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We recently reported the immune-enhancing effects of a high-molecular-weight fraction (HMF) of CW in macrophages and
immunosuppressed mice, and this effect was attributed to a crude polysaccharide. As polysaccharides may also have anti-
inflammatory functions, we investigated the anti-inflammatory effects and related molecular mechanisms of a crude
polysaccharide (HMFO) obtained from HMF of CW in mice with dextran sulfate sodium- (DSS-) induced colitis and in
lipopolysaccharide-induced RAW 264.7 macrophages. HMFO ameliorated the pathological characteristics of colitis and
significantly reduced production of proinflammatory cytokines in the serum. Histological analysis indicated that HMFO
improved the signs of histological damage such as abnormal crypts, crypt loss, and inflammatory cell infiltration induced by
DSS. In addition, HMFO inhibited iNOS and COX-2 protein expression, as well as phosphorylated NF-κB p65 levels in the
colon tissue of mice with DSS-induced colitis. In macrophages, HMFO inhibited several cytokines and enzymes involved in
inflammation such as prostaglandin E2, nitric oxide, tumor necrosis factor-α, interleukin-6, inducible nitric oxide synthase, and
cyclooxygenase-2 by attenuating nuclear factor-κB (NF-κB) and mitogen-activated protein kinases. HMFO attenuated
inflammation both in vitro and in vivo, primarily by inhibiting NF-κB activation. Our findings indicate that HMFO is a
promising remedy for treating inflammatory bowel diseases, such as colitis.

1. Introduction

Excessive environmental and industrial development has cre-
ated hazardous conditions, such as viral diseases (e.g., Middle
East respiratory syndrome (MERS)) [1] and particulate matter
air pollution, which has been classified as carcinogenic to
humans (IARC Group 1) [2]. Thus, the importance of building
a strong immune system is becoming more important for good
health, and the demand for health supplements that can help
improve the immune system has been rapidly increasing.
There is a close correlation between immune responses and
inflammation. When immunity decreases, the body is easily
exposed to infectious and noninfectious inflammatory diseases.

Ulcerative colitis (UC) is a type of inflammatory bowel
disease (IBD). It is estimated that 1-2 million people in the
United States suffer from IBD, approximately half of which
have UC. The exact cause of UC was unknown, but it appears
to be related to a combination of genetic and environmen-
tal factors [3]. The goal of conventional IBD therapies is
mainly to downregulate aberrant immune responses and
inflammatory cascades. Conventional drugs for IBD include
corticosteroids and 5-aminosalicylic acid (5-ASA; mesala-
zine), but these drugs have undesirable side effects, especially
steroid therapy, which can cause infertility and developmen-
tal disability [4, 5]. IBD patients present diverse symptoms
throughout the course of the disease. Some symptoms are
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directly related to disease activity, while others may be a
consequence of therapy. The disease imposes a substantial
burden on patients and significantly impacts their function-
ing and health-related quality of life [6].

In spite of advances in modern medical science, tradi-
tional herbal medicine has continued to be widely used for
health maintenance, disease prevention, and even disease
treatment in China, Japan, and Korea for thousands of years.
Previous studies have shown that 1 out of 2 IBD patients
turns to complementary and alternative medicine [7–10].
Cynanchum is a genus that includes approximately 300 species
that are distributed worldwide, including east Africa, the
Mediterranean, the tropical zone of Europe, and the subtropi-
calandtemperatezonesofAsia[11].ManyCynanchum species
havebeenusedastraditionalmedicines inKorea topreventand
treat various diseases such as rheumatic arthritis and geriatric,
vascular, and ischemia-induced diseases [12–14].

The roots of Cynanchum wilfordii Hemsley are referred
to as Cynanchi wilfordii Radix in the Korean Pharmacopoeia
[15]. C. wilfordii has received substantial attention as a
traditional herbal medicine that can be used to treat various
diseases. It has many potentially beneficial effects such as
antitumor, antioxidant, and anti-inflammatory effects;
guards against diabetes mellitus, gastric disorders, neuronal
damage, and hypercholesterolemia; and causes vascular
relaxation effects [16–21]. This plant is well-known to con-
tain biologically active compounds, including gagaminine
and its glycosides, wilfosides, and cynauricuosides, as well
as sarcotine, penupogenin, and cynandione A [22].

