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Inflammation is a complicated cellular andmolecular process
of vascular tissues response to harmful stimuli. It is a
protective mechanism by the host to remove the harmful
stimuli, initiating the healing process to promote tissue
recovery. However, inadequate or chronic inflammation can
lead to a lot of diseases, such as atherosclerosis, cardiac
valvular disease, cancer, respiratory diseases, and rheumatoid
arthritis.

In this special issue, several studies regarding the ther-
apeutic strategies against inflammation-related diseases are
published. First of all, interleukin-27, a recently characterized
cytokine, was reported to protect cardiomyocyte-like cells
against in vitro metabolic syndrome. Two articles report
the therapeutic potential of Chinese herbal medicine against
inflammation-related diseases: Huangqin Tang can amelio-
rate colitis by regulating effector and regulatory CD4+ T cells;
the fiber hydrophobic extract of an annual plant of temperate
climate zone, Flax (Linum usitatissimum L.), can inhibit
human skin cell inflammation and enhance wound closure
activation in vitro. In addition, a review article summarized
the characteristics and roles of thrombin, a key inflammation-
related serine protease, in osteoarthritic pathogenesis and
treatment. We also collected a paper reporting the clinical
prognosis relevance of serum cytokines in pancreatic cancer
patients.

In summary, knowledge and understanding of these
conditions would be helpful to the development of some
therapies, which may provide better care to these patients.
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Huangqin-Tang decoction (HQT) is a classic traditional Chinese herbal formulation that is widely used to ameliorate the symptoms
of gastrointestinal disorders, including inflammatory bowel disease (IBD). This study was designed to investigate the therapeutic
potential and immunological regulatory activity of HQT in experimental colitis in rats. Using an animal model of colitis by
intrarectally administering 2,4,6-trinitrobenzenesulfonic acid (TNBS), we found that administration ofHQT significantly inhibited
the severity of TNBS-induced colitis in a dose-dependent manner. In addition, treatment with HQT produced better results than
that with mesalazine, as shown by improvedweight loss bleeding and diarrhoea scores, colon length, and intestinal inflammation.
As for potential immunological regulation of HQT action, the percentages of Th1 and Th17 cells were reduced, but those Th2 and
Treg cells were enhanced in LPMCs after HQT treatment. Additionally, HQT lowered the levels of Th1/Th17-associated cytokines
but increased production of Th2/Treg-associated cytokines in the colon and MLNs. Furthermore, we observed a remarkable
suppression of the Th1/Th17-associated transcription factors T-bet and ROR-𝛾t. However, expression levels of the Th2/Treg-
associated transcription factors GATA-3 and Foxp3 were enhanced during treatment with HQT. Our results suggest that HQT
has the therapeutic potential to ameliorate TNBS-induced colitis symptoms.This protective effect is possibly mediated by its effects
on CD4+ T cells subsets.

1. Introduction

Human inflammatory bowel disease (IBD) comprises the two
related chronic, relapsing inflammatory disorders, Crohn’s
disease (CD) and ulcerative colitis (UC) [1]. Although the
detailed etiology and pathogenesis of IBD remain uncertain,
recent experimental and clinical studies have suggested that
the dysregulation ofmucosal CD4+ T cells, which contributes
to intestinal inflammation and mucosal barrier destruction,
is one of the most important aspects of the pathogenesis
[2, 3].

Among a variety of inflammatory cells in the gut, both
effector CD4+ T helper (Th) cells and regulatory CD4+ T

(Treg) cells are important in IBD, as they regulate pro/anti-
inflammatory cytokine production [4]. In general, naive
CD4+ T cells can be divided into one of several lineages of
Th cells, including Th1, Th2, and Th17, which vary in their
cytokine production and function [5]. Classically, CD is
thought to be caused by a deregulated Th1 inflammatory
response, while UC has historically been considered a Th2-
mediated disease. Th17 is a new subtype of effector Th cells
that has been reported to play a key pathogenic role in
chronic inflammatory conditions, including IBD [6]. Treg
cells are a specialized population of CD4+ T cells that act as
dedicated mediators to dampen inflammatory responses and
prevent autoimmunity. Several studies have demonstrated
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an inadequate Treg cells responses in the face of an overly
exuberant Th1, Th2, and Th17 cells response, resulting in the
breakdown of intestinal homeostasis and profound acceler-
ation of the perpetuation of IBD [7]. Given the key role of
CD4+ T cells subsets in intestinal inflammation, therapeutics
targeting these aberrant CD4+ T cells responses is already
under development and are promising treatments for IBD
and other inflammatory diseases.

The mainstays of current IBD treatments involve the
use of corticosteroids, immunomodulators, and biologic
agents targeting specific cytokines. Although these drugs
are conventional therapeutics, most of these treatments are
still being used with reluctance due to the high cost, toxic
side effects, and uncertainty about long-term safety [8–10].
Consequently, many patients turn to alternative strategies,
including traditional plant-based remedies.

Huangqin-Tang decoction (HQT) is a classic traditional
Chinese herbal formulation consisting of 4 components: the
roots of Scutellaria baicalensis Georgi (scute), Glycyrrhiza
uralensis Fisch. (licorice), Paeonia lactiflora Pall. (peony),
and the fruit of Ziziphus jujuba Mill. (Chinese date). HQT
has been used for nearly 1800 years in traditional Chinese
medicine to treat common gastrointestinal distress, such
as diarrhoea, abdominal spasms, fever, headache, vomit-
ing, nausea, extreme thirst, and subcardiac distention [11].
Although HQT is also significantly protective in the treat-
ment of IBD in Chinese clinical application, further clinical
evidence and definitive mechanisms of action that demon-
strate the role of HQT in gastrointestinal diseases are still
lacking.Therefore, the aim of this study was to investigate the
contribution of HQT to the amelioration of colitis and CD4+
T cells immune homeostasis in 2,4,6-trinitrobenzenesulfonic
acid- (TNBS-) induced acute colitis.

2. Materials and Methods

2.1. Rats. Sprague-Dawley rats, weighing 200–250 g, were
purchased from the Experimental Animal Center of Guang-
dong Province (Guangzhou, China). Rats were provided a
standard rat chow and water in a controlled room (tem-
perature, 22–24∘C; humidity, 70–75%; and a 12 h/12 h light
and dark cycle). The animal studies were conducted under
protocols approved by the Ethics Committee for Animal
Experiments of Southern Medical University. The rats were
paired with age-matched controls.

2.2. Induction of TNBS-InducedColitis andTreatment. Colitis
was induced with a single intracolonic application of TNBS,
as described previously [12]. Briefly, overnight-fasted mice
were treated under anesthesia with 30mg/kg TNBS (Sigma-
Aldrich) dissolved in 0.25mL of 50% alcohol via intrarectal
injection using a polyethylene catheter (2mm in outer diam-
eter), with 0.9% saline treatment as a control.The ingredients
of HQT included 9 g of Scutellaria baicalensis Georgi (scute),
6 g of Paeonia lactiflora Pall. (peony), 6 g of Glycyrrhiza
uralensis Fisch. (licorice), and 6 g of Ziziphus jujuba Mill.
(Chinese date). All herb formula granules (1 g extract = 10 g
crude herb) were provided by E-Fong Pharmaceutical co.,

Ltd. (Guangzhou, GD, China) and administered at doses of
30mg/kg, 60mg/kg, and 120mg/kg of bodyweight, dissolved
in distilled water. Mesalazine (500mg/pack) was used at a
dose of 100mg/kg as a vehicle control and purchased from
Ethypharm (Houdan, France). HQT and mesalazine were
administered by oral gavage twice daily for one week starting
from 24 h after colitis induction. Control rats had free access
to tap water.

2.3. Clinical Assessment of Colitis. Body weight, diarrhoea
scores, and bleeding scores were assessed daily as described
[13]. Weight changes were calculated as percent difference
relative to original body weight. Stool consistency was scored
as follows: 0, well-formed pellets; 2, pasty and semiformed
stools that do not adhere to the anus; and 4, diarrhoea that
remained adhesive to the anus. Fecal blood was scored as
follows: 0, no blood by hemoccult test; 2, positive hemoccult;
and 4, gross bleeding.

2.4. Macroscopic Evaluation. The colon was removed and
opened longitudinally, and the colon length and macro-
scopic damage were assessed immediately by an independent
observer blinded to the identity of treatments. The macro-
scopic score was assigned by examining an 8 cm distal por-
tion of the rat colon and utilizing a 0–4 scale with some
modifications from that used previously [14]: 0, no macro-
scopic changes; 1, hyperemia and edema without ulcers; 2,
hyperemia and edema with small linear ulcers or petechiae;
3, hyperemia and edema with wide ulcers and necrosis
and/or adhesions; 4, hyperemia and edema with megacolon,
stenosis, and/or perforation.

2.5. Histology Scoring. For histological examination, colonic
tissue was fixed in 10% formalin, dehydrated, paraffin embed-
ded, processed, sliced into 4𝜇m thick sections, and stained
with hematoxylin and eosin (H&E). All the slides were read
and scored by a blinded pathologist.Themicroscopic damage
in the colon was assessed on a 0–3 scale as described by
Dieleman et al. [15] as follows: (1) severity of inflammation
(0, none; 1, mild; 2, moderate; and 3, severe); (2) extent of
inflammation (0, none; 1, mucosal; 2, mucosal and submu-
cosal; and 3, transmural); (3) crypt damage (0, none; 1, basal
third damaged; 2, basal two-thirds damaged; 3, crypt loss
with present surface epithelium; and 4, crypt and surface
epithelium loss).The average of the three histology scores was
used for statistical analysis.

2.6. Myeloperoxidase (MPO) Activity Assay. MPO activity
was measured according to the method described previously
[16]. Each segment was weighed, chopped, and then homoge-
nized in a potassium phosphate buffer (50mM, pH 6.0) con-
taining 5%hexadecyl trimethyl ammoniumbromide (HTAB)
and 0.336% EDTA (9mL/mg tissue) for 30 s. The colon
homogenates were subjected to 3 cycles of freezing/thawing,
30 s of sonication, and centrifugation at 13,000×g for 15min
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at 4∘C. Then, 0.167mg/mL o-dianisidine dihydrochloride
(Sigma-Aldrich) and 0.0005% H

2
O
2
in 200𝜇L of phosphate

buffer (pH 6.0) were added to the supernatant, and the
absorbance rate was monitored at 490 nm.

2.7. Preparation of Lamina Propria Mononuclear Cells
(LPMCs). LPMCs were isolated using a modified method as
previously described [17]. Briefly, the intestinal mucosa was
washed in complete Hank’s balanced salt solution (HBSS)
without Ca2+ and Mg2+, cut into 5mm pieces, and incubated
in medium containing 5mM EDTA (Sigma-Aldrich, St.
Louis, Missouri, USA) and 1mM DTT (Sigma-Aldrich) at
37∘C for 30min until all crypts and individual epithelial
cells were removed. The tissues were digested further in
RPMI 1640 (GIBCO Laboratories, Grand Island, NY, USA)
containing 10% fetal calf serum (FCS, HyClone, Logan, UT,
USA), 0.15 g of collagenase type IV (Sigma-Aldrich), and
0.025 g of DNase I (Sigma-Aldrich) in a shaking incubator
at 37∘C. The tissue slurry was then passed through a 70 𝜇m
cell strainer to remove undigested tissue pieces, centrifuged,
and resuspended in a 40–60% Percoll solution (Amersham
Biosciences, Piscataway, NJ, USA) density gradient. Cells
were frozen in liquid nitrogen for storage until analysis at a
concentration of 1 × 106 cells/mL.

2.8. Isolation and Culture of Mesenteric Lymph Nodes (MLNs)
Cells. MLNs were removed and transferred to ice cold sterile
Hank’s balanced salt solution. The nodes were disrupted and
passed through a nylon mesh (70 𝜇m pore size). Cells were
then incubated in RPMI 1640 with 10% FCS and 100 IU/mL
penicillin/streptomycin at a concentration of 1 × 106 cells/mL
for 48 h in the presence of anti-CD3 and anti-CD28 anti-
bodies (eBioscience, San Diego, CA). Cytokine production
in culture supernatants was determined by enzyme-linked
immunosorbent assay (ELISA).

2.9. ELISA. Frozen colonic samples were homogenized
mechanically in lysis buffer. Homogenized tissue samples
were centrifuged at 18,300×g at 4∘C for 30min. Homog-
enized tissue or cell culture supernatants were collected,
and cytokine levels of TNF-𝛼, IL-1𝛽, IL-12, IFN-𝛾, IL-4,
IL-13, IL-5, IL-6, IL-17, and IL-10 in the supernatant were
determinedusingELISAkits, according to themanufacturer’s
instructions (R&D Systems, Minneapolis, MN).

2.10. Real-Time Polymerase Chain Reaction (PCR). Total
RNA was extracted using TRIzol reagent (Invitrogen). 1 𝜇g
total RNA was then reverse transcribed into first-strand
cDNAs and was synthesized with M-MLV reverse transcrip-
tase. Primer sequences are listed as follows: IFN-𝛾 forward
5-AGGATGCATTCATGAGCATCGCC-3 and reverse
5-TCAGCACCGACTCCTTTTCCGCT-3; IL-12 forward
5-AGTGTAACCAGAAAGGTGCGTTC-3 and reverse
5-CCTGCAGGGTACACATGTCCATT-3; IL-4 forward
5-CGGCAACAAGGAACACCACGGA-3 and reverse
5-AGCGTGGACTCATTCACGGTGC-3; IL-13 Forward

5-CTGCAGTCCTGGCTCTCGC-3 and reverse 5-CTT-
TTCCGCTATGGCCACTG-3; IL-5 forward 5-ACGATG-
AGGCTTCCTGTTCC-3 and reverse 5-TTCCATTGC-
CCACTCTGTAC-3; IL-6 forward 5-GTGCAATGGCAA-
TTCTGATTGTA-3 and reverse 5-CTAGGGTTTCAG-
TATTGCTCTGA-3; IL-17 forward 5-AGCTCCAGAAGG-
CCCTCAGACTA-3 and reverse 5-CAGGACCAGGAT-
CTCTTGCTGGA-3; IL-10 forward 5-CCAAGCCTTGTC-
AGAAATGATCA-3 and reverse 5-CTCATTCATGGC-
CTTGTAGACAC-3; T-bet forward 5-AACCAGTATCCT-
GTTCCCAGC-3 and reverse 5-TGTCGCCACTGGAAG-
GATAG-3; GATA-3 forward 5-CAGTCCGCATCTCTT-
CAC-3 and reverse 5-TAGTGCCCAGTACCATCTC-3;
ROR𝛾t forward 5-AGTAGGCCACATTACACTGCT-3
and reverse 5-GACCCACACCTCACAAATTGA-3; Foxp3
forward 5-GTACAGCCGGACACACTGC-3 and reverse
5-GCTGACTTCCAAGTCTCGTGT-3. Mean relative gene
expression was calculated using the 2−ΔΔCt formula, as
described previously [18].

2.11. Western Blotting. Proteins were extracted in complete
radioimmunoprecipitation lysis buffer (RIPA) supplemented
with protease inhibitor cocktails (Roche Diagnostics). Pro-
tein concentrations of the samples were determined using
a bicinchoninic acid assay kit (Thermo Scientific, Bremen,
Germany), and the samples were then boiled for 10 minutes.
Equal amounts of protein (50𝜇g) were separated by SDS-
PAGE and electrophoretically transferred onto polyvinyli-
dene fluoride (PVDF)membranes (Millipore Corp., Bedford,
MA). After blocking by incubation in 5% nonfat dry milk
for 1 h at room temperature, the membranes were incubated
overnight with primary antibodies recognizing 𝛽-actin, T-
bet, GATA-3, ROR-𝛾t, and Foxp3 (Santa Cruz, CA, USA)
at 4∘C with gentle shaking. After washing three times with
TBST, the blots were incubated with horseradish peroxidase-
(HRP-) conjugated secondary antibodies (Cell Signaling
Technology) for 1 h. The blots were washed three times,
visualized using the enhanced chemiluminescence (ECL)
detection system (Amersham Biosciences, Buckinghamshire,
UK), and quantified with the Quantity One System (Bio-
Rad).

2.12. Flow Cytometry and Intracellular Staining. All antibod-
ies used for cell labeling were purchased from eBioscience
(San Diego, CA, USA). For measurements of intracellular
cytokines, cells were stimulatedwith PMA(1𝜇g/mL) and ion-
omycin (50 𝜇g/mL) in the presence of monensin (0.1mg/mL)
at 37∘C and 5% CO

2
for 5 h. Cells were then washed in

PBS and surface-labeled with fluorescein isothiocyanate-
(FITC-) conjugated anti-CD4. After fixation and permeabi-
lization, the cells were stained with phycoerythrin-cyanin
7- (PE-Cy7-) conjugated anti-IL-17, PerCP-Cy5-conjugated
anti-IFN-𝛾, and allophycocyanin- (APC-) conjugated anti-
IL-4. For analysis of Treg cells, they were aliquoted into
tubes without PMA and ionomycin stimulation, and surface
staining was performed with FITC conjugated anti-CD4 and
PE conjugated anti-CD25 antibodies. Then cells were fixed
and permeabilized with Fix/Perm solution, and intracellular
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staining was performed with APC-conjugated anti-Foxp3.
The stained cells were analyzed using a FACS Canto cytome-
ter (BD Bioscience), and the data were analyzed with FlowJo
(TreeStar).

2.13. Statistics. Results are presented as the mean ± SD. Dif-
ferences between two groups were examined using unpaired
Student’s 𝑡-tests. For analyzing multiple groups, a one-way
ANOVA was used. The clinical activity score of colitis as well
as macroscopic and histological scores was statistically ana-
lyzed using the Kruskal-Wallis nonparametric test, followed
by the Mann-Whitney 𝑈-test, to compare the results of the
different groups. 𝑃 values < 0.05 were considered significant.

3. Results

3.1. HQT Ameliorates TNBS-Induced Colitis in a Dose-
Dependent Manner. Intrarectal administration of TNBS has
long been used as an alternative model for the induction
of acute colitis [19]. To assess whether HQT exerts a pro-
tective role during colitis, HQT was first evaluated in a
dose-response study of TNBS-induced colitis at 30mg/kg,
60mg/kg, and 120mg/kg concentrations. Rats were treated
withHQT for 7 consecutive days starting onday 2 after induc-
tion of TNBS colitis. As expected, rats given TNBS developed
severe colitis, characterized by a profound and sustained
weight loss, bleeding, and diarrhoea. Here, HQT treatment
rapidly reversed the lost bodyweight anddecreased the extent
of the bleeding and diarrhoea scores in a dose-dependent
manner, with both parameters reaching significance in the
60 and 120mg/kg treatment groups (Figures 1(a)–1(c)). Con-
sistently, this treatment also significantly prevented colon
shortening and decreased MPO activity (Figures 1(d) and
1(e)). Furthermore, TNF-𝛼 in colon culture supernatants
was significantly lower in HQT-treated rats compared to
rats treated with TNBS alone (Figure 1(f)). Since treatment
with 120mg/kg HQT proved to be most effective in the
amelioration of colitis, this concentration was used in further
experiments. Collectively, these results demonstrate that
HQT is effective in protecting against acute TNBS-induced
colitis in a dose-dependent manner.

