levels of iNOS and COX2. These results suggest that
FP-MD might be able to inhibit NF-jB-dependent pathway in
inflammatory knee joints.

FP-MD attenuates MMP1 and MMP2 expression

Irreversible destruction to the cartilage, tendon, and bone
of the synovial joints is the hallmark of both rheumatoid
arthritis (RA) and osteoarthritis.41 It has been reported that
the expression levels of metalloproteinases such as MMP1
and MMP2 are elevated in arthritis. These enzymes can
degrade noncollagen matrix components of the joints.
Therefore, we investigated whether FP-MD could inhibit
MMP1 and MMP2 expression in knee joints. The mRNA

FIG. 4. FP-MD inhibits the expression levels
of NF-jB-dependent inflammatory markers in
inflammatory arthritis. Levels of iNOS (A) and
COX2 (B) mRNAs were determined by real-time
PCR. Their expression levels were normalized to
that of b-actin. Values are expressed as mean –
SD. n = 5. *P < .05, +P < .01, ++P < .001 compared
to that in the LPS group.

FIG. 5. FP-MD inhibits the expression levels
of MMP1 and MMP2 in inflammatory arthritis.
Levels of MMP1 (A) and MMP2 (B) mRNAs
were determined by real-time PCR. Their ex-
pression levels were normalized to that of b-
actin. Values are expressed as mean – SD. n = 5.
*P < .05 compared to that in the LPS group.
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levels of MMP1 and MMP2 in knees joints were measured
by quantitative real-time PCR. As shown in Figure 5, FP-
MD significantly decreased the expression levels of MMP1
and MMP2, suggesting that FP-MD can effectively prevent
degradation of noncollagen matrix components in inflam-
matory arthritis.

DISCUSSION

RA and OA are joint diseases with different pathophysi-
ological mechanisms. However, they have common clinical
characteristics such as joint pain, functional disability, and
structural damage. The hallmarks of RA and OA are bone
erosions and osteophytes, respectively. Both RA and OA
display joint space narrowing, reflecting cartilage loss.
Another common characteristic of the two diseases is the
presence of inflammation in the majority of affected indi-
viduals. While the role of inflammation in the pathogenesis
of RA has been established previously, its possible role in
OA has only been uncovered recently. A number of studies
have shown the association between synovial inflammation
and pain, as well as radiographic progression, thus estab-
lishing the critical role of inflammation in OA.42,43 Although
there is no diet or food supplement to cure arthritis, certain
food supplements have been shown to be able to fight in-
flammation and boost the immune system.44,45 Therefore,
adding these food supplements might be able to attenuate
the symptoms of arthritis.

In this study, we showed that FP-MD, a mixture of KO,
AST, and HA, significantly reduced the expression levels of
pro-inflammatory cytokines such as IL-1b, IL-6, and TNF-a,
but increased the expression levels of anti-inflammatory cy-
tokine IL-10 both in vitro and in vivo.46–48 Mechanistically,
FP-MD markedly decreased LPS-induced phosphorylation
levels of NF-jB p65 and IjB-a. Since NF-jB has long been
considered as a prototypical pro-inflammatory signal whose
activation is largely based on pro-inflammatory cytokines
such as IL-1b and TNF-a,49–52 the inhibitory effects of FP-MD
on the expression of pro-inflammatory cytokines might be due
to suppression to the NF-jB. Previous studies have suggested
that the activation of COX-2 pathway is involved in the
pathogenesis of RA and OA.53,54 Accordingly, inhibition of
COX-2 expression by FP-MD strongly indicates that FP-MD
might have a beneficial effect on inflammatory arthritis. In
addition, MMPs have predominant roles in RA and OA be-
cause they are rate limiting factors in the process of collagen
degradation.34 Since FP-MD can inhibit the production of
MMPs at the transcriptional level, FP-MD might be used as
anti-inflammatory supplements for arthritis.

Indomethacin is a nonsteroidal anti-inflammatory drug
used to treat mild to moderate acute pain. It is also used to
relieve symptoms of RA and OA.55,56 FP-MD has shown
similar efficacy compared to indomethacin in inhibiting
the expression levels of pro-inflammatory cytokines and
COX-2, as well as MMPs, in LPS-induced arthritis mice.
Such inhibitory efficacy of FP-MD supports its effectiveness
for attenuating inflammation in arthritis. Our study further
confirms the extraordinary pain relief results of an unpub-

lished double-blinded placebo controlled human clinical
trial of FP-MD compared to an added positive control arm
containing glucosamine/chondroitin conducted in the USA
in subjects suffering from mild to moderate knee pain.31,32
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