Polysaccharides of plant origin have proven to be an
important class of natural bioactive products in recent years
[23], and previous studies have demonstrated that they
possess antitumor [24], immunity-enhancing [25], anticoag-
ulant, antithrombotic, antioxidant, and anti-inflammatory
activities [26]. Previously, we showed that a high-molecular-
weight fraction (HMF) of C. wilfordii exerted immune-
enhancing effects on immunosuppression induced by
cyclophosphamide and on macrophages, and this effect
was attributed to the crude polysaccharide [25]. However,
the anti-inflammatory effects of polysaccharides of C.
wilfordii in a dextran sulfate sodium- (DSS-) induced
mouse model of colitis and the related mechanism of
action have not yet been reported. As polysaccharides
may also have anti-inflammatory functions, we investi-
gated the anti-inflammatory effects of polysaccharides
from C. wilfordii on lipopolysaccharide- (LPS-) induced
RAW 264.7 macrophages and on DSS-induced chronic
colitis in mice.

2. Materials and Methods

2.1. A Crude Polysaccharide (HMFO) Preparation. HMFO
was prepared as previously described [25]. Briefly, HMFO
was obtained from a high-molecular-weight fraction of C.
wilfordii that was processed through polyethersulfone ultra-
filtration membranes with a molecular weight (M.W.) cutoff
of 30 kDa in a crossflow filtration system. The high-
molecular-weight fraction was precipitated by the addition
of 4 volumes of 95% ethanol. The mixture was allowed to

stand at 4°C overnight and was then centrifuged at
6000 rpm for 20min to obtain the precipitate. The precipitate
was lyophilized to produce HMFO, and the chemical and
monosaccharide compositions of HMFO were analyzed in
previous study [25]. The molecular weight range of HMFO
was estimated to be between 11.8 and 520.4 kDa.

2.2. Animals and the Ulcerative Colitis Model. Experiments
were performed using 8-week-old female BALB/c mice after
a 1-week acclimatization period. The mice were purchased
from Koatech Animal Inc. (Pyeongtaek, Korea) and
maintained in a temperature- and light-controlled facility
with free access to standard rodent chow and water. All
experimental protocols were in compliance with the Guiding
Principles for the Care and Use of Laboratory Animals of the
Ethics Committee of the Korea Food Research Institute as

Table 1: Criteria for scoring the DAI(1).

Score Weight loss (%) Stool consistency(2)
Bloodstain or
gross bleeding

0 None Normal Negative

1 1–5 Loose stool Negative

2 5–10 Loose stool Positive

3 10–15 Diarrhea Positive

4 >15 Diarrhea Gross bleeding
(1)Diseaseactivity index = (combined scoreofweight loss, stool constancy, and
bleeding)/3. (2)Normal stool = well-formed pellets; loose stool = pasty stool
that did not stick to the anus; and diarrhea = liquid stool that stuck to the anus.

Table 2: Criteria for assessment of microscopic rectal damage.

Score Observation

0 Normal colonic mucosa

1 Loss of one-third of the crypts

2 Loss of two-thirds of the crypts

3
Lamina propria covered with a single layer of epithelial

cells, with mild inflammatory cell infiltration

4 Erosions and marked inflammatory cell infiltration

Mucosal damage was scored 0–4 based on the loss of crypts (mucosa) and
infiltration of inflammatory cells (maximum score = 4).

Table 3: PCR primers used in this study.

Gene Sequence (5′–3′)

iNOS
Sense ACCCAAGGTCTACGTTCAGG

Antisense CGCACATCTCCGCAAATGTA

COX-2
Sense CCTGAGCATCTACGGTTTGC

Antisense ACTGCTCATCACCCCATTCA

TNF-α
Sense AGGGGAAATGAGAGACGCAA

Antisense TTCCCCATCTCTTGCCACAT

IL-6
Sense CCGGAGAGGGACTTCACAG

Antisense GGAAATTGGGGTAGGAAGGA

β-Actin
Sense ACTCTTCCAGCCTTCCCTCC

Antisense CGTACAGGTCTTTGCGGATG

2 Mediators of Inflammation



well as internationally accepted principles for laboratory
animal use and care as found in the US guidelines (NIH
publication number 85-23, revised in 1985). Twenty-five
mice were weighed and divided into 5 groups, with 5 mice
per group. Mice in group 1 (untreated control) received
regular drinking water. Mice in group 2 received 5% (w/v)
DSS (M.W. 36,000–50,000Da; MP Biomedicals, Solon, OH,
USA) in drinking water for 7 days and then received regular
water for 3 days. Mice in groups 3 and 4, with DSS-induced
colitis, were treated orally with HMFO at 100 and 200mg/
kg, respectively, from day 1 to day 10. Mice in group 5, with
DSS-induced colitis, were treated intragastrically with

100mg/kg 5-ASA as the reference drug. Body weight, food
intake, stool consistency, and the presence of gross bleeding
were assessed daily, and organ weights and colon lengths
were determined after sacrifice.