3.2. The Anti-Inflammatory Potency of HQT is Superior to
Mesalazine in the TNBS-Induced Colitis Model. Oral admin-
istration of mesalazine is the first-line approach to induce
and maintain clinical remission in patients with mild-to-
moderate UC or CD [20]. To assess the anti-inflammatory
potency of HQT in TNBS-induced colitis, the effect of
HQT (120mg/kg) and mesalazine (100mg/kg) was directly
compared. When studying the clinical course of the disease,
TNBS-treated rats suffered the most body weight loss from
day 3 onward (Figure 2(a)). Starting at day 4, treatment
with HQT or mesalazine resulted in a higher weight gain
compared to animals treated with TNBS alone (Figure 2(a)).
Simultaneously, bleeding and diarrhoea scores of TNBS-
treated rats became significantly worse compared to those of
controls. In contrast, such changes were markedly improved
by HQT or mesalazine treatment (Figures 2(b) and 2(c)).

To further assess the severity of colitis, colon length was
measured in each group of rats. Colons of rats treated with
TNBS alone were on average 10% shorter than those of rats
subjected to additional treatment with HQT or mesalazine
(Figure 2(d)). This inflammatory phenotype was further
evidenced by the gross and microscopic appearances of the
colon. Consistent with the clinical parameters discussed
above, treatment with HQT or mesalazine significantly ame-
liorated the macroscopic scores compared to rats treated
with TNBS alone (Figure 2(e)). Histological sections revealed
no substantial disease in activity in control rats, whereas in
TNBS-treated rats, severe inflammation could be detected,
including more infiltrating inflammatory cells and signifi-
cantly more ulceration. However, colon section from HQT
or mesalazine groups showed a marked reduction in the
tissue disruption, mucosal ulcerations, and mononuclear cell
infiltration (Figure 2(g)). Furthermore, histological scoring
revealed that HQT or mesalazine treatment reduced the
severity of TNBS-induced colitis (Figure 2(f)). Consistent
with these histological changes, TNBS significantly increased
colonic MPO activity. In contrast, all HQT-treated rats as
well as mesalazine-treated rats presented decreased colonic
MPO activity compared to rats treated with TNBS alone
(Figure 2(h)).

Furthermore, inflammatory cytokine expression levels,
including those of TNF-𝛼 and IL-1𝛽, were also clearly induced
in TNBS-treated rats compared to control rats. Adminis-
tration of HQT or mesalazine prevented the induction of
these inflammatory cytokines (Figure 2(i)), suggesting that
HQT treatmentmight have broad anti-inflammatory activity.
Together, these results clearly indicate that HQT plays a
therapeutic role and is superior to mesalazine in resolving
the inflammatory response following TNBS-induced injury
of the colon.

3.3. Distinct Effects of HQT on the Frequencies of Th1, Th2,
Th17, and Treg Cells in the TNBS-Induced Colitis Model. As
studies have demonstrated that the Th1, Th2, Th17, and Treg
CD4+ T cells subsets play distinct roles in the control and
development of IBD [2], we hypothesized that HQT may
differentially contribute to the development of these CD4+ T
cells subsets. Using flow cytometry, we determined the pro-
portions ofTh1,Th2,Th17, andTreg cells amongLPMCs in the
TNBS-induced colitis model. LPMCs cells were treated with
phorbol myristate acetate-ionomycin, stained for cell surface
CD4, and intracellularly stained for interferon- (IFN-) 𝛾,
IL-4, and IL-17 to detectTh1,Th2, andTh17 cells, respectively.
As shown in Figures 3(a) and 3(b), we observed that there
were marked increases in the numbers of IFN+ and IL-17+
CD4+ T cells after TNBS challenge, while the IL-4+ CD4+
T cell decreased. The proportions of Th1 and Th17 cells in
the HQT-treated TNBS group were significantly lower than
those in the TNBS group. In contrast to the Th1 and Th17
cells, we observed a significantly higher frequency of IL-4-
producing Th2 cells in LPMCs of rats that were treated with
HQT, compared with rats treated with TNBS alone.

For analysis of Treg cells, LPMCs were surface-labeled
with CD4 and CD25 antibodies, followed by intracellular
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Figure 1: HQT ameliorates TNBS-induced colitis in a dose-dependent manner. Various doses of Huangqin-Tang decoction (HQT) (30–
120mg/kg)were administered following the 2,4,6-trinitrobenzenesulfonic acid (TNBS) enema andon the next 2 days. (a) Bodyweight changes
(percentage of original bodyweight), (b) bleeding score, and (c) diarrhoea score were scored daily. (d) Rats were sacrificed on day 7 tomeasure
colon length. (e) Myeloperoxidase (MPO) activity was assessed in colon homogenates as described in Section 2. (f)The production of tumor
necrosis factor-𝛼 (TNF-𝛼) in the colon was determined by enzyme-linked immunosorbent assay (ELISA). Results represent the mean ± SD
from eight mice per group. ∗𝑃 < 0.05, ∗∗𝑃 < 0.001 versus the control group. Δ𝑃 < 0.05, ΔΔ𝑃 < 0.001 versus TNBS-treated rats.

staining with Foxp3. Results show that HQT treatment
increased the CD4+ CD25+ Foxp3+ Treg levels amongst
LPMCs. Thus, our results clearly indicate that the ability of
HQT to ameliorate colitis was associated with an expansion
of Th2 and Treg cells and a reduction of Th1 and Th17 cells
among LPMCs.

3.4. HQT Regulates Th1-, Th2-, Th17-, and Treg-Related
Cytokine Production in the TNBS-Induced Colitis Model. To
determine the effect of HQT on driving Th cell responses
in rats with TNBS-induced colitis, we further measured the
production of signature cytokines that are critical for the
differentiation ofTh subsets inMLNs and colonic tissue. Our
results revealed that TNBS-treated rats exhibited an aberrant
cytokine pattern, characterized by mRNA overexpression of
Th1 andTh17 signature cytokines, including IFN-𝛾, IL-12, IL-
17, and IL-6, and this increase was significantly decreased by
administration of HQT (Figure 4). Moreover, total protein
extracted fromMLNswas analyzed by ELISA. Similarly,HQT
significantly downregulated cytokine levels of IFN-𝛾, IL-12,

IL-17, and IL-6 in TNBS-treated rats (Figure 5). Contrary to
the decreasedTh1- andTh17-associated cytokines, the protein
and mRNA expression in MLNs and colonic tissue showed
increased production of Th2- and Treg-associated cytokines
IL-4, IL-5, IL-13, and IL-10 in HQT-treated rats (Figures
4 and 5). Taken together, these results indicate that HQT
administration inhibitsTh1 andTh17 responses but promotes
Th2 and Treg responses in TNBS-induced colitis.

3.5. Effect of HQT on Th1, Th2, Th17, and Treg Transcription
Factors in TNBS-Induced Colitis. To understand the molecu-
lar mechanism by whichHQT affects CD4+ T cell subsets, we
determined the expression levels of the nuclear transcription
factors of these subsets using western blot and real-time
PCR.We found thatHQT treatment enhanced the expression
of Foxp3 and GATA-3, but it reduced the expression of T-
bet and ROR-𝛾t, both at the protein and gene expression
levels (Figures 6(a) and 6(b)). Taken together, we demonstrate
a crucial role for HQT that prevent the development of
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Figure 2: HQT protects against TNBS-induced colitis in a manner equal to mesalazine. Rats with TNBS-induced colitis were treated with
HQT (120mg/kg) or mesalazine (100mg/kg). (a) Body weight changes (percentage of original body weight), (b) bleeding score, and (c)
diarrhoea score were scored daily. (d) Rats were sacrificed on day 7 to measure colon length. (e) Macroscopic score was evaluated on day
7. (f) Histological score in colons. (g) Colon sections from each group rat were stained with H&E (original magnification, 100x). (h) MPO
activity was assessed in colon homogenates, as described in Section 2. (i) The production of TNF-𝛼 and interleukin- (IL-) 1𝛽 in the colon
was determined by ELISA. Results represent the mean ± SD from eight mice per group. ∗𝑃 < 0.05, ∗∗𝑃 < 0.001 versus the control group.
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𝑃 < 0.05, ΔΔ𝑃 < 0.001 versus TNBS-treated rats.
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Figure 3: HQT regulates frequencies of Th1, Th2, Th17, and Treg in the TNBS-induced colitis model. Rats with TNBS-induced colitis were
treated with or without HQT (120mg/kg) and analyzed 7 days after treatment. Lamina propria mononuclear cells (LPMCs) were isolated
from each group and subjected to intracellular IFN-𝛾, IL-4, IL-17, and Foxp3 staining. (a) The frequency of T helper 1 (Th1) (CD4+IFN-𝛾+),
Th2 (CD4+IL-4+),Th17 (CD4+IL-17+), and regulatory T (Treg) (CD4+CD25+Foxp3+) was determined by flow cytometry. Numbers represent
the percentages of IFN-𝛾, IL-4, IL-17A-expressing CD4+ T cells, and Foxp3-expressing CD4+CD25+ T cells in each quadrant. (b) Quantitative
analysis of the frequency and total number ofTh1,Th2,Th17, and Treg in LPMCs. Results represent the mean ± SD from eight mice per group.
∗

𝑃 < 0.05, ∗𝑃 < 0.001 versus the control group. Δ𝑃 < 0.05, ΔΔ𝑃 < 0.001 versus TNBS-treated rats.

intestinal inflammation and maintain intestinal immune
homeostasis.

4. Discussion

In the present study, we illustrated an important role for
HQT in inhibiting TNBS-mediated intestinal inflammation.

We first demonstrated that administration of HQT at doses
of 30–120mg/kg significantly attenuated colitis in a dose-
dependent manner. In addition, administration of 120mg/kg
HQTwas significantlymore potent thanmesalazine (100mg/
kg) in ameliorating TNBS-induced colitis. Moreover, mech-
anistic studies indicate that the anti-inflammatory effects of
HQT are involved in restraining Th1 and Th17 responses,
while enhancingTh2 and Treg responses, to TNBS challenge
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Figure 4: HQT regulates mRNA expression of Th1-, Th2-, Th17-, and Treg-related cytokines in the TNBS-induced colitis model. Rats with
TNBS-induced colitis were treatedwith or withoutHQT (120mg/kg). TotalmRNAwas extracted from colonic tissue to analyze the expression
ofTh1-related cytokines (a) IFN-𝛾 and (b) IL-12; Th2-related cytokines (c) IL-4, (d) IL-13, and (e) IL-5; Th17-related cytokines (f) IL-17A and
(g) IL-6; Treg-related cytokines (h) IL-10 by real-time polymerase chain reaction (PCR). Results represent the mean ± SD from eight mice
per group. ∗𝑃 < 0.05, ∗∗𝑃 < 0.001 versus the control group. Δ𝑃 < 0.05, ΔΔ𝑃 < 0.001 versus TNBS-treated rats.



BioMed Research International 9

Control TNBS TNBS + HQT

80

60

40

20

0IF
N

-𝛾
in

 M
LN

 su
pe

rn
at

an
t (

pg
/m

L)

∗∗

ΔΔ

(a)

Control TNBS TNBS + HQT

60

40

20

0IL
-1
2

in
 M

LN
 su

pe
rn

at
an

t (
pg

/m
L)

∗∗

ΔΔ

(b)

Control TNBS TNBS + HQT

80

60

40

20

0IL
-4

in
 M

LN
 su

pe
rn

at
an

t (
pg

/m
L)

ΔΔ

(c)

Control TNBS TNBS + HQT

600

400

200

0IL
-1
3

in
 M

LN
 su

pe
rn

at
an

t (
pg

/m
L)

ΔΔ

(d)

Control TNBS TNBS + HQT

800

600

400

200

0

IL
-5

in
 M

LN
 su

pe
rn

at
an

t (
pg

/m
L)

ΔΔ

(e)

Control TNBS TNBS + HQTIL
-1
7

A
 in

 M
LN

 su
pe

rn
at

an
t (

pg
/m

L)

400

300

200

100

0

∗∗

ΔΔ

(f)

Control TNBS TNBS + HQT

500

400

300

200

100

0IL
-6

in
 M

LN
 su

pe
rn

at
an

t (
pg

/m
L) ∗∗

ΔΔ

(g)

Control TNBS TNBS + HQT

IL
-1
0

in
 M

LN
 su

pe
rn

at
an

t (
pg

/m
L) 40

30

20

10

0

∗∗

ΔΔ

(h)

Figure 5: HQT regulates protein levels ofTh1-,Th2-,Th17-, and Treg-related cytokines in the TNBS-induced colitis model. Rats with TNBS-
induced colitis were treated with or without HQT (120mg/kg). Mesenteric lymph nodes (MLNs) cells from each group were stimulated with
anti-CD3/CD28 antibodies and the cultural supernatants were harvested, followed by ELISA analysis of cytokines indicated above (pg/mL).
Th1-related cytokines (a) IFN-𝛾 and (b) IL-12;Th2-related cytokines (c) IL-4, (d) IL-13, and (e) IL-5;Th17-related cytokines (f) IL-17A and (g)
IL-6; Treg-related cytokines (h) IL-10 were measured. Results represent the mean ± SD from eight mice per group. ∗𝑃 < 0.05, ∗∗𝑃 < 0.001
versus the control group. Δ𝑃 < 0.05, ΔΔ𝑃 < 0.001 versus TNBS-treated rats.
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Figure 6: HQT regulates protein and mRNA levels of T-bet, GATA-3, ROR-𝛾t, and Foxp3 in the TNBS-induced colitis model. Rats with
TNBS-induced colitis were treated with or without HQT (120mg/kg). (a) Whole colon tissue homogenates collected at 7 days after HQT
treatment were examined for T-bet, GATA-3, ROR𝛾t, and Foxp3 by western blot analysis. Each lane corresponds to an individual mouse. (b)
Distal colons collected at day 7 after HQT treatment were used to isolate RNA for expression analysis of T-bet, GATA-3, ROR-𝛾t, and Foxp3
by real-time PCR. Results represent the mean ± SD from eight mice per group. Δ𝑃 < 0.05, ΔΔ𝑃 < 0.001 versus TNBS-treated rats.

in this murine colitis model. Therefore, our report unveiled
for the first time, to our knowledge, an important role for
HQT in anti-inflammatory and immunomodulatory effect in
IBD.

To evaluate the effect of HQT, we used the well-estab-
lished model of TNBS-induced colitis in rats which has
resemblance to CD [21]. In the present study, HQT efficiently
and dose-dependently improved TNBS-induced colitis. It
caused attenuation of weight loss, diarrhoea, and bleeding
scores while preserving colonic length and reducing MPO
activity, a marker of tissue neutrophil activation [22]. As
expected, TNBS treatment markedly increased TNF-𝛼 pro-
tein expression in the colon, and that increase was reduced
significantly and dose-dependently by HQT treatment. Con-
sequently, treatment with 120mg/kg HQT was the most
effective with respect to the amelioration of colitis and was
used in our experiments.

Mesalazine is one of the most commonly prescribed anti-
inflammatory drugs that is used to treat IBD [23]. Studies
have demonstrated the significant and comparable protection
of mesalazine on experimental colitis induced by TNBS
[24]. Here, the effects of HQT (120mg/kg) and mesalazine
(100mg/kg) were directly compared in experimental colitis.
We showed that HQT as well as mesalazine dramatically
inhibited weight loss, bleeding, and diarrhoea score while
preserving colonic length. In addition to exerting such ben-
eficial clinical effects, treatment with HQT and mesalazine
also resulted in macroscopic and microscopic amelioration
of intestinal inflammation, consistent with reduced MPO

activity. Elevated levels of proinflammatory cytokines, such
as TNF-𝛼 and IL-1𝛽, were demonstrated during the devel-
opment of IBD and experimental colitis. TNF-𝛼monoclonal
antibodies have been shown to dramatically decrease signs
and symptoms of IBD and subsequently are key potential
therapeutic agents [25, 26]. In the present study, we further
demonstrate that local TNF-𝛼 and IL-1𝛽 expressions are
decreased after HQT or mesalazine treatment in rats with
TNBS-induced colitis. Our results suggest that daily HQT
administration significantly inhibited the progression of col-
itis, yielding a protective effect equal to or even greater than
that of mesalazine.

Furthermore, our work highlights the fact that HQT
uniquely interacts with the host immune system to exact
its immunoregulatory potency. More recently, studies have
highlighted the roles of T cell subsets in IBD [27]. Classical
Th1/Th2 pathways are thought to play a critical role in IBD
pathogenesis. It is widely accepted that TNBS-induced colitis
is mediated by a dominant Th1 immune response and a
deficiency ofTh2 responses [28, 29]. Moreover, recent studies
have highlighted a key pathogenic role of Th17 cells, and
increased numbers of Th17 cells have been found in IBD
patients and animal models [30–32]. On the contrary, Treg
cells are key players in maintaining immune homeostasis,
and they regulate immune responses to allergens by prevent-
ing excessive inflammatory responses [33]. Recent studies
demonstrated a decrease in Treg cells number in IBD patients
and animal models [34–36]. Here, we found that, in the
progression of TNBS-induced colitis, treatment with HQT
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significantly decreased the percentage of Th1 and Th17 cells
among LPMCs. Simultaneously, the numbers ofTh2 and Treg
cells markedly increased when compared with the TNBS-
induced colitis group. This implies that the rehabilitating
effect of HQT in IBD works by restoring the balance between
CD4+ T cells subsets.

Homeostasis of distinct Th cell subset-derived cytokines
plays a crucial role in mediating intestinal inflammation in
IBD. Studies have shown that Th1-related cytokines (IFN-
𝛾 and IL-12) and Th17-associated cytokines (IL-17A, IL-21,
and IL-23) are markedly increased in CD, while in UC
there is increased production of the Th2 cytokines (IL-5, IL-
13, and IL-4) [37]. IL-10 is an important anti-inflammatory
cytokine that can be secreted by Treg cells, and IL-10 defects
cause spontaneous colitis inmice [38]. In addition, numerous
studies have shown that a change in the cytokine profile from
Th1 and Th17 to Th2 and Treg could ameliorate Th1/Th17-
mediated diseases, such as CD and TNBS-induced colitis
[29, 39, 40]. ELISA and real-time PCR methods were used
in this study to detect the expression of cytokines related to
the different CD4+ T cells subsets. In agreement with a sup-
pression of Th1 and Th17 numbers amongst LPMCs, HQT-
treated rats exhibited defective production of Th1- and Th17-
associated cytokines. Nevertheless, increased production of
Th2- and Treg-associated cytokines were observed in TNBS-
treated rats, suggesting that HQT significantly improved
inflammation and ameliorated disease in TNBS-treated rats,
associated with a shift from a Th1 and Th17 profile to a Th2
and Treg immunological profile.

Because transcription factors are crucial for T-cell dif-
ferentiation, we also examined lineage-specific transcription
factors. The Th1 transcription factor T-bet plays a critical
role in the development of Th1-driven colitis due to the high
expression levels of IFN-𝛾 [41], while GATA3 is an essential
master regulator of Th2 cells for the induction of IL-4, IL-5,
and IL-13 [5]. AlthoughTh17 and Treg cells share a common
requirement for TGF-𝛽 in their differentiation, their distinct
transcriptional regulators ROR-𝛾t and Foxp3 are necessary,
respectively [31]. ROR-𝛾t directs Th17 differentiation and
induces the production of IL-17 [42], and Foxp3 dominates
Treg formation and production of regulatory cytokines, such
as TGF-𝛽 and IL-10 [43]. Our results showed that the colonic
protein and mRNA expression levels of T-bet and ROR-𝛾t
significantly decreased but GATA-3 and Foxp3 expressions
were enhanced in colon after HQT treatment in colitis rats.
These data indicate that HQT plays a significant role during
IBD development in establishing the homeostasis of distinct
Th cell subsets in response to TNBS challenge.