2.3. Disease Activity Index (DAI). The DAI was calculated by
scoring weight loss, diarrhea, and rectal bleeding based on a
previously described scoring system [27], as shown in
Table 1. Weight loss was defined as the difference between
the initial and final weights, and diarrhea was defined as the
absence of fecal pellet formation and the presence of contin-
uous fluid fecal material in the colon. Rectal bleeding was
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Figure 1: Effects of HMFO on clinical signs and colon lengths in mice with DSS-induced colitis. (a) Changes in body weight and (b) disease
activity index scores in the control, DSS, DSS +HMFO 100 (100mg/kg), DSS +HMFO 200 (200mg/kg), and DSS+ 5-ASA 100 (100mg/kg)
groups were evaluated daily. (c) The length of each colon was measured and averaged. Values with different letters are significantly different
(p < 0 05). (d) Colons were removed from DSS-treated mice on day 10, opened longitudinally, washed with PBS, and photographed. 5-ASA,
5-aminosalicylic acid (100mg/kg); DSS, dextran sulfate sodium; HMFO, polysaccharides of Cynanchum wilfordii (100 or 200mg/kg).
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Figure 2: Continued.
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assessed based on the presence of visible blood in diarrhea or
gross rectal bleeding. DAI values were calculated as
(combined score of weight loss, stool constancy, and bleed-
ing)/3. The mice were sacrificed at the end of the experiment,
and the colons were separated from the proximal rectum,
close to where they passed under the pelvis sternum. The
colon length was measured between the ileocecal junction
and the proximal rectum.

2.4. Assessment of Myeloperoxidase (MPO) Activity. The
accumulation of MPO in colon tissues was measured as
a marker of neutrophil influx into the colon. Colon tissues
were thawed and homogenized in lysis buffer. Subse-
quently, the homogenates were centrifuged at 1500×g for
15min, and the resulting supernatants were assayed for
MPO assay using the colorimetric activity assay kit
(Sigma, St. Louis, MO, USA) according to the manufac-
turer’s recommended protocol.

2.5. Histopathological Analysis. The entire colon was dis-
sected and flushed with ice-cold phosphate-buffered saline
(PBS). Samples of the rectum were obtained and fixed in
10% neutral-buffered formalin (Sigma-Aldrich) for 24h at
room temperature, embedded in paraffin, and sectioned for
histological evaluation. The paraffin-embedded tissues were
cut into 4μm sections and stained with hematoxylin and
eosin (H&E). The severity of colitis was evaluated in H&E-
stained sections by 2 independent observers blinded to the
experimental conditions, according to modified criteria
[28], and the results are summarized in Table 2. To perform
immunohistochemical analysis for TNF-α and IL-6 expres-
sion in the colon tissue, the 4μm-thick tissue sections were
deparaffinized using xylene and dehydrated in a gradient of
alcohol solutions. To exclude endogenous peroxidase

activity, the sections were incubated in 0.3% H2O2 for
15min and then incubated with primary antibodies (diluted
1 : 200) against proteins of interest for 1 h. The detection
system visualized anti-mouse antibodies (K4001; DAKO,
Glostrup, Denmark) and was applied according to the
manufacturers’ instructions. Slides were stained with liquid
diaminobenzidine tetrahydrochloride (DAB+), a high-
sensitivity substrate-chromogen system (K3468; DAKO).
The images on the slides were visualized under an Olympus
BX40 light microscope.

2.6. Cell Culture and Treatment. RAW 264.7 cells were grown
at 37°C and 5% CO2 in Dulbecco’s modified Eagle’s medium
(DMEM) containing 10% fetal bovine serum, 100mg/mL
streptomycin, and 100U/mL penicillin. The cells were seeded
in 48-well plates at a density of 2× 105 cells/well in normal
DMEM and pretreated with the indicated concentrations of
HMFO for 2 h. Then, the cells were incubated with LPS
(1μg/mL) at 37°C for 22 h.

2.7. Measurement of Nitrous Oxide (NO) and Prostaglandin
E2 (PGE2) Production. The inhibitory effects of HMFO on
NO and PGE2 production were determined using the Griess
reagent [29] and enzyme-linked immunosorbent assay
(ELISA) kits (R&D Systems, Minneapolis, MN, USA),
respectively, according to manufacturer’s instructions.