In this study, we presented evidence that HQT-treatment
elicits a strong Th2 and Treg response in TNBS-induced
colitis. It has been reported that Th1 and Th2 cells and the
cytokines they release are often mutually antagonistic, and
a change in the cytokine profile from Th1 to Th2 could
ameliorate Th1-mediated disease [29, 44]. Consistent with
these findings, a strongTh2 response successfully counteracts
Th1/Th17-mediated colitis [45], suggesting that the role of
Th2 in intestinal inflammation may be protective in TNBS-
induced colitis. Additionally, Treg cells have been reported
to repress the activity of other T cell subsets to induce an

anti-inflammatory response [46]. It is therefore conceivable
that the protective effect of HQT on TNBS-induced colitis
might be explained by its capability to induce Treg cells
and rebalance CD4+ T cell subsets. Although there were
no significant side effects associated with HQT treatment in
our study, more detailed studies are necessary to prove its
immunomodulatory effect in different models of colitis.

In conclusion, our results indicate that HQT plays
an important role in the regulation of intestinal immune
responses in TNBS-induced colitis by downregulating effec-
tor phenotype of Th1 and Th17 cells, while promoting Th2
and Treg responses. Thus, using HQT, a Chinese medicinal
formulation, to regulate immune homeostasis may offer a
promising alternative to our current therapeutic strategy for
IBD.
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The overall survival of patients with pancreatic ductal adenocarcinoma is extremely low. Although gemcitabine is the standard
used chemotherapy for this disease, clinical outcomes do not reflect significant improvements, not even when combined with
adjuvant treatments. There is an urgent need for prognosis markers to be found. The aim of this study was to analyze the
potential value of serum cytokines to find a profile that can predict the clinical outcome in patients with pancreatic cancer and
to establish a practical prognosis index that significantly predicts patients’ outcomes. We have conducted an extensive analysis of
serum prognosis biomarkers using an antibody array comprising 507 human cytokines. Overall survival was estimated using the
Kaplan-Meier method. Univariate and multivariate Cox’s proportional hazard models were used to analyze prognosis factors. To
determine the extent that survival could be predicted based on this index, we used the leave-one-out cross-validation model. The
multivariate model showed a better performance and it could represent a novel panel of serum cytokines that correlates to poor
prognosis in pancreatic cancer. B7-1/CD80, EG-VEGF/PK1, IL-29, NRG1-beta1/HRG1-beta1, and PD-ECGF expressions portend a
poor prognosis for patients with pancreatic cancer and these cytokines could represent novel therapeutic targets for this disease.

1. Introduction

Pancreatic ductal adenocarcinoma (PDAC) accounts for only
2.68% of all cancers, but it represents the fourth leading
cancer-related death worldwide just remaining after lung and
bronchus, prostate, and colorectum cancers in men and after
lung and bronchus, breast, and colorectum cancers in women
[1]. The dreadful prognosis of patients with this disease, less
than 5% reaching 5 years of survival after diagnosis, is due
to the little impact of the available chemotherapy on the
course of the disease and to tumormetastasis at presentation.
The development of the disease is a result of a complex
and does not yet fully understood process encompassing the
accumulation of mutations and the alteration of multiple
pathways.This could partly explain the clinical heterogeneity
of this disease and the great difference seen in the outcomes

between individual patients.Thereby, there is a trend towards
tailored therapies to specific genetic characteristics of indi-
vidual tumors, not only for PDAC but also for the majority
of the cancers [2, 3]. Throughout past years there has not
been remarkable survival improvement in PDAC patients;
consequently it is urgent that novel biomarkers are identified
for PDAC in order to reduce its mortality rate [4, 5].

As defined by the NIH Biomarker Working Group, a
biological marker (biomarker) is a characteristic that is
objectively measured and evaluated as an indicator of normal
biological processes, pathogenic processes, or pharmacologic
responses to a therapeutic intervention [6]. In PDAC, three
types of biomarkers are desirable: those that help in the
detection of the disease onset (diagnosis biomarkers); those
that predict responses to treatments (predictive biomarkers);
and those that forecast the likely course of the disease,
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including survival and recurrence pattern in the absence of
therapy (prognosis biomarkers). Finding a biomarker or a
panel of biomarkers that would be able to predict the clinical
impact of a chemotherapy regimen even before it is initiated
is highly warranted to (1) identify those patients more likely
to benefit fromaggressive therapies; (2) reduce risks of useless
side effects and help to set expectations for doctors and
patients; and (3) make attempt to apply new combination of
therapies or individualized treatment protocols according to
their expected responses. In addition, markers that display
prognosis significance also offer the potential to become
emergent therapeutic targets and novel strategies in the
management of PDAC [7, 8]. In the recent years, an extensive
research has been focused on the discovery of prognosis
biomarkers for PDACusing immunohistochemistry,Western
Blot, PCR, miRNA, proteomics, or DNA methylation based
methods amongst others [9–16].

Here we have focused on those inflammatory media-
tors that may constitute useful prognosis biomarkers for
PDAC detection. Altered levels of circulating inflammatory
cytokines have been found in cancer patients for nearly every
cancer examined, even at early stages of the development,
indicating that immune response has an important role dur-
ing carcinogenesis and that circulating inflammatorymarkers
may be useful cancer biomarkers [17, 18]. Cytokines are
signaling molecules that are key mediators of inflammation
or immune response. We presume that, due to the extremely
important role of microenvironment and desmoplastic reac-
tion in PDAC [19, 20], cytokines expression patterns within
the tumor and the surrounding microenvironment could
represent potential prognosis biomarkers for PDAC.

The aim of this study was to investigate the prognosis
significance of serum cytokines as a reflection of the host
response to tumor in PDAC patients. A conditional stepwise
algorithm based on likelihood rate analysis according to the
Cox’s proportional hazardmodel was used to identify the best
combination of significant prognosis factors. An equation
was then derived for modeling the survival in our specific
cohort. A leave-one-out cross validation was developed to
assess the model.

2. Material and Methods

2.1. Patients and Sample Collection. All patients in the study
were diagnosed with PDAC at Hospital Virgen de las Nieves
(Granada, Spain) from 2008 to 2011 (𝑛 = 14). All infor-
mation from patients, including gender, age, disease grade,
and symptoms was recorded. The mean age of the patients
was 66 years (range, 41–79 years) with a male to female
ratio of 50 : 50. Clinical staging for patients with pancreatic
adenocarcinoma was as follows: stage III (28%) and stage
IV (72%) (Table 1). PDAC patients had an overall survival
time of 12.6 months, all being treated under Gemcitabine +
Erlotinib combined therapy following the pattern previously
defined by Moore et al. [21]. There was not any history of
pancreatitis but 36% had type II diabetes mellitus and 36%
were smokers. Blood samples were collected after obtaining
the approval of relevant ethics committees and informed
consents of donors. Serum samples were collected from 2008

Table 1: Clinicopathologic characteristics of the study population
(𝑛 = 14).

Age at diagnosis, years (mean ± StD) 66 ± 10.5

Gender Male: 50%
Female: 50%

Disease stage III (28%)
IV (72%)

Type of chemotherapy Gemcitabine + Erlotinib

Clinical response
PR (14.29%)
SD (21.43%)
PD (64.28%

Survival time, months (mean ± StD) 12.6 ± 12.6
Outcome:
Follow-up months (mean ± StD) 12.6 ± 12.6
Death from pancreatic cancer 100%
Alive 0%
Lost to follow-up (censored cases) 0%

CEA level [𝜇g/L] (mean ± StD) 2219 ± 5017
Healthy: 0–37

CA 19-9 level [U/L] (mean ± StD) 899 ± 3185
Healthy: 0–5

PR: partial response; SD: stable disease; PD: progressive disease; StD:
standard deviation.

to 2011 using standard procedures at the Oncology Service of
Virgen de las Nieves Hospital. Blood samples were obtained
from patients diagnosed with PDAC at baseline and at two
weeks after initiation of therapy (Gemcitabine + Erlotinib)
and also from healthy individuals (14 samples). However, for
this study only pretreatment serum samples from patients
were considered to propose the prognosis cytokine panel.
Serum was obtained after blood centrifugation at 1500 rpm
for 10min at 4∘C. Samples were aliquoted and stored at
−80∘C.

2.2. Cytokine Antibody Assay. Soluble proteins in the sera
of PDAC patients were measured using a biotin label-based
human antibody array (Human Antibody L-series 507 Array
(RayBiotech, Norcross, GA, USA)), according to the rec-
ommended protocols. Briefly, all samples were biotinylated.
Antibodies were immobilized in specific spot locations on
glass slides. Incubation of array membranes with biological
samples resulted in the binding of cytokines to correspond-
ing antibodies. Signals were visualized using streptavidin-
HRP conjugates and colorimetric. Final spot intensities were
measured as the original intensities subtracting the back-
ground. Data were normalized to the positive controls in
the individual slide. The antibody array data is provided in
Supplementary Table 3 (see SupplementaryMaterial available
online at http://dx.doi.org/10.1155/2015/518284).

2.3. Statistical Analysis. All statistics and data analysis were
performed using the IBM SPSS statistic 20 software or the
statistical language R. Quality analysis was performed using
the “ArrayQualityMetrics” package in R to eliminate any
feasible outlier [22]. Average survival after administration of
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Gemcitabine andErlotinibwas calculated from the beginning
of the treatment to death, in months. For overall survival
(OS) analyses, the Kaplan-Meier curve was used as a method
that estimates the probability of survival to a given time
using proportion of patients who have survived to that time
[23]. The OS method has been widely applied in several
relevant studies to analyze how well a treatment works
[24–26]. The log-rank test was used to determine survival
differences between groups. Kaplan-Meier survival curves for
individual markers were obtained after dichotomization.The
cut-off values for eachmarker were those which displayed the
most significant discrimination between short (<6 months)
and long (>6 months) survival. In order to determine the
most significant variables contributing to the OS, univariate
and multivariate analyses were performed with the Cox’s
proportional hazard regression model [27] to determine
associations between serum cytokines and cancer-related
mortality. First, we analyzed associations between death and
levels of cytokines in patients before treatment, considering
one factor at a time. Second, amultivariate Cox’s proportional
hazard model was applied. The wrapper analysis was used
as the feature selection method, using conditional forward
stepwise algorithm based on likelihood rate, as applied in
other works [16, 28]. Wrapper methods attempt to jointly
select sets of variables with good predictive power for a
predictor [29]. Forward selection starts with an empty set
and selects the variable that gives the best classification result.
Given this first variable, another variable is added that realizes
the largest improvement of performance. Variables are added
until the performance does not improve [30].

The overall model fit was considered significant based on
chi-squared statistic test (𝑃 < 0.05). Besides, Wald index
was shown to determine the weight of each variable in the
global model, both uni- and multivariate. The cytokine levels
were introduced in the models as continuous parameters and
results were expressed as the hazard ratio (HR) or relative
risk ratio for one unit change. By analysis of these variables, a
prognosis index (PI) that considers the regression coefficients
derived by Cox’s model of all significant factors was obtained.
This model and the PI calculation were carried out according
to the equations provided by Cox [27]. Differences were
considered significant when 𝑃 < 0.05.

Leave-one-out cross validation (LOOCV) was applied to
assess the performance of the prognosismodel as the simplest
and most widely used method for estimating prediction
accuracy [31]. For this validation, one patient was removed
from the initial set, leaving a temporary training set and one
left-out sample (test sample). The training set was used to
obtain the Cox regression model. Subsequently, the PI of
the test sample was obtained from the previously performed
model. This PI was also applied to classify this patient
according to the OS as poor (<6 months) and fair (>6
months) prognosis.

3. Results

3.1. Survival Analysis of Patients with PDAC. Clinical char-
acteristics of the PDAC patients are summarized in Table 1.
For the whole study population, the OS rates were 46.15%

at 6 months, 23.08% at 12 months, and 7.69% at 24 months.
Mean duration of the follow-up for the entire study group
was 12 months (range: 1–40 months) and during that time
the 100% of the PDAC patients died due to the disease.
Survival probabilities were calculated using theKaplan-Meier
method. The survival curve for the whole cohort of patients
is shown in Figure 1(a).

3.2. Univariate Analysis between Serum Cytokines and Sur-
vival. First, a univariate approach was used in this study
to identify relevant and independent measurable factors
at prognosis that could be associated to a higher risk of
PDAC death. Serum levels of cytokines before treatment and
clinicopathologic parameters such as age, gender, stage, and
clinical response were analyzed. Amongst the clinicopatho-
logic parameters, age and the clinical response (progressive
or nonprogressive disease, according to the RECIST criteria
[32]) were associated with poor prognosis on univariate ana-
lysis (𝑃 = 0.030 and 𝑃 = 0.013, resp.). Concerning cytokines,
at univariate analysis after feature selection, expression levels
of BDNF (𝑃 = 0.034, HR 1.005, 95% CI (1.000–1.009));
HVEM/TNFRSF14 (𝑃 = 0.039, HR 0.924, 95% (CI 0.858–
0.996)); IL-24 (𝑃 = 0.023, HR 1.041, 95% CI (1.006–1.078));
IL-29 (𝑃 = 0.021, HR 1.012, 95% CI (1.002–1.023)); leptin R
(𝑃 = 0.018, HR 1.008, 95% CI (1.001–1.015)); LRP-6 (𝑃 =
0.022 HR 1.027, 95% CI (1.004–1.051)), and ROBO4 (𝑃 =
0.045 HR 1.002, 95% CI (1.000–1.004)) showed a significant
influence on prognosis. Results of the univariate analysis
of each cytokine as independent prognosis factors and its
beta-coefficients (𝛽), hazard ratios (representing the factor by
which the hazard changes for each one-unit increase of the
cytokine expression), 95% CI (upper and lower limits of the
confidence interval with a significance level of 0.05), and 𝑃
values are shown in Table 2. In order to determine survival
differences of these individual markers in PDAC patients,
Kaplan-Meier survival curves were generated using the cut-
off points providing the most significant discrimination in
terms of survival between groups (short and long survival).
Figures 1(b)–1(j) depict Kaplan-Meier survival plots of indi-
vidualmarkers showing significant prognosis differences. For
each curve, the log-rank 𝑃 value was provided to show that
the differences between the two groups were significant.

3.3. Multivariate Analysis between Serum Cytokines and
Survival. Despite the fact that often only those statistically
significant variables in univariate analysis are included in
multivariate analysis, some variables not being significant
in univariate analysis may appear jointly significant in a
multivariate analysis. Thus, in addition to the statistically
significant variables related to poor prognosis on the uni-
variate analysis, those also selected by the features selection
procedure were also included in the multivariate model. In
proteomics studies, the number of samples is usually low
compared to the number of variables, due to the limited
availability or the cost of measurements. Taking this into
account and in order not to introduce bias due to the small
sample problem, a wrapper was used as a feature selection
method using conditional forward stepwise algorithm based
on likelihood rate to reduce the dimensionality of the data
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Figure 1: Continued.
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Figure 1: (a) shows Kaplan-Meier disease-specific survival curve for the whole population in the study. The Kaplan-Meier survival curve
is defined as the probability of surviving in a given period of time. Each period of time is the interval between two nonsimultaneous
terminal events.There were no survival data censored as no information about the survival time of any individual was lost. (b–h) Plots depict
Kaplan-Meier survival curves of individual biomarkers tagged as significant prognosis markers: (b) clinical response; (c) age; (d) BDNF; (e)
HVEM/TNFRSF14; (f) IL-24; (g) IL-29; (h) leptin-R; (i) LRP-6; and (j) ROBO4.The cut-off values were determined considering those points
which maximized the dichotomization between poor and fair prognosis. The 𝑃 values for the log-rank tests are shown for every variable.

[30]. To assess the performance of the multivariate survival
model, a leave-one-out cross-validation (LOOCV) analysis
was performed. All estimated models using the different
training sets in the LOOCV displayed an average goodness of
fit (R-squared measurement) of 0.914.These results represent
that a 91.4% of the variability in the survival time is accounted
for by the statistical model. In the test set, this validation
showed an accuracy of 92.3%, sensitivity of 85.57% (true-poor
prognosis rate) and specificity of 100% (true-fair prognosis
rate) for all the left out samples (test samples). All estimated
models are depicted in SupplementaryMaterial (Supplemen-
tary Figure 1).

The best combination of cytokines selected by the multi-
variateCox’s proportional hazard analysis is shown inTable 3.
None of the clinicopathologic parameters demonstrated a sig-
nificant trend towards shortened overall survival (𝑃 > 0.05)
and were not considered in the global model. Concerning
cytokines at multivariate analysis, expression levels of B7-
1/CD80 (𝑃 = 0.043, HR 77.574, 95% CI (1.138–5289.4)); EG-
VEGF/PK1 (𝑃 = 0.049, HR 1.003, 95% CI (1.000–1.005))
and IL-29 (𝑃 = 0.026, HR 1.084, 95% CI (1.010–1.164))
showed a significant influence on prognosis. The significant
influence on survival observed in univariate analyses for IL-
29 was confirmed in multivariate analyses. Beta-coefficients
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Table 2: Prognosis factors in univariate analysis.

Variable Overall survival
𝛽 HR 95% CI 𝑃 value

BDNF 0.005 1.005 1.000 1.009 0.034
HVEM/TNFRSF14 −0.079 0.924 0.858 0.996 0.038
IL-24 0.040 1.041 1.006 1.078 0.023
IL-29 0.012 1.012 1.002 1.023 0.021
Leptin R 0.008 1.008 1.001 1.015 0.018
LRP-6 0.027 1.027 1.004 1.051 0.022
ROBO4 0.002 1.002 1.000 1.004 0.045
Age 0.086 1.089 1.008 1.177 0.030
Clinical response 2.064 8.706 1.057 71.692 0.013

Cytokines Overall model fit (𝑃 = 0.0023)
𝛽 HR 95% CI 𝑃 value

IL-24 (1) 0.042 1.042 1.003 1.023 0.026
IL-29 (2) 0.014 1.014 1.005 1.081 0.017
𝛽: coefficient provided by the Cox’s regression model for a particular patient and cytokine; HR: hazard ratio (represents the factor by which the hazard changes
for each one-unit increase of the cytokine expression); 95% CI: upper and lower limits of the confidence interval with a significance level of 0.05.

Table 3: Prognosis factors in multivariate analysis.

Cytokines Overall survival Overall model fit
𝛽 HR 95% CI 𝑃 value 𝑃 value

IL-29 0.081 1.084 1.010 1.164 0.026 0.004212
B7-1/CD80 4.351 77.574 1.138 5289.45 0.043 0.002494
PD-ECGF 0.264 1.302 0.944 1.797 0.108 0.001350
EG-VEGF/PK1 0.003 1.003 1.000 1.005 0.049 0.000134
NRG1-beta1/HRG1-beta1 0.020 1.020 0.994 1.047 0.129 0.000286

Cytokines Overall survival in the univariate analysis
𝛽 HR 95% CI 𝑃 value

IL-29 0.012 1.012 1.002 1.023 0.021
B7-1/CD80 0.373 1.452 0.876 2.407 0.148
PD-ECGF 0.044 1.045 0.997 1.096 0.068
EG-VEGF/PK1 −0.0001 1.000 0.999 1.000 0.640
NRG1-beta1/HRG1-beta1 −0.004 0.996 0.979 1.014 0.673
𝛽: coefficient provided by the Cox’s regression model for a particular patient and cytokine; HR: hazard ratio (represents the factor by which the hazard changes
for each one-unit increase of the cytokine expression); 95% CI: upper and lower limits of the confidence interval with a significance level of 0.05.

(𝛽), hazard ratio (HR), 95% CI, and 𝑃 values for the selected
cytokines are shown inTable 3. AlthoughNRG1-beta1/HRG1-
beta1 ((𝑃 = 0.129), HR 1.020, 95% CI (0.994–1.047)) and PD-
ECGF ((𝑃 = 0.108) HR 1.302, 95% CI (0.944–1.797)) failed
to significantly influence the prognosis as independent factor,
the Cox’s proportional hazard analyses using conditional
forward stepwise algorithm based on likelihood rate did
select them as significant variables that influence the overall
survival model (see below).

3.4. Prognosis Indexes of Serum Cytokines in PDAC Patients.
As combinations of biomarkers are likely to provide more
accurate prognosis information, the most accurate subset of
variables was sought using the conditional forward stepwise
regression approach based on likelihood rate. To illustrate the
interrelated effect on OS of the seven markers highlighted by

the univariate analysis, theCox’s proportional hazard analysis
was employed to select those variables jointly correlated with
the survival. As a result of this analysis, a model containing
only IL-24 (𝑃 = 0.026, HR 1.042, 95% CI (1.003–1.023))
and IL-29 (P = 0.0.017, HR 1.014, 95% CI (1.005–1.081)) was
returned. The overall model fit was shown to be significant
by the chi-squared statistic test (𝑃 = 0.0023). So as to
establish a prognosis index to determine PDAC patients
overall survival, these cytokines 𝛽-coefficients were entered
in the Cox’s model [27] and the following PI model was
generated:

PIunivariate = 0.042 × IL-24 + 0.014 × IL-29. (1)

Note that PIunivariate represents the multivariate model
derived from the combination of the underlined markers in
the univariate analysis.
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Figure 2: The Cox’s regression model. Observed (denoted by square, diamonds and triangles points) and predicted (denoted by solid line)
prognosis curves for the PDAC patients according to (a) univariate o and (b) multivariate Cox’s proportional hazard model analysis. As
explained in the text, the stepwise procedure based on the likelihood ratio was used to select a model containing a statistically significant
subset of prognosis factors. The three predicted prognosis curves in (b) are derived from step 3 (where three cytokines are included), step
4 (four cytokines included), and step 5 (five cytokines included) of this stepwise procedure. The predicted survival curves are adjusted to a
logarithmic distribution function, as expected. The coefficient of determination R2 is illustrative of the model goodness of fit. As coefficient
attested, these models would yield useful predictions, being the five cytokines multivariate model the most accurate, reaching a 92.6%. This
means that our PI properly models approximately 93% of the survival variation.

Regarding filtered cytokines obtained by multivariate
analysis, a second statistically significant (𝑃 = 0.0003)
survival model was built and the following PI model was
generated:

PImultivariate = 4.351 ×
B7-1
CD80
+ 0.003 ×

EG-VEGF
PK1
+ 0.081

× IL-29 + 0.020 × NGR1-beta1
HRG1-beta1

+ 0.264 × PD-ECGF.
(2)

Note that PImultivariate represents the multivariate model
derived from the best of all possible combinations using the
cytokines in themultivariate analysis having being previously
selected by the wrapper feature selection method.

Whether these PI can contribute to accurately model
survival for this patient cohort was assessed by regression
analyses. R-squared measurement was given as a proof of
goodness of fit. Applying the equations for both PIs, scores
of the proposed PIunivariate and PImultivariate were calculated,
ranked, and correlated to OS. As expected, both survival
models showed a logarithmic tendency when plotted against
time. Figure 2 depicts observed PI scores and predicted log-
arithmic adjustments for these models. For the multivariate
model, although the overall model with five cytokines was
probed to be statistically significant, regression analyses for
models containing 3 and 4 cytokines were also evaluated.
R-squared values obtained were 0.664, 0.727, 0.906, and
0.926 for PIunivariate and 3, 4, and 5 cytokines PImultivariate,
respectively. These results can be translated into that 66.4%,
72.7%, 90.6%, and 92.6%, respectively, of the variability

in the survival time are accounted for by the statistical
model. All models yield satisfactory results but multivariate
model embracing B7-1/CD80, EG-VEGF/PK1, IL-29, NRG1-
beta1/HRG1-beta1, and PD-ECGF stood out from the rest.

Prognosis index for multivariate model with these five
cytokines ranged from 0 to 40 in our cohort. Patients were
categorized into two groups according to their prognosis
index: poor prognosis (PI > 17) and fair prognosis (PI <
17). Survival curves were then compared among these two
prognosis groups (Figure 3(b)).The proposed groups are able
to properly differentiate between low (<6 months) and high
(>6 months) overall survival time. Overall survival in these
groups was highly statistically significant (𝑃 < 0.00056).
Indeed, as shown in Supplementary Table 2, the 100% of the
PDACpatients were correctly classified as long/short survival
according to the previously proposed cut-off in the prognosis
index (PI = 17). Prognosis index for univariate model was
also depicted and it ranged from 0 to 5. According to this
PI, patients were again categorized into two groups: poor (PI
> 1.5) and fair prognosis (PI < 1.5). Furthermore, survival
curves were compared among these two prognosis groups
(Figure 3(a)) and a significant correlation with the overall
survival was also obtained as low (<6 months) and high
(>6 months) survival. Overall survival in these groups was
less but still significant (𝑃 < 0.004) compared with the PI
multivariate.

4. Discussion

In this work, we have conducted an extensive analysis of
serum prognosis biomarkers using an antibody array com-
prising 507 humanproteins including cytokines, chemokines,
adipokines, growth factors, angiogenic factors, proteases,
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Figure 3: Kaplan-Meier PI survival curves. (a) shows survival plot for PI derived from univariate model, embracing 2 cytokines. A cut-off of
1.5 was chosen to divide cohort of patients in short (<6 months) and long (>6 months) survival times. (b) shows survival plot for PI derived
from multivariate model, embracing 5 cytokines. A cut-off of 17 was chosen to divide cohort of patients in short (<6 months) and long (>6
months) survival times. Both PI cut-off values were established considering the best discrimination between poor and fair prognosis. The 𝑃
values for the log-rank tests are shown for both comparisons.

soluble receptors, soluble adhesion molecules, and other
proteins.Themain objective of this analysis was to determine
if a specific cytokine panel in patient before Gemcitabine
and Erlotinib treatment could influence the survival time
after this treatment. This is a powerful tool with great poten-
tial in applications for biomarker discovery [33]. To assess
the impact of altered cytokine profiles on overall survival
(OS), Cox’s proportional hazard modeling and Kaplan-Meier
curves were developed. The effect of serum cytokines levels
on OS was dually explored. Initially, a univariate analysis
of the cytokines along with some clinicopathologic features
was carried out to determine possible significant explanatory
variables to model a prognosis index (PI). Whilst univariate
analysis returned those highly significant markers to be used
as independent prognosis factors, it must not be implied
that the combination of these markers would represent the
best performance for the multivariate model. Furthermore,
univariate selection methods have certain restrictions and
may lead to less accurate classifiers. Hence, themost adequate
approach to define the multivariate model would be inde-
pendent from the former, so disregarded variables could also
be considered to complete the multivariate model. Then, as
some variables may not be significant in univariate analysis
but become significant inmultivariate analysis, a multivariate
approachwas used in this study to identify jointlymeasurable
factors that could be used to model risk of PDAC mortality.
To overcome the noise and overfitting problem derived from
the fact that there weremore candidate features than samples,
a robust feature selection model was carried out [34]. As
long as feature selection is performed reasonably, accurate
prediction is achieved evenwith the simplest of the predictive
models [35].

In the course of our evaluation, we first identified 2
cytokines that correlated with patients’ prognosis in uni-
variate analysis. Following, a panel of 5 cytokines clearly
demonstrated a remarkably better overall performance for
modeling OS.Therefore, themultivariate model consisting of
B7-1/CD80, EG-VEGF/PK1, IL-29, NRG1-beta1/HRG1-beta1,
and PD-ECGF was shown to be more accurate than the
univariate model considering the most significant markers.
The effectiveness of our model is clearly demonstrated with
the evaluation performed by the LOOCV.

Notwithstanding proposed roles for B7-1/CD80, EG-
VEGF/PK1, and NRG1-beta1/HRG1-beta1 in PDAC, to the
best of our knowledge this is the first time that this combi-
nation of serum cytokines has been collectively described as
prognosis factors for PDAC.An overview of these biomarkers
is subsequently given.

B7-1/CD80. The B7 system is one of the most important
secondary signaling mechanisms and is essential in main-
taining the delicate balance between immune potency and
suppression of autoimmunity. B7-1 (CD80) and B7-2 (CD86)
are ligands expressed on antigen-presenting cells and they
are responsible of the costimulatory signaling whereby T cell
priming, growth, maturation, and tolerance are regulated.
Upon binding to their receptors, T cell activation and survival
are promoted. On the other hand, they can also deliver coin-
hibitory signaling binding to their inhibitory receptors and
blocking T cell response [36]. An inadequate costimulation
has been suggested to contribute to the progressive growth of
tumours [37]. The combination of B7-1 and B7-H1 has been
proposed as prognosis factor for PDAC [38, 39]. Although
the role of B7-1 seems to be antitumoral, overall emerging
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picture is that the aberrant or unbalanced expression of B7
family members can contribute to the escape of the immune
surveillance.

EG-VEGF/PK1.This molecule was first described as an exam-
ple of a class of highly specific mitogen that acts to regulate
proliferation and differentiation of the vascular endothelium
in a tissue-specific manner. Although this protein does not
show any structural homology to the VEGF family, they do
share multiple regulatory functions related to proliferation
and migration [40]. EG-VEGF/PK1 has been described to
be related to multiple cancer types including ovarian [41],
colorectal [42], prostate [43], hepatic [44], pancreatic [45]
and neuroblastoma [46]. It has also been described as a factor
for placenta angiogenesis [47].

IL-29. Also referred as IFN-𝜆1, it belongs to the type III INF
family and it has been described to induce similar biological
activities to type I INF family (INT-𝛼 and 𝛽). Although
both are able to induce antiproliferative responses in many
cell types, IFN-𝜆1 appears to be more limited. Signalling
via the IFN-𝜆1 results in activation of STATs, MAPKs and
PI3K pathways [48–50]. However, the ability of IFN-𝜆1 to
trigger these alternative pathways could be cell-type specific
or altered in cancer cells. Contrasting conclusion has been
derived from other study that suggests growth induction in
human multiple myeloma cells through MAPK activation
[51]. The precise role of IL-29 in the host responses and
immune surveillance has yet to be defined in the context of
cancer in general and in PDAC in particular.

NRG1-beta1/HRG1-beta1. Neuregulin-1 or heregulin-1 is an
extracellular protein ligand meant to bind to the ErbB recep-
tors family members, ErbB3 and ErbB4. Upon interaction
with their receptor, a wide range of biological events includ-
ing the induction and progression of several epithelial cancers
are prompted. The NRG1/HRG1 proteins play essential roles
in the nervous system, heart, and breast and are involved in
the development of human diseases, including schizophrenia
and breast cancer [52, 53]. An upregulation of the angiogenic
factor VEGF by NRG1/HRG1 has also been described [54].
Their proliferative effects are likely to be achieved through
the combined action of multiple pathways, including PI3K,
MAPK, and p38MAPK pathways [55] which has been specif-
ically described in PDAC cells. A worse survival rate was
related to those PDAC patients with higher expression of
HRG-𝛽 mRNA [56]. ErbB3 has a pivotal role in pancreatic
tumorigenesis promoting in vitro and in vivo cancer cell
proliferation [57]. It has been recently described that cancer-
associated fibroblasts release NRG1/HRG1 ligand, activating
PDAC cells by ErbB3/AKT-mediated signalling and enhanc-
ing tumorigenesis. This could be related to the insufficient
effect of Erlotinib (EGFR inhibitor) when combined with
Gemcitabina in PDAC patient treatment [58].

PD-ECGF. It is also known as thymidine phosphorylase;
its activity and expression in carcinomas of the esophagus,

stomach, colorectum, pancreas, and lung are significantly
higher than in the adjacent nonneoplastic tissue and may
have an important role in the proliferation of these solid
tumours. PD-ECGF is expressed not only in the tumor
cells but also in the tumor associated stromal cells [59, 60].
Regression analyses in bladder, colorectal, gastric, renal and
pancreatic carcinoma have marked PD-ECGF as a prognosis
factor for poor outcome [61].

It may not be possible for one single biomarker to provide
the necessary prognosis information about the patient to base
treatment options on. For this reason, panels of biomarkers
are advisable to accurately predict the stage of the disease
and how it will progress. Previous studies have indicated that
tumor prognosis is closely associated with immune escape
by tumor cells. A dynamic relationship between the host
immune system and cancer is emerging [62]. Present prog-
nosis scoring system, based on serum cytokines, has been
developed to identify patients at the highest risk of cancer
progression and death. Due to the emerging role of tumour
microenvironment on cancer progression and aggressive-
ness, cytokines could represent successfully predictors of
cancer outcomes as they can be considered as a reflection of
the complex tumour immunosuppressive network underly-
ing PDAC. The worsened prognosis associated with tumors
harboring this cytokine panel could be associated to a deregu-
lation of growth factor-mediated paracrine loops, particularly
in relation to proliferation and angiogenesis. Given the
interplay between B7-1/CD80, EG-VEGF/PK1, IL-29, NRG1-
beta1/HRG1-beta1, and PD-ECGF and poor prognosis, these
cytokines could be considered as novel molecular targets that
may lead tomore successful therapeuticmodalities for PDAC
patients.

We are aware of the limitation imposed by population
size in this study. However, we have tried to apply a
robust statistical analysis and validation. Although PDAC
is amongst the less prevalent cancer and studies with large
sample size are difficult to be carried out, its aggressive-
ness and the poor outcome urge to search novel prognosis
biomarkers as the basis for rational treatment decisions,
analysis of novel therapeutic interventions, and tailored
treatment approaches [63]. For this model to be applied in
clinical decisions making, further validations are impera-
tive in order to assure that this combination of cytokines
would successfully model the outcome in other patients
populations.

In summary, we have identified for the first time a
panel of five serum cytokines comprising B7-1/CD80, EG-
VEGF/PK1, IL-29, NRG1-beta1/HRG1-beta1, and PD-ECGF
with prognosis significance in PDAC.These molecules might
not only allow a more accurate prediction of prognosis of
patients with PDAC but also represent novel targets for ther-
apeutic agents. Studies in prognosis biomarkers achieving
true clinical impact and improving patient management and
outcome are a matter of the utmost importance in PDAC.
Besides, being able to foresee the prognosis of a PDAC
patient may help to avoid futile therapy approaches and to
improve quality of life of those whose long-term survival is
unpromising.
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Inflammation is the basis of many diseases, with chronic wounds amongst them, limiting cell proliferation and tissue regeneration.
Our previous preclinical study of flax fiber applied as a wound dressing and analysis of its components impact on the fibroblast
transcriptome suggested flax fiber hydrophobic extract use as an anti-inflammatory and wound healing preparation. The extract
contains cannabidiol (CBD), phytosterols, and unsaturated fatty acids, showing great promise in wound healing. In in vitro
proliferation andwound closure tests the extract activated cellmigration and proliferation.The activity ofmatrixmetalloproteinases
in skin cells was increased, suggesting activation of extracellular components remodeling. The expression of cytokines was
diminished by the extract in a cannabidiol-dependent manner, but 𝛽-sitosterol can act synergistically with CBD in inflammation
inhibition. Extracellular matrix related genes were also analyzed, considering their importance in further stages of wound healing.
The extract activated skin cell matrix remodeling, but the changes were only partially cannabidiol- and 𝛽-sitosterol-dependent.The
possible role of fatty acids also present in the extract is suggested.The study shows the hydrophobic flax fiber components as wound
healing activators, with anti-inflammatory cannabidiol acting in synergy with sterols, and migration and proliferation promoting
agents, some of which still require experimental identification.

1. Introduction

Wound healing is a very complicated process consisting of
three main stages: local inflammation inhibition, cell pro-
liferation, and tissue remodeling and organization. The first
stage limits the whole process, as the inflammatory response
inhibits skin cell proliferation and differentiation, mainly due
to reactive oxygen species production. Chronic inflammation
makes it impossible for thewound to heal, causing permanent

pain and the possibility of infection [1]. The key factors of
chronic inflammation are cytokines and chemokines pro-
duced by skin and activated immune system cells, such as IL1,
IL6, or TNF-𝛼. Such molecules cause reactive oxygen species
production, proliferation and recruitment of lymphocytes
and macrophages, and degranulation [2]. Another type of
very important signaling molecules of wound healing is
growth factors, which activate skin cell proliferation and
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extracellular matrix components reorganization, by promot-
ing extracellular metalloproteinase production. Fibroblast-
keratinocyte cross talk is crucial for these well-balanced
wound closure and tissue regeneration elements [3].

Problems with wound healing are associated with several
medical disorders, such as diabetes, atherosclerosis, and
immunological disorders. As these diseases have become
more widespread, chronic wounds have become a serious
medical problem as we still lack successful therapy for the
treatment of chronic wounds of different origins but of the
same local background of constant inflammation.

Trying to fulfill the need for such therapy we previously
conducted some preclinical tests of wound dressing made of
flax fiber [4]. We chose this material partly due to its high
hygroscopic properties, but mainly for the elevated levels
of bioactive reactive oxygen species scavenging compounds.
Flax fiber is very different from pure cellulosic cotton fiber,
as it also contains lignin, pectin, and many smaller molecules
attached to these polymers [5, 6].The results of the preclinical
test were very promising, with enhancement of wound
closure in almost 75% of cases and over 90% of patients
reporting pain relief during the therapy.

One of the scopes of research in our group is the analysis
of several fractions of all flax products and waste prod-
ucts also, to identify potentially bioactive compounds. Flax
(Linum usitatissimum L.) is an annual plant of the temperate
climate zone, grown for its fiber and seeds. The products
obtained from flax, especially seeds and oil produced from
them, have been traditionally considered to be health-
promoting food and used, for example, in gastrointestinal
and heart diseases. The development of modern molecular
biology technologies allowed identification and modification
of the production level of someof the flax compounds respon-
sible for health-beneficial properties. These achievements
concern polyunsaturated fatty acids [7], lignan complexes [8],
carotenoids [9], flavonoids, and phenylpropanoids [10]. All
these molecules consist of either oil or the seed itself, while
there is still a lack of knowledge about the fiber bioactive
components. The preclinical trials of flax fiber application
as a wound dressing were therefore accompanied by mea-
surements of known bioactive components of the fiber and
identification of some new ones. One of the newly identified
compounds, cannabidiol, was very interesting, as it had been
found previously only in Cannabis plants. Identification was
based on the UV absorption spectrum, retention time in
ultra performance liquid chromatography (UPLC), and mass
spectrometry [11].

Cannabinoids owe their name to the Cannabis plant,
where they were originally identified [12], but, due to further
discoveries of the human endocannabinoid system, nowa-
days they are defined as molecules that can bind to the
cannabinoid receptors. Thus the group can be divided into
three types of cannabinoids considering their origin: endo-
cannabinoids (produced by the human body itself, e.g., anan-
damide, arachidonoyl glycerol, and arachidonoyl dopamine),
synthetic cannabinoids (e.g., HU-243, WIN-55,212-2, and
CP-55,940), and phytocannabinoids (terpenophenolics of
plant origin, e.g., tetrahydrocannabinol, cannabidiol, and
cannabinol) [13].The special properties of plant cannabinoids

have been known and used for ages by almost all human
cultures. In the Cannabis plant these anti-inflammatory and
pain-killing molecules are synthesized from the terpene part,
geranyl pyrophosphate from the plastidic isoprene path-
way, and alkylresorcinol—olivetolic acid from the polyketide
pathway [14, 15]. Both pathways andmolecules as well as their
many analogues are present also in flax metabolism. Fur-
thermore, our very last preliminary analysis also suggested
existence of genes in the flax plant that may be responsible
for the synthesis of terpenophenolics.