2.8. Determination of Tumor Necrosis Factor Alpha (TNF-α)
and Interleukin-6 (IL-6) Production. Cell culture superna-
tants and mouse sera were collected, and TNF-α and IL-6
levels were measured with ELISA kits (BD Biosciences, San
Jose, CA) targeting either protein, according to the manufac-
turer’s protocols.
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Figure 2: Effects of HMFO on colonic histology and MPO levels in mice with DSS-induced colitis. (a) Histological changes of colonic tissue
were determined by hematoxylin and eosin (H&E) staining and observation by light microscopy (×20 and ×40). Left panel: low-power view
(scale bar = 100μm). Right panel: high-power view (scale bar = 50 μm). (b) Histological scores were assigned according to the criteria defined
in Section 2.5. (c) MPO was extracted from colon tissue specimens and assayed for colorimetric activity, with the activity determined as the
units per gram of colonic tissue. Values with different letters are significantly different (p < 0 05). 5-ASA, 5-aminosalicylic acid (100mg/kg);
DSS, dextran sulfate sodium; HMFO, polysaccharides of Cynanchum wilfordii (100 or 200mg/kg); MPO, myeloperoxidase.
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2.9. Western Blot Analysis. Equal amounts of lysates were
resolved by sodium dodecyl-polyacrylamide gel electropho-
resis and then transferred to a nitrocellulose membrane.
The blots were visualized using an enhanced chemilumines-
cence system (Amersham Biosciences Inc., Piscataway, NJ,
USA) followed by exposure to X-ray film (Fuji Photo Film
Co. Ltd., Tokyo, Japan), as previously described [25].
Primary antibodies against iNOS, total p38, phosphorylated
JNK, phosphorylated ERK1/2, total JNK, total ERK1/2, and
β-actin were purchased from Santa Cruz Biotechnology
(Dallas, TX, USA). Antibodies against phosphorylated IκB-
α, phosphorylated IKK-α/β, and phosphorylated p38 were
purchased from Cell Signaling Technology Inc. (Beverly,
MA, USA).

2.10. mRNA Analysis by Semiquantitative RT-PCR. Total
cellular RNA was isolated with TRIzol LS (Invitrogen,
Carlsbad, CA, USA) according to the manufacturer’s
instructions. Then, cDNA was synthesized using the cDNA
synthesis kit (Thermo Scientific, Sankt Leon-Rot, Germany)
according to the manufacturer’s protocol. Target-specific

RT-PCR primers were designed for iNOS, COX-2, TNF-a,
IL-6, and β-actin (Table 3).

2.11. NF-κB DNA-Binding Assay. RAW 267.4 macrophages
were treated with various concentrations of HMFO for 2 h
prior to LPS addition. Macrophages were collected 18 h after
activation with LPS and washed one time in PBS (pH 7.4).
Nuclear extract was isolated using NE-PER nuclear and
cytoplasmic extraction reagents according to the manufac-
turer’s instructions (Pierce, Rockford, IL). For detection of
NF-κB binding, the nuclear protein was treated according
to instructions of by NF-κB (p65) transcription factor assay
kit (Abcam, Cambridge, MA, USA). The optical density
was determined at 450 nm by an ELISA reader.

3. Results and Discussion

3.1. Effects of HMFO on the Symptoms of DSS-Induced Colitis.
DSS-induced colitis in mice is a well-established preclinical
model that exhibits many of the phenotypic features of
human ulcerative colitis [30]. On day 10, mice with DSS-
induced colitis showed a 12% body weight loss compared to
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Figure 3: Effects of HMFO on serum levels and immunohistochemical staining for proinflammatory cytokines. (a) TNF-α production in
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Cynanchum wilfordii (100 or 200mg/kg).
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the weight of mice in the control group, while mice treated
with 200mg/kg HMFO showed a 7% loss (Figure 1(a)). Also
on day 10, the DAI scores of mice in the DSS-treated group
were 4.0± 1.00 points higher than those of mice in the
control group. Treatment with HMFO attenuated the DSS-
mediated increase in DAI scores on day 10 by 3.0± 0.8 and
2.0± 0.5 points in mice treated with 100mg/kg or 200mg/
kg HMFO, respectively (Figure 1(b)). Colon length shorten-
ing reflects the extent of colon damage that has occurred
during acute DSS-induced colitis [31]. The average colon