Cannabidiol (CBD), a compound that was identified
in flax fiber, is the second, after Δ9-tetrahydrocannabinol
(THC), most analyzed phytocannabinoid. CBD is a nonpsy-
choactive cannabinoid, still showing valuable anti-inflam-
matory and antinociceptive properties. It has been shown to
attenuate many inflammation and neurodegeneration related
changes in gene expression, such as in Alzheimer disease,
cerebral ischemia, or multiple sclerosis, but also connected to
rheumatoid arthritis and diabetes [16]. CBD activity, mainly
connected to specific receptor activation and influencing
CREB and NF𝜅B transcription factors [17], results in inhibi-
tion of expression of many cytokines and causes lowering of
reactive oxygen species production [18, 19].

Considering further application of the fiber as a wound
dressing, but also of the flax-derived CBD itself, as well
as other extract components, wider bioactivity studies were
necessary. We focused on skin cell inflammation and regen-
eration, as these are the most important stages in the process
of chronic wound healing, playing a crucial role in the local
tissue condition. In this study we evaluated the flax fiber
extract as a possible wound healing preparation bymeasuring
cell proliferation, migration, inflammatory gene expression,
and extracellular metalloproteinase activity. At the same time
we tried to determine how many flax fiber extract properties
can be attributed to the cannabidiol molecule.

2. Materials and Methods

2.1. Plant Material. Flax (Linum usitatissimum cv. Linola,
Variety Registration Office, Plant Health and Production
Division, Canadian Food Inspection Agency, registration
number 5426) plants grown in the field, harvested 90 days
after seeding, were used. Flax fiber was prepared via the
standard dew retting process described previously [20]. The
fabric was prepared from raw yarn using a standard weaving
method.The linearmass of thewarp andweftwas 140 tex.The
warp density was 65/dm3 and the linear density of the weft
was 85/dm3. The density of the final flax fabric was 220 g/m3.
This fabric made from only mechanically affected fiber was
used for extraction of the biologically active compounds.

2.2. Preparation of Flax Fiber Hydrophobic Extract.
Unbleached linen fabric (15 g) was extracted three times with
50mL of chloroform, the solutions were pooled, and after
drying in a nitrogen atmosphere, the matter was redissolved
in 500 𝜇L of ethanol. The extract was filtered through
0.25 𝜇m Acrodisc and the concentration of cannabidiol in
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the extracts was measured by UPLC analysis in comparison
to a commercially available CBD standard (Sigma-Aldrich).

2.3. Terpenophenolics UPLC Analysis. The analysis was per-
formed with a Waters Acquity ultra performance liquid
chromatograph with a PDA and additional mass detector.
Themobile phase was an acetonitrile-water gradient of 70 : 30
for 1min followed by an acetonitrile gradient from 70% to
100% for 5min, 100 : 0 until 10min, and then a 1-min return
to 30 : 70 for 1min (flow 0.4mL/min−1). 0.05% trifluoroacetic
acid (TFA) was added to both solvents for elimination of the
phenolic compounds tailing.The detection and integration of
the cannabidiol peakwas performed at 230 nm in comparison
to the compound standard (Sigma-Aldrich, 98.5% purity).

2.4. GC-FID Analysis of Squalene and Sterols. 1mL of extract
was reextracted twice with 10mL of hexane by vortexing vig-
orously for 15min. The extracts were pooled and evaporated
under nitrogen (25∘C) to dryness. Trimethylsilyl derivatives
of sterols were prepared according to the method described
by Shukla et al. [21]. The separation of silyl compounds and
the quantification were performed on a gas chromatograph
6890N (Agilent Technologies, USA) equipped with an FID
detector and the capillary column HP-5 30m × 0.32mm ×
0.25 𝜇m (Agilent Technologies, USA). Helium was used as
a carrier gas at a flow rate of 1.0mL/min and the separation
was carried out at a temperature set from 250∘C (for 5min)
to 290∘C (for 14min); the temperature increased at a rate of
5∘C/min. 5𝛼-Cholestane was used as an internal standard for
quantitative analysis and Chemstation v. B.04.02 was used to
calculate the results.

2.5. GC-FID Analysis of Fatty Acid Content

2.5.1. Conversion of Fatty Acids into Fatty Acid Methyl Esters.
Prior to GC analysis, the fatty acids were converted into
their methyl esters (FAME). 5 𝜇L of extract was placed in a
glass tube with a Teflon-sealed screw cap and supplemented
with 500 g of pentadecanoic acid as an internal standard.
Each sample was made in triplicate. 1mL of 0.5M KOH in
anhydrous methanol was added to each sample, which was
shaken well and incubated for 30min at 70∘C. After cooling,
1mL of 1.25M HCl in anhydrous methanol was added and
the sample was again mixed and incubated at 70∘C for
30min. Samples were cooled, and 1mL of hexane and 3mL of
saturated NaCl were added to each. Samples were thenmixed
well for 5min and the hexane fraction containing FAME was
collected in newEppendorf tubes. Extractionwas repeated by
adding an additional 1mLof hexane, and the collected hexane
fractions were stored at 4∘C until measurement (at the latest
on the next day).

2.5.2. FAME Analysis. FAME analysis was carried out using
an Agilent 7890A gas chromatograph with an FID detector
on a DB-23 column (60m, 0.25mm, and 0.25 𝜇m) suitable
for the determination of fatty acid content and composition.
Each FAME was identified by its retention time, and its
quantity was calculated according to an internal standard.
Each sample was esterified and measured in 3 replicates.

The fatty acid content was measured using the following pro-
gram: injector temperature: 240∘C; split 100 : 1; gas pressure:
17.81 psi; carrier gas: nitrogen; Owen program: 140∘C (hold
2min) to 240∘C (4∘C/min; hold 10min); and FID detector
temperature: 260∘C. Series of fatty acid standards (Sigma-
Aldrich) were analyzed to determine the retention times for
each compound.

2.6. Human Skin Fibroblast and Keratinocyte Culture Condi-
tions. Normal human dermal fibroblasts (NHDF) and nor-
mal human epidermal keratinocytes (NHEK) (PromoCell,
Germany) were cultivated in sterile conditions in 5% CO

2

atmosphere and at 37∘C temperature. NHDF were grown
in DMEM medium containing 1.5 g/L glucose, 10% fetal
calf serum, 100U/mL penicillin, and 100𝜇g/mL strepto-
mycin until 90% confluence and then trypsinized (0.05%
trypsin/1mM EDTA in calcium- and magnesium-free PBS).
Trypsin was inhibited by addition of fresh medium in a 5 : 1
volume ratio; cells were centrifuged at 800×g for 5 minutes
and further plated to obtain 7 to 10 times area dilution. NHEK
cells were grown in KGM 2 medium (Lonza, Germany).
For trypsinization Detach Kit (PromoCell, Germany) was
used according to the manufacturer’s instructions. Cells were
centrifuged 220×g for 3 minutes and plated to obtain a
maximum of 7 times area dilution.

2.7. Skin Cell Morphology Observation and Basic Proliferation
Tests. For the basic proliferation test NHDF and NHEK cells
were cultivated in 24-well plates for 24 hours and after the
fresh medium was added, incubated with increasing concen-
trations of hydrophobic flax fiber fraction. The morphology
of the cells was visualized after 24 hours of incubation,
using a transmitted light phase contrastmicroscope equipped
with ×10 and ×100 objectives (Axiovert 40 CFL, ZEISS).
After that the MTT reagent (Sigma, USA) was added to
make a final concentration of 0.4mg/mL and incubated
for 4 hours. Produced formazan crystals were dissolved in
0.5mL of DMSO for 30 minutes and measured at 540 nm in
an Asys UVM340 Microplate Reader (Biochrom, UK). The
experiment was performed in four biological replicates.

2.8. In VitroWound Scratch Assay. Wound healing properties
were evaluated using the in vitro scratch assay [22], which
measures the expansion of a cell population on surfaces. Skin
cells were cultivated in a 24-well plate for about 48 hours,
until nearly confluent monolayers were obtained. Next, the
monolayer was linearly disrupted with a sterile 10 𝜇L plastic
pipette tip. The cellular debris was removed by washing
the culture with PBS, and then fresh medium was added,
containing 0.5% fetal calf serum, 100U/mL penicillin and
100 𝜇g/mL streptomycin in the case of NHDF cells, and KGM
2 medium without pituitary extract for NHEK cells. Then,
the flax fiber hydrophobic extracts were added. Nontreated
cells served as a control, but also ethanol samples were
analyzed. The experiment was performed in four biological
replicates. To estimate the relative migration of skin cells,
representative images of the scratched areas from each well
were photographed using a transmitted light phase contrast
microscope equipped with ×10 and ×100 objectives (Axiovert
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Table 1: Primer sequences used in RT real-time PCR.

Gene Forward primer Reverse primer
GAPDH AGGTCGGAGTCAACGGAT TCCGGAAGATGGTGATG
SOCS-1 TTTTCGCCCTTAGCGTGAAG CATCCAGGTGAAAGCGGC
IL6 CCAGGAGCCCAGCTATGAAC CCCAGGGAGAAGGCAACTG
MCP1 CCCCAGTCACCTGCTGTTAT AGATCTCCTTGGCCACAATG
IL1𝛽 TGAACTGAAAGCTCTCCACC CTGATGGACCAGTTGGGGAA
ICAM1 GCCGGCCAGCTTATACACAA CAATCCCTCTCGTCCAGTCG
COX2 TTACAATGCTGACTATGGCTACAA CTTTGACACCCAAGGGAG
COLIA1 GGGCAAGACAGTGATTGAATA ACGTCGAAGCCGAATTCCT
COLIA2 TCTCTACTGGCGAAACCTGTA TCCTAGCCAGACGTGTTTCTT
COLIIIA1 CGCTCTGCTTCATCCCACTAT CGGATCCTGAGTCACAGACAC
MMP1 GTTCCAAAATCCTGTCC CGTGTAGCGCATTCTGTCC
MMP2 AGATCTTCTTCTTCAAGGACCGGTT GGCTGGTCAGTGGCTTGGGGTA
MMP9 GGCCACTACTGTGCCTTTGAG GATGGCGTCGAAGATGTTCAC
TIMP1 CACCCACAGACGGCCTTATGCAAT AGTGTAGGTCTTGGTGAAGCC
TIMP2 CTCGCTGGACGTTGGAGGAAAGAA AGCCCATCTGGTACCTGTGGTTCA

40 CFL, ZEISS) at zero time and after 6, 12, and 24 hours.The
data were analyzed using TScratch software (Computational
Science and Engineering Laboratory, Zurich, Switzerland).

2.9. Matrix Metalloproteinase Activity Assay. For the treat-
ment, the NHDF or NHEK cells were grown in six-well
plates for 24 hours. After fresh medium had been added, the
inflammatory state was induced with LPS (100 ng/mL final
concentration in the culture) in PBS. The incubation lasted
6 hours, before the flax fiber extract (the final concentration
of CBD was 0.2 𝜇g/mL for Ex 1, 0.1 𝜇g/mL for Ex 2, and
0.04 𝜇g/mL for Ex 5) and control samples were added and
incubated for 24 hours.

The general activity of matrix metalloproteinase (MMP)
enzymes was determined using the MMP Activity Assay
Kit (ab112147) from Abcam, according to the manufacturer’s
protocol. The medium after cell treatment was collected and
used for the test. The medium without cell incubation was
used as a negative control. The amount of 25𝜇L of medium
was added to 25𝜇L of 2mM APMA and incubated for 3
hours at 37∘C. After incubation 50𝜇L of MMP Red Substrate
working solution was added to the samples. After one hour of
incubation at room temperature in the darkness the fluores-
cence intensity was measured at Ex/Em = 490/525 nm, using
a microplate reader (Varioskan Flash, Thermo Scientific).

2.10. Skin Cell Treatment for Gene Expression Analysis. For
the treatment, theNHDForNHEKcells were grown, induced
with LPS, and treated analogically to MMP activity evalua-
tion. An ethanol negative control and CBD and 𝛽-sitosterol
standard positive controls were also included (pure CBD
in final concentrations corresponding to flax preparations—
CBD 1-0.2 𝜇g/mL, CBD 2-0.1𝜇g/mL, andCBD 5-0.04 𝜇g/mL,
and 𝛽-sitosterol—SIT 1-3.63 𝜇g/mL, SIT2, 1.82 𝜇g/mL, and
SIT5-0.73𝜇g/mL). The ethanol concentration was 0.1%. The
cells were harvested after 24 hours of treatment and directly
used for RNA isolation.

2.11. RNA Isolation, cDNASynthesis, andReal-Time PCRReac-
tions. Total RNA was isolated from freshly harvested cells
after the treatments using an RNeasy Plus Mini Kit (Qiagen,
Germany) according to the manufacturer’s instructions. To
ensure no genomic DNA contamination, an isolated amount
of 2𝜇g of each RNA sample was treated with DNase I (Fer-
mentas, Lithuania) and directly used as a template for cDNA
synthesis. cDNAs were synthesized using a High-Capacity
cDNAReverse Transcription Kit (Applied Biosystems, USA).
Real-time PCR reactions were set according to SYBR Green
Master Mix (Applied Biosystems, USA) producer’s instruc-
tions; the primer sequences are presented inTable 1.Obtained
data were analyzed using ΔΔCt methodology for calculation
of the parameter RQ (relative quantification).

2.12. Statistical Analysis. The statistical significance of ob-
tained results was evaluated using Student’s t-test. All of
the calculations were carried out using the STATISTICA 10
software (StatSoft). Values of 𝑃 < 0.05 were considered
significant.

3. Results and Discussion

3.1. Preparation and Characterization of Flax Fiber Cannabi-
noid Containing Extract. The flax fiber was extracted with
chloroform; the solvent was evaporated and the matter
was redissolved in ethanol, prior to bioactivity tests. The
composition of the extract was determined by HPLC and
GC analysis. Themain components of the extract are phytos-
terols, fatty acid, cannabidiol, and the carotenoid lutein. The
concentrations of the components are presented in Table 2.

Sterols have previously been identified in flax fiber
extracts [23], and their presence was predictable considering
their widespread occurrence in plants and the extraction
method used. Final concentration of sterols in the prepa-
ration was 7.31mg/mL, and 𝛽-sitosterol, the most common
phytosterol, constituted more than 50% of total sterols.
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Table 2: Concentration of identified components of flax fiber
hydrophobic extract.

Compound mg/mL
𝛽-Sitosterol 3,627
Saturated fatty acids 2,430
Unsaturated fatty acids 1,520
Campesterol 1,245
4,4-Dimetylsterol 0,985
Awenasterol 0,581
4-Monomethylsterol 0,268
Cycloartenol 0,263
Cannabidiol 0,211
Squalene 0,176
Campestanol 0,141
Stigmasterol 0,103
Ergosterol 0,100
Lutein 0,013

Phytosterols are well-known biologically active mole-
cules, mainly lowering serum cholesterol and lipid levels.
These properties are connected to change in cholesterol
incorporation into mixed micelles but also modulation of
cholesterol metabolism in the cell through Niemann-Pick
C1-like 1 protein and ABC-type transporters, resulting in
lower cholesterol intake [24]. They also influence de novo
cholesterol synthesis by modulating the mevalonic path-
way, particularly hydroxymethylglutaryl coenzyme A (HMG
CoA) reductase [25]. This reductase and other genes of this
pathway were among those most strongly inhibited in the
NHDF cells when treated with the flax fiber hydrophobic
fraction in whole transcriptome microarray studies.

The extract also contains fatty acids of a final concentra-
tion of 3.95mg/mL, with almost 40% unsaturated fatty acids.
The level of the most valuable polyunsaturated fatty acids
(PUFA) was 0.524mg/mL for linoleic and 0.054mg/mL for
linolenic acid (see Suppl. Table 1 in Supplementary Material
available online at http://dx.doi.org/10.1155/2015/862391).The
content of the extract clearly suggests its positive function
in the process of wound healing, with strong antioxidative
potential, anti-inflammatory activity of cannabidiol and also
sterols [26], and potentially proliferation promoting unsatu-
rated fatty acids [27].

Among fatty acids, especially polyunsaturated ones have
already been identified as inducers of wound healing, pro-
moting angiogenesis, antioxidation, and some direct anti-
inflammatory actions, mainly inhibiting prostaglandin and
leukotriene formation [28, 29]. The presence of PUFA in
flax products has been most widely examined, considering
bioactive components [30, 31]. Their presence and biological
activity were also not themain impact on fibroblast transcrip-
tome identified in previous studies of flax fiber extract, where
cannabidiol and possibly sterol characteristic changes were
observed.

The CBD content was measured using UPLC analysis
in comparison to the pure cannabidiol standard. The con-
centrated preparation consisted of 0.211mg/mL CBD. UPLC

analysis also revealed the presence of traces of lutein, a
carotenoid common in flax fractions.

The presence of sterols and fatty acids in the flax
fiber preparation may also be partially responsible for the
anti-inflammatory activity, as they are proven inhibitors of
cytokine production [26], but the quantitative analysis of
microarray data reveals that almost 60% of observed changes
caused by the flax fiber hydrophobic extract are related to
cannabidiol presence. Still sterols and squalene identified in
the extract, as well as fatty acids, can act in synergy, as is the
case with many different natural preparations.

3.2. Flax Fiber Hydrophobic Extract Influence on Skin Cell
Proliferation and Morphology. Fibroblast and keratinocyte
cell cross talk plays a crucial role in the wound healing
progression. Skin cells are the most important in the main
stages of this process: inflammation, producing a plethora of
signaling cytokines and chemokines, and tissue regeneration,
being responsible for the extracellular matrix production and
organization and building the skin layers [2, 3]. For these
reasons fibroblasts and keratinocytes have been chosen for
flax fiber extract biological activity examinations.

To examine the basic impact of flax fiber hydrophobic
extract on the skin cells, we observed their morphology and
ability to metabolize harmful substance (the MTT test) in
the presence of the extract. This kind of observation is a
widely known measure of cell proliferation potential. These
experiments also allowed us to establish the proper range of
extract concentration depending on skin cell type. We also
included pure CBD samples in the analysis, as there is no
information on the influence of this kind of molecule on
skin cell cultures, while other possible bioactive components
(sterols and fatty acids) do not show any cytotoxicity in the
used range of concentrations. Figure 1 shows representative
images ofNHDFcells after 24 hours of incubation.Wedid not
observe any changes in fibroblast cell morphology caused by
flax fiber extract, even in the highest obtainable concentration
of 0.211 𝜇g/mL (Ex 1) nor in the CBD standard used as a
positive control.

Basic proliferation potential tests of humanfibroblast cells
after incubation with flax cannabinoid preparation revealed
a slight positive effect on the cells. The results (presented
in Figure 2) suggest that the influence is not connected to
CBDpresence in the extract, since the positive control sample
did not enhance the proliferation potential. The observed
influence is statistically significant, yet not related to the
extract concentration. A wider range of concentrations will
need to be tested in order to establish whether flax fiber
extract can influence cell proliferation.