length was approximately 91mm in the normal control
group, whereas it was decreased to 55mm in the DSS-
treated group. Mice treated with high (200mg/kg) and
low (100mg/kg) doses of HMFO showed significantly lon-
ger colon lengths than mice in the DSS-treated group (67
and 73mm in the groups treated with 100 and 200mg/kg
HMFO, resp., versus 55mm in the DSS-treated group;
Figures 1(c) and 1(d)). These results demonstrated that
HMFO treatment reduced the severity of DSS-induced
acute colitis.
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Figure 4: Effects of HMFO on iNOS, COX-2, NF-κB, and p-IκB protein expression in mice with DSS-induced colitis. Western blot analysis
was used to determine (a) iNOS, (b) COX-2, (c) NF-κB, and (d) p-IκB levels in colonic tissues. The relative ratios of iNOS, COX-2, and the
phosphorylated NF-κB p65 subunit to β-actin were calculated using an image analyzer. Values with different letters are significantly different
(p < 0 05). 5-ASA, 5-aminosalicylic acid (100mg/kg); DSS, dextran sulfate sodium; HMFO, polysaccharides of Cynanchum wilfordii (100 or
200mg/kg).
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3.2. Effects of HMFO on Histological Changes andMPO Levels
in Mice with DSS-Induced Colitis. Histological analysis was
performed to assess the therapeutic effects of HMFO on
colonic inflammation. Mucosal thickness is regarded as an
indicator of normal mucosal conditions. Treatment with
DSS causes epithelial injury and infiltration of inflammatory

cells, such as mast cells [32]. Colonic inflammation and
mucosal injury were assessed by pathological examination
of the colon after H&E staining, and representative results
are shown in Figure 2(a). Representative colon tissue sections
from mice in the control group showed intact surface epithe-
lium, cryptal glands, stroma, and submucosa. However,

20

15

10

5

0
a

b

c

d e
f

LPS (1 𝜇g/mL)

HMFO (𝜇g/mL)

N
O

 p
ro

du
ct

io
n 

(𝜇
M

)

–

–

+

–

+

3.13

+

6.25

+

12.5

+

25

(a)

2.0

1.5

1.0

Re
la

tiv
e i

nt
en

sit
y

(iN
O

S/
𝛽

-a
ct

in
)

0.5

0.0

LPS (1 𝜇g/mL)
HMFO (𝜇g/mL)

–

–

+

–

+

6.25
+

12.5
+

25.0

𝛽-actin

iNOS

a

b

c c
d

(b)

Re
la

tiv
e m

RN
A

 ex
pr

es
sio

n
(iN

O
S/
𝛽

-a
ct

in
)

–

–

+

–

+

6.25

1.6

1.2

0.8 a

0.4

0.0

+

12.5
+

25.0

LPS (1 𝜇g/mL)
HMFO (𝜇g/mL)

𝛽-actin

iNOS

b

c c
d

(c)

2000

1500

1000

500

0 a

PG
E 2

 p
ro

du
ct

io
n 

(p
g/

m
L)

LPS (1 𝜇g/mL)

HMFO (𝜇g/mL)

–

–

+

–

+

3.13

+

6.25

+

12.5

+

25

c
c

d
e

b

(d)

Re
la

tiv
e i

nt
en

sit
y

(C
O

X-
2/
𝛽

-a
ct

in
)

𝛽-actin

0.9

0.6

a

b b
bc

0.3

0.0

COX-2

LPS (1 𝜇g/mL)
HMFO (𝜇g/mL)

–

–

+

–

+

6.25
+

12.5
+

25.0

d

(e)

Re
la

tiv
e m

RN
A

 ex
pr

es
sio

n
(C

O
X-

2/
𝛽

-a
ct

in
)

1.6

1.2

0.8 a

b
c c

d
0.4

0.0

𝛽-actin

COX-2

LPS (1 𝜇g/mL)
HMFO (𝜇g/mL)

–

–

+

–

+

6.25
+

12.5
+

25.0

(f)