Analogical experiments were also conducted for ker-
atinocytes, but due to their known sensitivity a lower extract
concentration (Ex 5: final CBD conc. 0.042𝜇g/mL) was also
included. The first treatments of NHEK cells with the flax
fiber hydrophobic extract showed a slightly negative effect
of the highest extract concentration both in morphology
of the culture and in proliferation potential. Observations
of NHEK cells treated with Ex 1 demonstrated a greater
amount of unattached cells and cell debris than in other
samples, but the difference was not very dramatic. What
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Figure 1: NHDF cell treatments with flax fiber cannabidiol containing extract, morphology observations. C: control untreated cells; EtOH:
NHDF cells after 24-hour incubation with ethanol, used as a negative control; Ex 1: cells treated with flax fiber cannabinoid preparation,
final CBD concentration 0.211𝜇g/mL of culture; Ex 2: cells after incubation with preparation diluted twice with ethanol, 0.105𝜇g CBD/mL of
culture; CBD 1 and CBD 2: cells treated with pure CBD standard, final concentrations of 0.211 and 0.105𝜇g/mL, respectively, used as positive
controls.
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Figure 2: MTT test of NHDF cells treated with flax fiber cannabi-
noid containing extract. Final CBD concentrations 0.211 (Ex 1) and
0.105 (Ex 2) 𝜇g/mL; C: untreated cells; EtOH: ethanol-treated cells,
negative control; CBD 1 and 2: positive control samples of pure CBD
in concentration corresponding to Ex 1 and 2.Measurements of four
biological replicates, ± SD, 𝑃 < 0.05.

was clearly seen was the influence of the extract on the
shape of the keratinocytes (Figure 3). In the presence of fiber
extract NHEK cells appeared longer and more spindle-like,
with more protrusions. This kind of cell shape change is
most often associated with increased motility. The changes
were extract concentration-dependent, which was especially
apparent in regions of lower confluence (images on the
right in Figure 3), but no similar changes were observed
in the corresponding positive control pure CBD samples.
These observations suggest that flax fiber hydrophobic extract
changes the cell shape of keratinocytes and possibly their
motility, but it is not the CBD itself that is responsible for that
influence.

The observations of morphological changes were com-
plemented by the basic proliferation potential test that
confirmed some negative influence of the extract at the
highest concentration on the NHEK cells (Figure 4). No such
decrease was observed with pure CBD; therefore it can be
assumed that the compound that is responsible for that effect
is not the flax cannabidiol, but some other component of the
extract.

3.3. Flax Fiber Hydrophobic Extract Influence on Skin Cell
Wound Closure. The process of skin cell migration is one of
the most important phases of wound healing. It is closely
connected to proliferation, extracellular matrix remodeling,
expression of adhesion molecules and growth factors, and
morphological changes of the cells. These types of alterations
have been reported above but also in previous microarray
analysis, as caused by flax fiber cannabidiol containing
extract. The simple migration tests, “wound scratch assays,”
performed on skin cells revealed that the extract in fact
influences this process. The results (shown in Figure 5)
indicate a slight response of the keratinocytes, but stronger
migration activation in fibroblasts, noticeable even after 6
hours in the presence of the highest extract concentration.
Nevertheless, migration was activated in both types of skin
cells.

Considering components of the extract, plant sterols,
in particular 𝛽-sitosterol, were shown to influence skin
cell migration and proliferation. The Aloe vera derived 𝛽-
sitosterol was shown to have a proangiogenic and migration-
promoting impact on human endothelial cells [32], while
𝛽-sitosterol from Rhaponticum carthamoides (Willd.) Iljin
showed a positive effect on keratinocyte cell line proliferation
[33]. Since in the case of a “wound scratch assay” type of
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Figure 3: NHEK cells after treatments with flax fiber cannabinoid extract. C: control untreated cells; EtOH: cells after 24-hour incubation
with ethanol, the negative control; Ex 1: cells treated with the extract where final CBD concentration was 0.211 𝜇g/mL of culture; Ex 2: cells
after incubation with extract diluted twice with ethanol, 0.105𝜇g CBD/mL of culture; Ex 5: cells incubated with five times diluted Ex 1, CBD
concentration 0.042𝜇g/mL; CBD 1, CBD 2, and CBD 5: cells treated with pure CBD standard, final concentration analogical to Ex 1, 2, and 5,
respectively, used as positive controls. Images on the left side show the cells of each sample growing in a large confluence, while the ones on
the right represent the same sample but in a region of lower growth density.
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Figure 4: MTT test of NHEK cells treated with flax fiber cannabi-
noid extract. Final CBD concentrations 0.211 (Ex 1), 0.105 (Ex 2),
and 0.042 (Ex 5) 𝜇g/mL; C: untreated cells; EtOH: ethanol-treated
cells used as negative control; CBD 1, 2, and 5: positive control
samples of pure CBD in concentration corresponding to Ex 1, 2, and
5. Measurements of four biological replicates, ± SD, 𝑃 < 0.05.

experiment the effect of migration and proliferation cannot
be truly distinguished, the wound closure observed may be
a sum of these processes, as it is in vivo. The relatively high
concentration of 𝛽-sitosterol in the flax fiber hydrophobic
extract may be responsible therefore for the observed results
of the in vitro wound closure test. The actual role of this
component in the processwas investigated in further analysis.

3.4. Changes inMMPActivity Caused by Flax FiberHydropho-
bic Extract Components. Extracellular matrix remodeling

is of great importance in the process of wound healing,
as it determines the tissue structure and cohesion. This
process is closely connected to skin cell migration and
proliferation, the two main mechanisms involved in skin
regeneration. Matrix metalloproteinases play a crucial role in
the remodeling of extracellular components, which is a key
factor of skin cellmigration andwound closure.Therefore the
flax fiber hydrophobic component biological activity analysis
was expanded to MMP activity measurements, performed
after flax extract treatments of the cells. 𝛽-Sitosterol control
samples were also included in the analysis due to mentioned
properties of migration and proliferation activation. The
obtained results are shown in Figure 6.

Flax fiber hydrophobic components activated the matrix
metalloproteinase activity in both types of skin cells in
a concentration-dependant manner. Similar activation was
also observed in 𝛽-sitosterol positive control samples, which
suggests that flax fiber phytosterolsmay be responsible for the
MMP activation. The influence of this kind of molecule on
the process of extracellularmatrix remodeling was previously
reported in the aspect of fibrosis [34].

3.5. Influence of Flax Fiber Hydrophobic Extract on Expression
of Extracellular Matrix Associated Genes. The previously
reported experiments with microarrays indicated that the
flax fiber cannabidiol containing extract may also show
an inhibiting influence on the expression of extracellu-
lar matrix components, while it activated the production
of their regulators—metalloproteinases and their inhibitors
[11]. The observed changes in keratinocyte morphology,
in vitro wound closure tests, and MMP activity induction
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Figure 5: Flax fiber hydrophobic extract influence on wound closure, “wound scratch assay.” Final CBD concentrations 0.211 (Ex 1), 0.105
(Ex 2), and 0.042 (Ex 5) 𝜇g/mL; C: untreated cells; EtOH: ethanol-treated cells used as a negative control. Measurements of four biological
replicates, ± SD, 𝑃 < 0.05.
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Figure 6: Influence of flax fiber hydrophobic extract on skin cell matrix metalloproteinase activity. Final 𝛽-sitosterol concentrations in flax
extracts: 3.63 (Ex 1), 1.82 (Ex 2), and 0.73 (Ex 5) 𝜇g/mL; C: untreated cells; EtOH: ethanol-treated cells used as negative control; SIT1, SIT2,
and SIT5: positive control samples of pure 𝛽-sitosterol in concentrations corresponding to Ex 1, 2, and 5. Measurements of three replicates, ±
SD, 𝑃 < 0.05.

also indicate extracellular structure remodeling. These pre-
liminary results prompted further expression investigation
after induction of the inflammatory state to mimic the
chronic wound environment and flax fiber hydrophobic
extract treatments, performed with RT real-time PCR. CBD
and 𝛽-sitosterol controls were included, as both substances
may be connected to expression modulation, as suggested
by microarray and MMP activity studies. The results are
presented in Figures 7 and 8 for fibroblasts and keratinocytes,
respectively.

Expression analysis revealed inhibition of collagen pro-
duction, both in fibroblast and in keratinocyte cells, caused
by flax fiber hydrophobic extract. Comparable inhibition was
also observed for CBD and 𝛽-sitosterol positive controls in
most cases, not always relative to respective extract concen-
trations (collagen I A2 in keratinocytes). This type of change
suggests synergy in extract component activity.

In both types of skin cells the hydrophobic extract caused
activation of proteinases regulating the level of extracellular
matrix components. In the case of keratinocytes, the acti-
vation was extremely large, even over 500 times the MMP1

transcript level in relation to the ethanol control. MMP1 is
more specific for fibroblast cells, where its expressionwas also
elevated, more inducible in keratinocytes, and responsible
for collagens I, II, and III degradation in the process of cell
migration [35]. Its activation has been shown to be con-
nected with IL1𝛽 signaling [36], which also showed increased
expression in this type of cell in further investigation of
genes related to inflammation. The changes observed for
metalloproteinases are only partially correlated with the cell
response to pure CBD, showing the same direction, but
not the level of alterations as the ones caused by flax fiber
hydrophobic extract. The effect of 𝛽-sitosterol was of even
lower intensity than CBD. This suggests their synergistic
action or participation of other components of flax extract in
the activation of matrix metalloproteinases.

The expression analysis of tissue inhibitors of metal-
loproteinases (TIMPs) shows different nature of fibroblast
and keratinocyte cells’ response. The inhibition observed
in fibroblasts (fully correlated with CBD, but only partially
with 𝛽-sitosterol concentration), together with the decrease
in collagen production and activation of MMP expression,
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Figure 7: Expression of genes related to extracellular matrix in NHDF cells after treatments with flax fiber hydrophobic extract. Final CBD
concentrations 0.211 (Ex 1) and 0.105 (Ex 2) 𝜇g/mL; C: untreated cells; EtOH: ethanol-treated cells used as negative control; CBD 1 and 2:
positive control samples of pure CBD in concentration corresponding to Ex 1 and 2; SIT1 and SIT2: positive control samples of pure 𝛽-
sitosterol in concentration corresponding to Ex 1 and 2 (3.63 and 1.82 𝜇g/mL). Measurements of five replicates, ± SE, 𝑃 < 0.05.
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Figure 8: Expression of genes related to extracellular matrix in NHEK cells after treatments with flax fiber cannabinoid containing extract.
Final CBD concentrations 0.211 (Ex 1), 0.105 (Ex 2), and 0.042 (Ex 5) 𝜇g/mL; C: untreated cells; EtOH: ethanol-treated cells used as negative
control; CBD 1, 2, and 5: positive control samples of pure CBD in concentration corresponding to Ex 1, 2, and 5; SIT1, SIT2, and SIT5: positive
control samples of pure 𝛽-sitosterol in concentrations corresponding to Ex 1, 2, and 5 (3.63, 1.82, and 0.73 𝜇g/mL). Measurements of five
replicates, ± SE, 𝑃 < 0.05.

indicates catabolic changes in extracellular matrix compo-
nent turnover. Such changes are responsible for looseness of
the matrix structure, making migration and tissue remodel-
ing easier. The activation of TIMP production observed in

keratinocytes, together with highMMP expression activation
and collagen production inhibition, also suggests remodeling
of the matrix components, but not of such catabolic orienta-
tion as in the case of fibroblasts. Nevertheless, the previous
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Figure 9: RT real-time PCRs of genes related to inflammatory state expressed by NHDF cells after treatment with flax fiber hydrophobic
extract. Final CBD concentrations 0.211 (Ex 1) and 0.105 (Ex 2) 𝜇g/mL; C: untreated cells; EtOH: ethanol-treated cells used as negative control;
CBD 1 and 2: positive control samples of pure CBD in concentration corresponding to Ex 1 and 2; SIT1 and SIT2: positive control samples of
pure 𝛽-sitosterol in concentration corresponding to Ex 1 and 2 (3.63 and 1.82 𝜇g/mL). Measurements of five replicates, ± SE, 𝑃 < 0.05.

MMP activity studies show an increase of their activity in
both types of cells.

The analysis of extracellular matrix related genes also
suggests the presence of bioactive components of the extract
other than cannabidiol and 𝛽-sitosterol, which can influence
expression of these genes. The response of fibroblasts is
more strongly correlated with the CBD concentration than
changes observed in keratinocytes. The synergistic action of
both components also cannot be excluded. In the case of

natural plant extracts, the role of “background components”
in biological activity is often observed. The presence of even
small amounts of other compounds dramatically influences
the activity of the main active components [37, 38]. Such an
“entourage effect” cannot be excluded also in the case of used
flax extracts.

3.6. Flax Fiber Hydrophobic Extract’s Influence on Expres-
sion of Inflammation-Related Genes in Skin Cells. Among
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Figure 10: Expression of inflammation-related genes in NHEK cells after treatment with flax fiber cannabinoid extract. Final CBD
concentrations 0.211 (Ex 1), 0.105 (Ex 2), and 0.042 (Ex 5) 𝜇g/mL; C: untreated cells; EtOH: ethanol-treated cells used as negative control;
CBD 1, 2, and 5: positive control samples of pure CBD in concentration corresponding to Ex 1, 2, and 5; SIT1, SIT2, and SIT5: positive control
samples of pure 𝛽-sitosterol in concentrations corresponding to Ex 1, 2, and 5 (3.63, 1.82, and 0.73𝜇g/mL). Measurements of five replicates, ±
SE, 𝑃 < 0.05.

flax fiber hydrophobic extract components, in particular
cannabidiol is a well-known anti-inflammatory agent pro-
posed to be responsible for most of the extract-induced
expression changes. Its properties are mainly lowering the
expression of proinflammatory genes and increasing the
anti-inflammatory ones, by influencing activation of tran-
scription factors of G-protein related pathways. The expres-
sion of genes from these pathways was shown to be low-
ered by flax cannabinoids in previous microarray studies.

The inflammation-related geneswere also strongly affected by
inhibition of proinflammatory genes and activation of genes
with the opposite function. The general data from microar-
rays require confirmation by more precise investigation to
confirm and specify the activity of flax-derived cannabinoid.
Therefore the expression of crucial genes of inflammation
state propagation was analyzed using the RT real-time PCR
method. 𝛽-Sitosterol control samples were also included in
the analysis, as this type of component can also play a role
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in inflammation propagation [39, 40]. The results of this
analysis are shown in Figures 9 and 10 for NHDF and NHEK,
respectively.

The results of real-time PCR showed inhibition of proin-
flammatory gene expression in skin fibroblasts, caused by flax
extract that is statistically significant in most cases (inter-
leukins 1𝛽 and 6, cyclooxygenase 2). The extract also signifi-
cantly activated the expression of suppressor of cytokine and
chemokine signaling 1, which is a known anti-inflammatory
gene that influences the cell response to both exogenous (bac-
terial LPS) and endogenous or secondary (TNF-𝛼) stimuli
at the signaling level. Changes in expression of other genes,
though not always statistically significant, show the same
direction of extract activity, lowering migration, and adhe-
sion of leukocytes (MCP1 and ICAM1). What is very impor-
tant is that observed changes correlate with the cannabidiol
concentration in the extract, as similar effects were observed
for the pure CBD standard. In the case of ICAM and COX2,
the results observed for the extract may be connected to pres-
ence of phytosterols, as indicated by the effects observed for
pure 𝛽-sitosterol samples. Flax sterols may also be partially
responsible for other observed changes, such as in IL1𝛽, IL6,
or MCP1, possibly acting in synergy with cannabidiol.

The influence of flax fiber hydrophobic extract on the
level of inflammation-related gene expression was also inves-
tigated in dermal keratinocytes, as, together with fibroblasts,
these cells are responsible for local cytokine production
in the skin. The results of RT real-time PCR (shown in
Figure 10) showed a slightly different response in comparison
to fibroblasts. The main cyto- and chemokine transcript
levels of this type of cell were lowered (IL6 and MCP1) and
the suppressor of their signaling (SOCS-1) expression was
significantly elevated, probably as a result of the synergistic
effect of CBD and sterols, where similar changes were noted.
Still we have observed induction of transcription of some
proinflammatory molecules (IL1𝛽, ICAM1, and COX2). This
induction is not related to the cannabinoid or sterol content
of the extract, as it is present only in CBD positive controls,
but at a much lower level. The elevated expression of some
proinflammatory agents may be connected to the cytotoxic
effect of the extract, reported in the proliferation potential
test, and at the transcription level it can be visible even in
the presence of diluted extract. Still the main inflammation-
related genes of keratinocytes indicate inhibition of the
inflammation propagation process. The changes are clear
when caused by flax fiber extract, but the influence of CBD
and 𝛽-sitosterol is visible, but not at the same level. Such
changes again suggest synergistic anti-inflammatory activity
of these components.

Observed expression changes are in a large part char-
acteristic of cannabidiol activity. CBD has been widely
proven to lower the activity of CREBP- and NF𝜅B-type
transcription factors, therefore inhibiting the transcription
of genes responsible for inflammation propagation [17, 41].
This type of activity is very valuable in the chronic inflam-
mation state of the wound, where production of the propa-
gation signal is constant or deregulated. While the changes
observed in fibroblast cells aremore consistent and correlated
with the observed alteration for CBD positive controls,

the keratinocytes only partially respond in a similar way.
The genes responsible for propagation of the inflammation
signal remain lowered, but not fully CBD or 𝛽-sitosterol
concentration-dependent. This suggests synergistic anti-
inflammatory activity of extract components. Some observed
differences of proinflammatory nature in keratinocytes may
be connected to the slight cytotoxic effect of the extract or to
its other components, as these changes were not correlated
with the CBD or 𝛽-sitosterol concentration. The role of
some analyzed genes in the skin cells may also be different
than in other tissues, as in the case of IL1𝛽—the migration
and extracellular matrix remodeling inducer in keratinocytes
[36]. The explanation in both cases is nevertheless not
possible without further experiments on this matter.

4. Conclusions

Flax fiber hydrophobic extract contains many valuable com-
ponents that can promote wound healing. Their synergis-
tic activity is able to stimulate the limiting stages of the
wound healing process, inhibiting chronic inflammation
and promoting extracellular matrix remodeling and skin
cell migration and/or proliferation. In this work we have
proven that flax fiber extract can be part of a formulation
to treat long-standing nonhealing wounds. At the same
time we confirmed that the anti-inflammatory and collagen
production promotion properties of the extract are mainly
due to the CBD content (in most cases acting in synergy with
𝛽-sitosterol), while the effect on matrix remodeling activity
is mostly dependent on the phytosterol content. The role of
other extract components (e.g., polyunsaturated fatty acids),
indicated by the literature as possibly responsible for some
anti-inflammatory but mostly migration and proliferation
promoting action, requires further experimental elucidation.
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The present results demonstrated that high glucose (G), salt (S), and cholesterol C (either alone or in combination), as mimicking
extracellular changes in metabolic syndrome, damage cardiomyocyte-like H9c2 cells and reduce their viability in a time-dependent
manner. However, the effects were greatest when cells were exposed to all three agents (GSC). The mRNA of glycoprotein (gp) 130
and WSX-1, both components of the interleukin (IL)-27 receptor, were present in H9c2 cells. Although mRNA expression was not
affected by exogenous treatment with IL-27, the expression of gp130 mRNA (but not that ofWSX-1 mRNA) was attenuated by GSC.
Treatment of IL-27 to H9c2 cells increased activation of signal transducer and activator of transcription 3 (STAT3) and protected
cells fromGSC-induced cytochrome c release and cell damage.Theprotective effects of IL-27were abrogated by the STAT3 inhibitor,
stattic. The results of the present study clearly demonstrate that the STAT3 pathway triggered by anti-inflammatory IL-27 plays a
role in protecting cardiomyocytes against GSC-mediated damage.

1. Introduction

In humans, metabolic syndrome (MS) is characterized by a
combination of obesity, hyperglycemia, glucose intolerance,
dyslipidemia, and hypertension [1]. The risk of heart attack is
three times greater for those with MS than for those without
[2]. Previous studies show that MS increases mortality in
patients with acute myocardial infarction and both during
and after coronary artery bypass surgery [3–5].Thus,MS ren-
ders the myocardium intolerant to further injury, including
ischemia or mechanical damage. This notion is supported by
a recent study showing that MS increases apoptosis in rat
cardiomyocytes after myocardial ischemia/reperfusion (IR)
injury via reactive oxygen species- (ROS-)mediated increases
in mitochondrial permeability [6]. Thus, it is necessary to
explore the mechanism underlying the effects of MS on the
myocardium with a view on developing new treatments for
heart diseases associated with metabolic disorders.

Inflammation links MS and heart disease [7]. Metabolic
overload triggers oxidative stress, organelle dysfunction,
and cell hypertrophy, all of which generate a vicious self-
amplifying cycle that leads to inflammation [1]. For example,

hypertrophy of adipose tissue (which is an active endocrine
organ) causes cell rupture; this releases large amounts of
cytokines, such as interleukin- (IL-) 6, tumor necrosis factor-
𝛼, and adiponectin, all of which cause inflammation [1,
7, 8]. IL-6 has been identified as an inflammatory marker
in MS; however, animal studies show that this cytokine
has protective effects in patients with unstable angina and
ameliorates IR injury [9–11]. Interestingly, these protective
effects are mostly related to the activation of signal trans-
ducer and activator of transcription 3 (STAT3). IL-6 family
cytokines activate glycoprotein (gp) 130 and phosphorylate
STAT3, which is then translocated to the cell nucleus where it
activates genes that control cell proliferation, differentiation,
and survival [12–14]. Increased STAT activity upregulates the
expression of several cardioprotective genes, including B-cell
lymphoma-extra large, which prevents myocardial apoptosis
and inhibits vascular endothelial growth factor [15, 16].

IL-27 belongs to the IL-6 family. It is a heterodimeric
cytokine comprising Epstein-Barr virus-induced gene-3 and
p28 (IL-27p28) [17]. Its receptor is also a heterodimer, com-
prising gp130 and WSX-1 [18]. IL-27 is primarily produced
by dendritic cells (DCs) and regulates the proliferation and
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activation of other immune cells [17, 19]. In the rat heart, DCs
reside close to endocardial blood vessels and align parallel to
the myocardium with their processes interdigitating between
the cardiomyocytes [20]. Studies in the IR rat model show
that DCs accumulate within the zones bordering infarcted
tissue 7 days after myocardial infarction [21]. Moreover, cir-
culating levels of IL-27 are elevated in patients with coronary
artery disease [22]. Taken together, these results indicate that
IL-27 released by DCs located around peri-infarcted tissues
may aid myocardial recovery from postischemic insult.

Our previously results show that IL-27 attenuates IR-
induced cardiac injury in isolated rat hearts and protects
H9c2 cells against severe hypoxia (2% oxygen) induced cell
death [23].These protective effects were blocked by the small-
molecule STAT3 inhibitor, stattic. The aim of the present
study was therefore to examine whether IL-27 activates the
STAT3 pathway to protect H9c2 cells against phenotypic
changes associated with MS. Because hyperglycemia, hyper-
tension, and dyslipidemia are the most important symp-
toms in MS and because of lack of definition of MS at
cellular level, we applied high glucose (G), high NaCl (S),
and/or cholesterol (C) treatment to mimic the phenotype
and/or extracellular changes associated with MS. We first
compared the effects of G, S, and C, either individually
or in combination, on cell viability and used RT-PCT to
examine their effects on IL-27 receptor expression in treated
H9c2 cells. We then further examined the effect of IL-27 by
exposing cells to the cytokine in the presence and absence of
stattic. Quantitative changes in STAT3 activity under different
treatment conditions were measured using enzyme-linked
immunosorbent assay (ELISA) kits.

2. Materials and Methods

2.1. Chemicals. IL-27 and stattic (6-nitro-1,1-dioxide-benzo-
[b]thiophene) were obtained fromR&DSystems (Minneapo-
lis, MN) andMerck (Darmstadt, Germany), respectively, and
were prepared in sterile water. S, G, and water-soluble C, 3-
(4,5-cimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide
(MTT), and dimethyl sulfoxide (DMSO) were purchased
from Sigma-Aldrich (St. Louis, MO).

2.2. Culture of Cardiomyocyte-Like H9c2 Cells. The cardio-
myoblast cell line, H9c2, was purchased from the Biore-
source Collection and Research Center (Hsinchu, Taiwan).
The cell line was originally derived from the American
Type Culture Collection line, CRL-1446. All culture media
and supplements were purchased from Thermo Scientific
HyClone (South Logan, UT). H9c2 cells were routinely cul-
tured at 37∘C/5%CO

2
inDulbecco’smodified Eagle’smedium

containing 10% fetal bovine serum (FBS), 1% L-glutamine,
penicillin (100UmL−1), streptomycin (100mgmL−1), and
amphotericin B (0.25 𝜇gmL−1), as described previously [24].
The concentrations of S, G, andC in the culturemediumwere
155mM, 5mM, and zero, respectively. Cells were subcultured
when they reached 80% confluence (approximately every
2-3 days). Two days before each experiment, cells were
subcultured in 48 well plates (1.5 × 104/well) and grown in

culture medium containing 5% FBS to avoid overstimula-
tion of STAT3. Pilot results showed that cells adapted well
under these conditions, with no evident change in lactate
dehydrogenase (LDH) release or MTT staining after 48 h of
incubation.

On the day of the experiment, cells were pretreated with
sterile water (vehicle), IL-27 (150 ngmL−1), or stattic (10 𝜇M)
for 4 h. Dosing was based on cell viability. Next, the cells were
exposed to G (25mM), S (250mM), and C (300𝜇gmL−1)
either alone or in different combinations (GS, SC, GC, or
GSC) for 4, 8, 24, or 48 h to mimic MS.

2.3. Quantitative Real-Time PCR. RNA was extracted using
a commercial kit (RareRNA, Bio-East Technology, Taipei,
Taiwan) as previously described [25] and cDNA synthesized
at 42∘C for 45min (reaction mixture: 2𝜇g RNA, 5 𝜇g of
poly(dT)15 oligonucleotide primer (Life Technologies), and
200 units of reverse transcriptase (Moloney murine leukemia
virus; Promega, Madison, WI)). Quantitative RT-PCR was
performed in an ABI StepOne Plus system (Applied Biosys-
tems, Foster City, CA). PCR was performed using 100 ng of
cDNA and 30 𝜇mol of primers (total reaction volume, 20𝜇L)
using the SYBR Green PCR master mix kit according to
the manufacturer’s instructions (Applied Biosystems). The
following primers were used for PCR: gp130, 5-ATA CCT
TAA ACA AGC TCC ACC TTC-3 (forward) and 5-AGT
TTC ATT TCC AAT GAT GGT TCT-3 (reverse); WSX-
1, 5-GAA ACC CAA ATG AAG CCA AA-3 (forward)
and 5-GCC TCC TGA CAT CTT CGG TA-3 (reverse);
glyceraldehyde 3-phosphate dehydrogenase (GAPDH), 5-
TTA GCA CCC CTG GCC AAG G-3 (forward) and 5-
CTTACTCCTTGGAGGCCATG-3 (reverse).The cycling
conditions were as follows: 95∘C for 20 s, followed by 40
cycles of 95∘C for 1 s and 60∘C for 20 s. Melting curve analysis
was performed at the end of each PCR experiment. All
reactions were run in duplicate. The ΔCt (threshold cycle)
was calculated by subtracting the rawCt values for the house-
keeping gene (GAPDH) from the raw Ct values for the target
gene, thereby providing information about relative changes
in gene expression. Changes in target gene expression were
calculated as 2−ΔCt and expressed as the fold change relative
to that in control cells.

2.4. Cell Cytotoxicity/Viability Assays. To assess cytotoxicity,
LDH levels were measured in cell culture medium (20𝜇L) at
different time points using a commercial kit (Roche Applied
Science, Indianapolis, IN), as described previously [24]. The
advantage of LDH assay is that it allows cell viability to
be continuously monitored. An MTT assay was used to
measure cell viability. Briefly, cells were cultured for 48 h in
the presence or absence of the different agents. The medium
was then removed and the cells were washed three times with
phosphate-buffered saline (PBS, pH 7.4). MTT (5mgmL−1 in
PBS) was then added to cells for 4 h at 37∘C. MTT formazan
crystals were then dissolved in DMSO and the optical density
(O.D.) measured in an ELISA plate reader (Amersham-
Pharmacia Biotech, Piscataway, NJ) at 570 nm. Cell viability
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(%) was calculated using the following formula: (viable cells)
% = (O.D. of treated sample/O.D. of control sample) × 100.

2.5. Measurement of Phosphorylated STAT3 and Total STAT3.
Commercial ELISA kits (eBioscience, San Diego, CA) were
used to measure the levels of phosphorylated and total
STAT3, according to the manufacturer’s instructions. Briefly,
cells were lysed in lysis buffer supplied with the kit at room
temperature for 20min. The protein concentration in each
samplewas thenmeasured using a colorimetric assay kit (Bio-
Rad, Hercules, CA) to confirm that the amount of protein
was sufficient for further tests. The lysed sample and the
positive control (supplied with kit) were then transferred
to the coating plate and mixed with an equivalent volume
of the antibody cocktail supplied with the kit. The mixture
was then incubated in the dark for 2 h. After washing, the
detection reagent was added for 30min. Finally, stop solution
was added to each well and the colorimetric reaction was
measured at 450 nm. STAT3 activity was expressed as a
ratio of the amount of phosphorylated to total STAT3 after
normalization against the total protein concentration.

2.6. Western Blot Analysis. The expression of cytochrome c
(an indicator of apoptosis) and actin was examined by immu-
noblot analysis, as described previously [24, 25]. Primary
antibodies against cytochrome c (cyto c) and actin were
obtained from Santa Cruz Biotechnology (1 : 2000; Santa
Cruz, CA). Briefly, equal amounts of cytosolic protein
were separated in denaturing SDS polyacrylamide gels and
electrophoretically transferred to polyvinylidene difluoride
membranes (Amersham, Little Chalfont, UK). The mem-
branes were then incubated with the appropriate primary
antibodies overnight at 4∘C. After washing, the membranes
were incubated for 1 h at room temperature with the corre-
sponding horseradish peroxidase-conjugated secondary anti-
bodies (1 : 200; Vector Laboratories, Burlingame, CA). Bound
antibodies were visualized using an enhanced chemilumi-
nescence kit (Amersham-Pharmacia Biotech) and Kodak
film. Band density was measured semiquantitatively using
an image analytical system (Diagnostic Instruments, Sterling
Heights, MI). The amount of each protein was expressed
relative to the amount of actin.

2.7. Statistical Analysis. All data are expressed as the mean ±
standard error of the mean (S.E.M.). Statistical analysis was
performed using analysis of variance or analysis of variance
followed by the Newman-Keuls method for multiple com-
parisons between groups. A 𝑃 value < 0.05 was considered
significant.

3. Results

3.1. High Glucose, High Salt, and Cholesterol Induce Cell
Injury. Treatment of cells with G, S, or C alone led to a
time-dependent increase in LDH release from H9c2 cells
(Figure 1(a), open bars). In addition, G or S alone led to a
reduction in cell viability after 48 h of treatment (Figure 1(b),
open bars). Cell damage was more severe when cells were

exposed to a combination of all three agents (GSC), par-
ticularly after 24 h and 48 h. A significant reduction in cell
viability was noted when cells were treated with S plus G or C,
but not when cells were treated with G plus C in the absence
of S. However, when cells were treated with GSC, cell viability
was reduced to ∼58% of that in control cells.

Prior treatment with IL-27 markedly attenuated cell
damage and death caused by G, S, or C alone (Figures
1(a) and 1(b), gray bars). However, significant changes were
only observed after 24 h and 48 h of treatment with S. The
synergistic effects of GSC on cell viability were abrogated by
pretreatment with IL-27.

3.2. IL-27 Receptor Expression. The mRNA for gp130 and
WSX-1 was detected by RT-PCR, indicating that H9c2 cells
express IL-27 receptors. However, the expression of gp130
mRNA was markedly attenuated in cells treated with GSC
(0.37±0.11 versus 1.0±0.13 in controls,𝑃 < 0.05, Figure 2(a)).
IL-27 had no effect on gp130 mRNA expression in either
the presence or absence of GSC (0.45 ± 0.12 in the IL-27 +
GSC group). Neither GSC nor IL-27 affected the expression
of WSX-1 mRNA (Figure 2(b)).

3.3. IL-27 Increases STAT3 Activity and Inhibits the Release
of Cytochrome c. Binding of IL-27 to gp130 triggers STAT3
activation, which then transduces downstream signals to
elicit cellular responses [17]. Therefore, we next examined
whether IL-27 affects STAT3 activity in H9c2 cells. Prior to
treatment with IL-27, cells showed similar levels of STAT3
activity (Figure 3(a)). STAT3 activity was significantly higher
in cells exposed to IL-27 alone for 8, 24, and 48 h than in
vehicle-treated cells. However, IL-27 had no significant effect
on LDH release (Figure 3(b)). Interestingly, cells treated with
GSC for 48 h showed lower STAT3 activity (0.24±0.03 versus
0.54 ± 0.04 in controls, 𝑃 < 0.05, Figure 3(c)) and increased
LDH release (33.9 ± 2.1 versus 2.8 ± 0.9UL−1 in controls,
𝑃 < 0.05, Figure 3(d)). Pretreatment with IL-27 prevented
the GSC-induced reduction in STAT3 activity (0.45 ± 0.04,
𝑃 < 0.05 versus GSC group) and cell injury (17.9 ± 2.0UL−1,
𝑃 < 0.05 versus GSC group). GSC treatment significantly
increased the expression of cytochrome c in the cytosolic
fraction (1.18 ± 0.15 versus 0.62 ± 0.09 in controls, 𝑃 <
0.05, Figure 3(e)), suggesting that GSC induces cytochrome
c release. This GSC-induced increase in cytochrome c was
abrogated by IL-27 (0.76 ± 0.11, 𝑃 < 0.05 versus GSC group).

3.4. STAT3 Inhibition Abrogates IL-27-Mediated Myocardial
Protection. The above results clearly indicate that increased
STAT3 activity plays a role in IL-27-mediated myocardial
protection. Therefore, we next examined the effect of a
selective STAT3 inhibitor, stattic, on the effects of IL-27. Cells
were treated with stattic alone (dark gray bars) or stattic +
IL-27 (light gray bars) 4 h prior to treatment with G, S, or
C, either alone or in different combinations. Stattic alone
had no effect on LDH release by control cells (Figure 4(a)).
However, there was no difference in LDH release or cell
viability after cotreatment with G, S, and C alone, or in
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Figure 1: Cytotoxic effects of high glucose, high sodium, or high cholesterol on the viability of H9c2 cells. (a) Cells were treated with glucose
(25mM, G), NaCl (250mM, S), or cholesterol (300 𝜇gmL−1, C), either alone or in different combinations, for 4, 8, 24, and 48 h. Cells were
treated with IL-27 4 h before treatment with G, S, or C. Lactate dehydrogenase (LDH) release was measured as marker of cell injury. (b) Cells
were cultured for 48 h in the presence of G, S, or C (either alone or in different combinations) and cell viability was monitored in an MTT
assay. 𝑁 = 6 of experiments performed at each time point. ∗𝑃 < 0.05 versus the control group; a𝑃 < 0.05 versus G; b𝑃 < 0.05 versus S;
c
𝑃 < 0.05 versus C; d𝑃 < 0.05 versus GS; e𝑃 < 0.05 versus GC; f𝑃 < 0.05 versus the SC; and #

𝑃 < 0.05 versus the vehicle-treated control at
the same time-point.

different combinations, and stattic or stattic + IL-27 (Figures
4(a) and 4(b)).

3.5. Stattic Reverses the Effects of IL-27. We next examined
whether stattic abrogated the protective effects of IL-27 in

H9c2 cells. Compared to Figure 3(c), stattic had no effect
on reduction in STAT3 activity in cells treated with GSC
but led to a reduction in STAT3 activity in cells treated
with IL-27 alone (Figure 5(a)). However, it did reduce STAT3
activity in cells treatedwith both IL-27 andGSC (Figure 5(a)).
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Figure 2: Expression of IL-27 receptor mRNA.The expression of gp130 (a) andWSX-1 (b) mRNA in control cells and cells treated with GSC
and/or IL-27 was examined by RT-PCR.𝑁 = 6 of experiments performed in each group. ∗𝑃 < 0.05 versus the control (C) group; #𝑃 < 0.05
versus the IL-27 group.

Cotreatment with stattic or with stattic plus IL-27 increased
the levels of GSC-mediated cell damage (Figure 5(b)) more
than those in Figure 3(d). However, stattic did not affect
the GSC-induced increase in cytochrome c levels in the
cytoplasm (Figure 5(c)). A similar increase in cytochrome
c expression was observed in GSC cells cotreated with
stattic plus IL-27. These results clearly indicate that IL-27-
mediated cardioprotection against GSC-induced cell damage
and apoptosis is dependent upon STAT3 activation.

4. Discussion

The results of the present study show that the IL-27/STAT3
pathway plays a role in protecting cardiomyocytes against
GSC-mediated damage. First, we showed that G, S, and C
(either alone or in combination) damage H9c2 cells and
reduce their viability; however, the effects were greatest when
cells were exposed to all three agents (GSC). Second, we
found that H9c2 cells expressed mRNA for gp130 and WSX-
1, both components of the IL-27 receptor. Although mRNA
expression was not affected by exogenous treatment with IL-
27, the expression of gp130 mRNA (but not that of WSX-
1 mRNA) was attenuated by GSC. Third, binding of IL-27
to its receptor on H9c cells increased activation of STAT3
and protected cells from GSC-induced cytochrome c release
and cell damage. Finally, the protective effects of IL-27 were
abrogated by the STAT3 inhibitor, stattic.

Treatment with high glucose, high sodium, fatty acids,
or cholesterol derivatives induce apoptosis in H9c2 cells
and adult rat cardiomyocytes [26–28]. Here, we showed that
GSC treatment caused cell damage and apoptosis in H9c2
cardiomyoblasts. High glucose, high sodium, and/or fatty

acid levels can injure cardiomyocytes via severalmechanisms,
including oxidative stress, activation of nuclear factor-𝜅B,
increased release of inflammatory cytokines (e.g., IL-1𝛽, IL-
6, and TNF-𝛼), and apoptosis [26–28]. Here, we identified
a novel mechanism of cardiac cell injury induced by GSC-
mediated suppression of STAT3 activity.