Figure 5: HMFO inhibited LPS-induced inflammatory mediators by suppressing iNOS and COX-2 activation in RAW 264.7 macrophages.
RAW 264.7 macrophages were pretreated with different HMFO concentrations for 2 h and then stimulated with LPS (1 μg/mL) for 22 h. (a)
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dissolved in DMEM. (b, e) Cell lysates were obtained, and iNOS and COX-2 protein levels were analyzed by Western blotting. (c, f) Total
RNA was isolated, and iNOS and COX-2 mRNA levels were measured by RT-PCR. (d) PGE2 was quantified using an ELISA kit according
to the manufacturer’s protocol. Values with different letters are significantly different (p < 0 05).
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colon sections from DSS-treated mice showed branched
crypts, cryptitis, decreased numbers of crypts and goblet
cells, inflammatory cell infiltration, and extensive submuco-
sal edema. In contrast, HMFO treatment improved the signs
of histological damage, such as abnormal crypts, crypt loss,
and inflammatory cell infiltration (Figure 2(a)). Mice treated
with DSS alone had significantly elevated histological scores,
compared with those of healthy control mice. However, the
histological score decreased to approximately 57% of that in
the DSS-treated group when treated with the highest HMFO
concentration (200mg/kg) (Figure 2(b)). These results sug-
gested that HMFO treatment protected against acute DSS-
induced colitis. To evaluate the protective effects of HMFO
against leukocyte infiltration in colonic tissue, we measured
the levels of MPO, a marker of leukocyte infiltration in the
colon tissue. MPO is an enzyme that is produced mainly by
polymorphonuclear leukocytes and is specific to granulocyte
lysosomes. Therefore, MPO is directly correlated with the
number of neutrophils [33]. As shown in Figure 2(c), DSS-
treated mice showed a significant increase in MPO activity
compared to that in control mice, and this increase was
drastically decreased in the HMFO-treated group. Therefore,
the increase in MPO activity in tissues induced by DSS corre-
lated with the development of colonic inflammation, and

HMFO administration markedly suppressed MPO accumu-
lation in colonic tissues.

3.3. Effects of HMFO on SerumLevels and Immunohistochemical
Staining for Proinflammatory Cytokines. A key characteristic of
DSS-induced colitis is the increased secretion of proinflamma-
tory cytokines into the serum [34, 35]; thus, wemeasured serum
cytokine levels in this study. Serum IL-6 levels were significantly
higher in the DSS-treated group than in the control group.
However, IL-6 levels in mice treated with HMFO (100 and
200mg/kg) were lower than those in the DSS-treated group
(Figure 3(a)). Serum TNF-α levels were also increased in DSS-
treated mice compared with the normal control group, while
HMFO-treated mice had lower serum TNF-α concentrations
than DSS-treated mice (Figure 3(b)). Moreover, immunohisto-
chemistry analysis indicated thatHMFO at 200mg/kgmarkedly
reversed the increase in IL-6- and TNF-α-positive cells (brown
stained) in the colonic mucosa of DSS-induced mice
(Figures 3(c) and 3(d)). High levels of proinflammatory cyto-
kine production are a major characteristic of DSS-induced
colitis [34, 35]. In DSS-induced acute colitis, enormous infil-
trates appeared in inflammatory lesions, mainly consisting of
T and B lymphocytes, macrophages, and neutrophils, which
produce various proinflammatory cytokines, including TNF-α,
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Figure 6: Effects of HMFO on LPS-induced proinflammatory cytokine production andmRNA expression in RAW 264.7 macrophages. RAW
264.7 macrophages were pretreated with different HMFO concentrations for 2 h and then stimulated with LPS (1 μg/mL) for 22 h. (a) TNF-α
and (c) IL-6 were quantified with an ELISA kit, according to the manufacturer’s protocol. The data are presented as the mean± SD. Total
RNA was isolated, and (b) TNF-α and (d) IL-6 mRNA levels were measured by RT-PCR. Values with different letters are significantly
different (p < 0 05).
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IFN-γ, IL-6, IL-8, IL-12, and IL-17 [34, 36, 37]. In the colon of
patients with IBD, markedly increased numbers of mast cells
and macrophages were observed, and these cells might contrib-
ute to abnormal production of inflammatory cytokines and
mediators, such as NO and TNF-α [38].

3.4. Effects of HMFO on iNOS and COX-2 Expression in the
Colon of DSS-Treated Mice. The effects of HMFO on the
expression of inflammatory proteins such as COX-2 and
iNOS in cytosolic extracts from the colon of colitis mice were
detected by Western blot analysis. As shown in Figures 4(a)
and 4(b), iNOS and COX-2 expression levels significantly
increased in the colon tissues from DSS-treated mice com-
pared to those in normal mice. However, HMFO administra-
tion remarkably reduced iNOS protein upregulation and
significantly decreased DSS-induced COX-2 expression,
down to normal levels with different doses of HMFO
(Figures 4(a) and 4(b)). The COX-2 and iNOS enzymes
represent important molecular targets in the treatment and
prevention of IBD, and their expression and activity are
associated with disease severity, suggesting their potential as
anti-inflammation drug targets. During active inflammation,
bacteria can enter the lamina propria due to cell destruction
and increased permeability. Inflammatory cytokines and bac-
terial antigens induce and drive the transcription of both

COX-2 and iNOS, and these proinflammatory enzymes are
also upregulated in murine experimental colitis and active
human IBD [39, 40]. Our data clearly demonstrated that
colonic damage was associated with elevated expression of
both COX-2 and iNOS proteins, and HMFO administration
potently downregulated their expression levels. In a similar
study, pomegranate polyphenols and resveratrol decreased
COX-2 and iNOS overexpression in murine experimental
colitis [41, 42].

3.5. Effect of HMFO on NF-κB p65 Subunit Phosphorylation
in Mice with DSS-Induced Colitis. NF-κB is a major tran-
scription factor that, by regulating the expression of multiple
inflammatory and immune genes, plays a key role in host
defense and chronic inflammatory diseases [43]. NF-κB
was activated in the mucosal cells of IBD patients [44]
and in experimental colitis models [41] and, thus, may
be an ideal target for UC therapy. Therefore, the effect
of HMFO on NF-κB activation in mice with DSS-induce
colitis was investigated. DSS administration significantly
elevated the phosphorylated NF-κB p65 levels in the colon
tissue compared to those in the control group. However,
HMFO treatment drastically attenuated NF-κB phosphory-
lation, which was comparable in HMFO-treated and con-
trol mice (Figure 4(c)). These results suggested that
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Figure 7: Effects of HMFO on the NF-κB signaling pathways in LPS-induced RAW 264.7 macrophages. RAW 264.7 macrophages were
pretreated with different concentrations of HMFO for 2 h and then stimulated with LPS for 22 h. Phosphorylation of (a) p65, (b) IκB-α,
and (c) IKK α/β was analyzed by Western blotting. The NF-κB DNA binding activies (b) were measured by NF-κB (p65) transcription
factor assay kit as described in Materials and Methods. Values with different letters are significantly different (p < 0 05).
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HMFO can inhibit the activation of transcription factors
in mice with DSS-induced colitis and may be an effective
and promising treatment for UC.

3.6. HMFO Inhibited LPS-Induced NO Production by
Suppressing iNOS Expression in RAW 264.7 Macrophages.
The effects of HMFO on LPS-induced NO production in
RAW 264.7 macrophages were investigated by measuring
NO release into the culture supernatant, using the Griess
reagent. As shown in Figure 5(a), HMFO significantly
decreased LPS-induced NO production in a dose-
dependent manner, with >58% inhibition at 25μg/mL
HMFO, a nontoxic concentration. NO is synthesized by
iNOS and is a well-known proinflammatory mediator
involved in various physiological and pathological processes.
Suppression of NO production has been suggested as a new
pharmacological strategy for treating inflammation-related
diseases [45]. As shown in Figures 5(b) and 5(c), iNOS
expression at both the mRNA and protein levels significantly
increased following LPS stimulation. However, iNOS mRNA
and protein levels in LPS-stimulated RAW 264.7 macro-
phages were significantly reduced by treatment with HMFO.
These results indicated that HMFO suppressed NO produc-
tion by suppressing iNOS gene expression in LPS-induced

RAW 264.7 macrophages. The iNOS gene is the primary reg-
ulator of NO production in macrophages, and iNOS inhibi-
tors have been found to attenuate osteoarthritis [46],
periodontitis [47], septic shock [48], and other chronic
inflammatory diseases.

3.7. HMFO Inhibited LPS-Induced PGE2 Production by
Suppressing COX-2 Expression in RAW 264.7 Macrophages.
We examined whether PGE2 production was suppressed by
HMFO in LPS-stimulated RAW 264.7 cells. LPS (1μg/mL)
significantly increased PGE2 production compared to the
basal production level in the absence of LPS. Treatment with
HMFO significantly inhibited LPS-induced PGE2 production
in a concentration-dependent manner (Figure 5(d)). COX-2
mRNA expression and protein levels increased markedly in
response to LPS (1μg/mL), and treatment with HMFO
inhibited LPS-activated COX-2 gene and protein expression
in a dose-dependent manner (Figures 5(e) and 5(f)). PGE2,
which is generated by COX-2, plays important roles in the
inflammatory response, and LPS treatment resulted in ele-
vated PGE2 levels at inflammation sites [49]. COX-2 can also
be activated by high concentrations of NO, which intensifies
the inflammatory responses in many chronic inflammatory
disorders [50].
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Figure 8: Effects of HMFO on MAPK signaling pathways in LPS-induced RAW 264.7 macrophages. RAW 264.7 macrophages were
pretreated with different concentrations of HMFO for 2 h and then stimulated with LPS for 22 h. MAPKs and phosphorylated MAPKs
were detected by Western blot analysis using antibodies against the corresponding MAPKs and phosphorylated (a) JNK, (b) ERK, and (c)
p38 (activated forms), as described in Section 2.9. Values with different letters are significantly different (p < 0 05).
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3.8. HMFO Inhibited LPS-Stimulated TNF-α and IL-6
Production inRAW264.7Macrophages.Toexamine theability
of HMFO to inhibit the expression of major proinflammatory
cytokines, we measured TNF-α and IL-6 production in
untreated and HMFO-pretreated, LPS-stimulated RAW
264.7 macrophages. Treatment with HMFO inhibited LPS-
induced TNF-α (Figure 6(a)) and IL-6 production
(Figure 6(c)) in a dose-dependent manner. We next investi-
gated the effects of HMFO on LPS-induced TNF-α and IL-6
gene expression in RAW 264.7 macrophages. The mRNA
levels ofTNF-α and IL-6wereupregulatedbyLPS stimulation,
but treatment with HMFO suppressed TNF-α (Figure 6(b))
and IL-6 (Figure 6(d)) mRNA expression, implying that
HMFO could block transcriptional activation induced by
inflammation-regulating transcription factors, such as NF-
κB and AP-1 [51].

3.9. Inhibitory Effects of HMFO on LPS-Induced NF-κB
Activation in RAW 264.7 Macrophages. To examine the
inhibitory effects of HMFO on NF-κB activation, we
measured nuclear NF-κB and cytoplasmic IKK α/β and IκB
α/β levels by Western blotting. As shown in Figure 7(a),
stimulation of RAW 264.7 macrophages with LPS increased
nuclear translocation of NF-κB; however, this effect was
inhibited by HMFO treatment. Our findings indicate that
HMFO decreased NF-κB activation by blocking the
nuclear translocation of p65 via IKK-α/β-dependent IκB
phosphorylation (Figures 7(c) and 7(d)). NF-κB is a ubiq-
uitous transcription factor that is constitutively expressed
in many cell types, including cells of the monocyte/macro-
phage lineage [52]. Nuclear translocation of NF-κB is
involved in initiating the transcription of several genes,
including TNF-α and iNOS [53].

3.10. Inhibitory Effects of HMFO on LPS-Induced MAPK
Activation in RAW 264.7 Macrophages. MAPKs play critical
roles in regulating cell growth and differentiation, cellular
responses to cytokines [54], and modulating NF-κB activity
[55]. To investigate whether HFMO-dependent inhibition
of NF-κB activation and NO production occurred through
the MAPK pathway, we examined the effects of HMFO on
the LPS-induced phosphorylation of JNK, p38, and ERK by
Western blot analysis. As shown in Figures 8(a) and 8(c),
pretreating cells with HMFO inhibited LPS-induced
phosphorylation of JNK, ERK, and p38 in a concentration-
dependent manner. These results suggest that HMFO may
inhibit NF-κB activation and NO production in RAW 264.7
macrophages by suppressing MAPK phosphorylation.

4. Conclusion

In summary, our results suggest that HMFO inhibited the
expression of several cytokines and enzymes involved in
inflammation, such as PGE2, NO, TNF-α, IL-6, iNOS, and
COX-2 by attenuating NF-κB and MAPKs in RAW 264.7
macrophages. Furthermore, HMFO ameliorated the patho-
logical characteristics of colitis, such as shortened colon
length, and significantly reduced the serum levels of proin-
flammatory cytokines. Histological analysis indicated that

HMFO improved the signs of histological damage such as
abnormal crypts, crypt loss, and inflammatory cell infiltra-
tion induced by DSS. In addition, HMFO inhibited iNOS
and COX-2 protein expression and the levels of phosphory-
lated NF-κB p65 in the colon tissue of mice with DSS-
induced colitis. These results indicated that HMFO attenu-
ated inflammation both in vitro and in vivo primarily by
inhibiting NF-κB activation. Thus, our findings indicate that
HMFO is an effective and promising remedy for IBDs, such
as colitis.
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