Binding of growth factors or cytokines to gp130 acti-
vates Janus kinase, which in turn recruits and activates
STAT3, which is then translocated to the nucleus where it
transactivates its target genes [29]. We speculated that GSC
impairs the survival-promoting effects of growth factors or
cytokines on cardiac cells, thereby inducing cell death. This
notion is supported by our observations of reduced STAT3
activity and defects in gp130 mRNA expression in GSC-
treated H9c2 cells. Gp130 is utilized by several growth factors
and cytokines; therefore, reduced gp130 expressionmay affect
cell fate. We found that although IL-27 had no effect on the
GSC-mediated reduction in gp130 mRNA expression, it did
induce a significant increase in STAT3 activity. This may be
due to the enhanced function of residual gp130 expressed
by GSC-treated cells, which triggers increased STAT3 acti-
vation. However, because cardiomyocytes release cytokines
upon cardiac injury, we cannot rule out the possibility that
impaired release of such growth factors adversely affects
endogenous repair mechanisms [30]. Interestingly, neither
GSC nor IL-27 affected the expression of WSX-1 mRNA.The
association betweenWSX-1 and gp130 inhibits inflammation
[31]. Genetic defects in WSX-1 make animals more suscep-
tible to lethal inflammation induced by parasitic infection
[31].Therefore, it may be that theWSX-1 expression observed
in GSC-treated H9c2 protects the cells by allowing STAT3
activation. Further studies are needed to examine whether
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Figure 3: Effects of IL-27 on STAT3 activity and cytochrome c release from H9c2 cells. (a) IL-27 increased the activity of STAT3 in a time-
dependent manner compared with that in control (vehicle-treated) cells. (b) Lactate dehydrogenase (LDH) release by control cells indicates
spontaneous turnover during cell growth. Note that IL-27 had no effect on LDH release. (c) Changes in STAT3 activity after 48 h of treatment
with GSC, IL-27, or GSC + IL-27. Note that IL-27 partially reversed the glucose, sodium, and cholesterol (GSC) induced reduction in STAT3
activity. (d) Effects of GSC and IL-27 on LDH release. Note that the GSC-mediated increase in LDH release was attenuated by IL-27. (e)
Apoptosis was evaluated by assessing the cytosolic levels of cytochrome c (Cyto c). Western blots showing the expression of cytochrome c in
three representative cultures. Equal amounts of protein (20𝜇g per lane) were loaded.The bar graph shows changes in cytochrome c expression
(as measured by densitometry) after normalization against actin.𝑁 = 6 of experiments performed at each time-point or in each group. AU,
arbitrary units. ∗𝑃 < 0.05 versus the zero time-point or the control (C) group; #𝑃 < 0.05 versus the IL-27 group; +𝑃 < 0.05 versus the GSC
group.
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Figure 4: Effect of STAT3 inhibition on cell viability. (a) Cells were treated with stattic (dark gray bars) or stattic plus IL-27 (light gray bars)
4 h prior to treatment with glucose (25mM, G), NaCl (250mM, S), or cholesterol (300𝜇g mL−1, C), either alone or in different combinations,
for 4, 8, 24, and 48 h. Lactate dehydrogenase (LDH) was determined as a marker of cell injury. (b) Cells were cultured for 48 h in the presence
of the indicated agents and viability was measured in anMTT assay.𝑁 = 6 of experiments performed in each time-point of group. ∗𝑃 < 0.05
versus the corresponding control groups (stattic alone or stattic + IL-27); a𝑃 < 0.05 versus G; b𝑃 < 0.05 versus S; c𝑃 < 0.05 versus C; d𝑃 < 0.05
versus GS; e𝑃 < 0.05 versus GC; f𝑃 < 0.05 versus SC.

WSX-1 blockade exacerbates GSC-mediated cardiomyocyte
injury. Moreover, measurements of IL-27 receptor mRNA
probably do not reflect the protein expression on the surface
of cells. Further studies are required to examine the protein
levels of gp130 and WSX-1 after MS and/or IL-27 treatment,
and this is an experimental limitation of the study.

Though the present study did not explore the downstream
effects mediated by STAT3, previous studies show that STAT3

phosphorylation targets both nucleus andmitochondria [14].
Key residues within the STAT3 protein, that is, tyr705 and
ser727,must be phosphorylated formaximum transcriptional
activity in the nucleus [14]. Phosphorylation at these sites
is required for STAT3 to play its roles in cell survival,
proliferation, and differentiation and in preventing apoptosis
[32]. The commercial kit used in the present study was
able to detect STAT3 phosphorylation at both these crucial
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Figure 5: Effect of stattic on STAT3 activity and cytochrome c release. (a) Changes in STAT3 activity after 48 h of treatment with stattic,
stattic + GSC, stattic + IL-27, or stattic + IL-27 + GSC. Note that stattic enhanced the high glucose, sodium, and cholesterol (GSC) mediated
reduction in STAT3 activity and abrogated the STAT3-enhancing effects of IL-27. (b) Stattic increased LDH release in GSC-treated cells in the
presence or absence of IL-27. (c) Apoptosis was evaluated by measuring cytochrome c (Cyto c) release. Western blots showing the expression
of cytochrome c in three representative cell cultures. Equal amounts of protein (20𝜇g per lane) were loaded. The bar graph shows changes in
the expression of cytochrome c in treated cells (after being normalized against actin). 𝑁 = 6 of experiments performed in each group. AU,
arbitrary units. ∗𝑃 < 0.05 versus the stattic group; #𝑃 < 0.05 versus the stattic + IL-27 group.

sites. About 10% of cytosolic STAT3 resides within the
mitochondria where it binds to complex I or II in the
electron transport chain to driveATP synthesis [14, 33].These
interactions, however, require that STAT3 be phosphorylated
only on ser727, not tyr705 [14, 33].Moreover, a previous study
showed that the mitochondrial distribution of STAT3 plays
an important role in inhibiting mitochondrial permeability
transition pore (MPTP) opening [34], which allows the
release of cytochrome c and induces myocardial apoptosis
and necrosis. The results of the present study are consistent
with this, as STAT3-mediated protection of H9c2 cells by IL-
27 was associated with reduced cytochrome c release and
was abrogated by stattic. As the MPTP opens in response to
high concentrations of ROS and calcium, we speculate that
IL-27-mediated STAT3 activation may improve antioxidant

defense and maintain calcium homeostasis. Indeed, trans-
genic mouse hearts expressing constitutively active STAT3
show upregulated expression of the free radical scavenger,
metallothionein [35]. Further studies should explore the role
of STAT3 in protecting against calcium overload during heart
failure. Calcium overload results from a lack of ATP in
failed cardiomyocytes; however, STAT3 plays a unique role
in regulating ATP synthesis when targeted to mitochondria.

STAT3 is an essential component of the Survivor Activat-
ing Factor Enhancement (SAFE) pathway and, as such, it can
reduce cardiomyocyte death at the time of reperfusion after
ischemic insult [14]. Thus, several cardioprotective strate-
gies and agents that activate STAT3 can successfully rescue
injured cardiomyocytes via the SAFEpathway; such strategies
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and agents include ischemic conditioning, cardiotrophin-
1, urocortin, opioids, insulin, leptin, resveratrol, melatonin,
and erythropoietin [36–43]. Though the present study did
not examine the effects of IR injury, our previous data
show that IL-27-induced STAT3 activation is important for
attenuating IR and hypoxic injury to rat hearts or H9c2
cells, respectively [23]. Here, we identified a novel role for
IL-27 in cardioprotection via activation of STAT3 and the
SAFE pathway. Studies show that the diet-induced obesity
and insulin resistance associated with MS reduce myocardial
resistance to IR injury [44]. Obesogenic hearts express
low levels of molecules involved in the reperfusion injury
salvage kinase (RISK) pathway, including Akt and glycogen
synthase kinase 3𝛽 [44]. Moreover, previous findings in chick
embryonic hearts reveal that protein kinases within the RISK
pathway are activated downstream of STAT3 [45]. Therefore,
further studies should examine whether the RISK pathway
participates in IL-27/STAT3 signaling to protect against MS-
mediated cardiac injury. Furthermore, a number of mech-
anisms, such as suppressors of cytokine signaling (SOCS)
and the protein inhibitors of activated STATs (PIAS), also
inhibit STAT activity as part of a negative feedback control
mechanism [12, 14]. It is not clear whether these negative
regulatory mechanisms are present in cardiomyocytes; if so,
then further studies should examine whether their functions
are affected by GSC or IL-27. Such studies may provide a
more complete picture of the effects of IL-27 with respect to
cardioprotection.
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Osteoarthritis (OA) is a mechanical abnormality associated with degradation of joints. It is characterized by chronic, progressive
degeneration of articular cartilage, abnormalities of bone, and synovial change. The most common symptom of OA is local
inflammation resulting from exogenous stress or endogenous abnormal cytokines. Additionally, OA is associated with local and/or
systemic activation of coagulation and anticoagulation pathways. Thrombin plays an important role in the stimulation of fibrin
deposition and the proinflammatory processes in OA. Thrombin mediates hemostatic and inflammatory responses and guides
the immune response to tissue damage. Thrombin activates intracellular signaling pathways by interacting with transmembrane
domain G protein coupled receptors (GPCRs), known as protease-activated receptors (PARs). In pathogenic mechanisms, PARs
have been implicated in the development of acute and chronic inflammatory responses in OA. Therefore, discovery of thrombin
signaling pathways would help us to understand the mechanism of OA pathogenesis and lead us to develop therapeutic drugs in
the future.

1. Introduction

Osteoarthritis (OA) is a mechanical abnormality associated
with degradation of joints, including articular cartilage, syn-
ovial fluid, and subchondral bone [1, 2]. As per the American
College of Rheumatology, 70% of people over the age of 70
years have X-ray evidence of OA [3]. Patients with OA ini-
tially begin with adequate fluid content and healthy cartilage
but gradually deteriorate over time, showing progressively
decreased joint composition. Therefore, OA is termed as
a degenerative joint disease [4]. Since several factors can
contribute to development of OA, such as overuse of joints
or exogenous stress, anyone can develop the disease [5].

2. Osteoarthritis

OA is characterized as a chronic, progressive degeneration
of articular cartilage, abnormalities of bone, and synovial

changes. Typical characteristics of OA include progressive
loss of articular cartilage resulting in structural and func-
tional failure of joints. Since cartilage plays an important role
as a cushion within the joint, loss of articular cartilage causes
intolerable pain. The most common symptom of OA is local
inflammation resulting from exogenous stress or endoge-
nous, abnormal cytokines [6, 7]. Normal cartilage matrix
is mainly composed of type II collagen, which provides
tensile support for the tissue [8], in addition to proteoglycans,
and chondrocytes [9]. It has been reported that matrix
metalloproteinase (MMP) is overexpressed in patients with
OA resulting in cleavage of collagen and proteoglycans from
the matrix [10]. In addition, numerous studies have verified
abnormal synovium within the OA joint as compared to
normal synovium, which is shown adequate blood and nerve
supply. These abnormalities include thickening of the lining
layer, increased vascularity, inflammatory cell infiltration
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leading to local synovitis, hypertrophy, and thickening of
the joint capsule [11]. Treatment options for OA focus on
pain relief and reducing inflammation.Therefore, traditional
treatment for OA includes nonsteroidal anti-inflammatory
drugs (NSAID), analgesics, and steroid injections that are
used to treat pain and inflammation [12, 13]. Since the exact
etiology of OA is not well understood, biochemical markers
could help us better understand the pathogenesis of OA and
design new therapeutic approaches for the treatment of the
OA.

3. Characteristics of Thrombin

Thrombin, also known as blood-coagulation factor IIa (FIIa),
and its inactive precursor prothrombin, also called coag-
ulation factor II (FII), are serine proteases and members
of the family of vitamin K-dependent coagulation factors.
The zymogen prothrombin is enzymatically cleaved by the
prothrombinase complex through the activated platelet phos-
pholipids factor Xa (FXa) and factor Va (FVa) [14, 15].
Thrombin is essential for homeostasis, thrombosis, and
inflammation triggered by tissue damage. Thrombin has
two important functions: coagulation and anticoagulation.
Additionally, arthritis is involved in local and/or systemic
activation of coagulation and anticoagulation pathways.
However, during coagulation, thrombin present in the blood
can result in widespread thrombosis and cause a reduction in
blood flow [16]. Bokarewa and colleagues demonstrated that
tissue-factor (TF) is expressed in endothelial cells producing
tumor necrosis factor (TNF) and interleukin-1 (IL-1) and
in monocytes inducing chemokines, such as macrophage
inflammatory protein 1 (MIP-1) and chemokine (C-C motif)
ligand 5 (CCL5) [17, 18]. Thus, TF is considered to appear as
a result of inflammation and triggers the immune response
and coagulation systems. Thrombin is not only a mitogen
but also a potent vasoconstrictor, causing local vasoconstric-
tion, which directly stimulates vascular smooth muscle and
adrenergic receptors. Thrombin is involved in tissue repair,
activation of platelet and endothelial cells, and inflammation
by stimulating deposition of fibrin. As part of its coagula-
tion function, thrombin stimulates fibrin deposition, thus
influencing inflammation, and activates transglutaminase
factor XIIIa to convert soluble fibrinogen into an insoluble
fibrin clot [19]. Fibrin is a ligand for intercellular adhesion
molecule-1 (ICAM-1, CD54), CD11b/CD18 (CR3,Mac-1), and
CD11c/CD18 (CR4, p150/95). Fibrin binds to 𝛼/𝛽 integrins to
promote adhesion and migration of leucocytes, followed by
accumulation of leukocytes in the matrix during inflamma-
tion [20–22]. Direct injection of thrombin has been shown
to stimulate peritoneal accumulation of IL-6 and MCP-1 in
a fibrin-dependent manner [23]. Thus, thrombin regulates
fibrin to induce chemokines/cytokines during inflammation.

Thrombin participates in anticoagulation, also called
fibrinolysis, during the process of inflammation by forming a
complex with thrombomodulin (TM), an integral membrane
protein expressed in endothelial cells. The thrombin-TM
complex activates protein C (PC), an inhibitor of the coag-
ulation cascade, which binds to protein S, and, in turn, this

stops the process of coagulation. Besides, this complex also
activates thrombin activatable fibrinolysis inhibitor (TAFI)
to prolong clot lysis and inhibit coagulation via removing
terminal lysine residues from fibrin [24, 25]. For TF-induced
coagulation, thrombin also activates TF pathway inhibitor
(TFPI) by inhibiting prothrombinase complexes from initiat-
ing coagulation [26–29]. Hence, thrombin-TM complex also
inhibits fibrinolysis by the profibrinolytic effect of anticoag-
ulation proteases activated protein C (APC), which causes
further anticoagulation. Overall, thrombin does not simply
act as amediator of coagulation or anticoagulation, but rather
as a signaling molecule to control inflammation.

4. Thrombin-Dependent Signaling and
Protease-Activated Receptors

Thrombin promotes platelet activation and aggregation via
activation of protease-activated receptors (PARs) on the
platelet surface. Thrombin activates intracellular signaling
pathways by interacting with transmembrane domain G
protein coupled receptors (GPCRs), also known as PARs.
There are four members of the PAR family, namely, PAR-1,
PAR-2, PAR-3, and PAR-4.Thrombin activates PAR-1, PAR-3,
and PAR-4, but not PAR-2 [16, 30]. Thrombin or serine pro-
teinases activate also PARs by cleaving anN-terminal peptide
bond and generating a newN-terminus,which acts as a ligand
for transmembrane receptors to induce signal transduction
[31–33].Thus, PARs undergo conformational changes to cou-
ple with heterotrimeric G proteins, of which, PAR-1 couples
with G protein subtypes, such as G𝛼

𝑞
, G𝛼
12/13

, and G𝛼
𝑖
to

activate mitogen-activated protein kinase (MAPK) cascades
(Table 1) [31, 34, 35]. PAR-1 is also activated by coagulation
FXa as well as APC, matrix metalloproteinase-1 (MMP-1),
neutrophil elastase (NE), and neutrophil proteinase-3 (PR3)
[31]. PAR-3 and PAR-4 are mainly activated by thrombin,
but PAR-4 can also be activated by cathepsin G, a protease
secreted by neutrophils [35, 36]. Although PAR-3 acts as a
cofactor binding to thrombin to activate PAR-4 in rat, its
mechanism of action in humans remains unclear [31, 35,
37]. PAR-2 is insensitive to thrombin; however, it can be
activated by serine proteinases,mast cell tryptase, and allergic
or bacterial proteases. Arrestin, a PAR2-selective agonist,
is suggested to support extracellular regulated kinases 1/2
(ERK1/2) signaling in the cytoplasm, independently of G-
protein activation [35, 38].

PARs are not only highly expressed on platelets, but
also found on endothelial cells, monocytes, fibroblasts, T-
lymphocytes, smooth muscle cells, and certain tumor cells
[16, 31]. Activation of PARs on platelets is critical for hemosta-
sis and thrombosis. For endothelial cells, thrombin-induced
endothelial cell hyperpermeability results in recruitment of
immune cells and release of growth factors and cytokines
[39, 40]. Thrombin also induces release of calcium through
RhoA/Rho kinase pathway and activation of myosin light
chain (MLC) kinase to inhibit myosin phosphatase, caus-
ing a disruption of endothelial barrier function through
interactions with actin-myosin [16, 34]. Thrombin-induced
protein-tyrosine kinase (PTK) affects the phosphorylation
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Table 1: Thrombin as an inflammatory-related molecule regulates signaling in OA.

Receptor Regulation Pathway Function Reference

PAR-1 CCL2 PKC/c-SRC/EGFR/MEK/ERK/AP-1 Monocytes, memory T cells, and
dendritic cells activation [47, 48]

PAR-1/-2 IL-1, TNF-𝛼 p38/p42/44 MMP expression [65]
PAR-1/-3 HO-1 PKC𝛿/c-SRC/Nrf-2 Synovial fibroblasts inflammatory [70–72]
PAR-1/-3 MMP-13 PKC𝛿/c-SRC/EGFR/pI3K/AKT/AP-1 Cartilage destruction [59, 60]

PAR-1 COX-2 ? IL-6, CTGF, FGF1/2, VEGF, Tnc
expression [51–54]

PAR: protease-activated receptor; CCL2: chemokine (C-C motif) ligand-2; IL: interleukin; TNF-𝛼: tumor necrosis factor-alpha; VEGF: vascular endothelial
growth factor; MMP: matrix metalloproteinase; FGF-1/-2: fibroblast growth factor-1/-2; CTGF: connective tissue growth factor; TnC: tenascin C; COX-2:
cyclooxygenase-2.

of junctional proteins, vascular endothelial-cadherin (VE-
cadherin), and catenins and results in migration and prolifer-
ation in several tumors such as lung, colon, and gastric cancer
[35, 41–43]. Previous studies have implicated PARs in the
development of acute and chronic inflammatory responses
as well as thrombin [16, 31, 35]. The role of PAR-1 in
inflammation has been clearly established, in vasodilation
and mast cell degranulation, which increase the production
of cytokines or chemokines via PAR-1, and in the adhesion of
macrophage via fibrin [23]. Thrombin-regulated chemokine
production also triggers calcium release in monocytes [44].
Stimulation of isolatedmonocytes by thrombin or a receptor-
selective PAR1-AP (TFLLRNPNDK) causes upregulation of
monocyte chemotactic protein-1 (MCP-1) [44] or release of
IL-6, respectively [45, 46]. Taken together, these results sug-
gest that thrombin mediates hemostatic and inflammatory
responses and guides the immune response to tissue dam-
age. Therefore, thrombin receptors involved in regulation
of signaling cascades may provide a therapeutic target for
inflammation.

5. Thrombin as a Signaling Factor Regulating
OA Progression

Although OA is not considered systemic inflammatory dis-
ease, joint inflammation resulting from a local increase in
synovial membrane vascularity or cartilage degradation is
commonly associated with OA. OA is usually classified as a
noninflammatory disorder. However, Thrombin is known to
be involved in the regulation of fibrin deposition, cell migra-
tion, cell invasion, andproinflammatory processes. Anumber
of growth factors and chemokines/cytokines have been found
to regulate the expression of thrombin in many pathological
states, indicating a critical role in OA progression.Therefore,
we discuss different key events during OA pathogenesis,
including cartilage degradation, synovial membrane abnor-
malities, chemokine/cytokine cascades, and production of
inflammatory mediators such as heme oxygenase (HO).

5.1. Chemokines/Cytokines. Numerous chemokines/cytoki-
nes have been found to regulate expression of thrombin in
OA [23]. Chemokine (C-C motif) ligand-2 (CCL2)/MCP-1
are known to be expressed in OA and rheumatoid arthritis

[47, 48]. CCL2 recruits monocytes, memory T cells, and
dendritic cells to the site of inflammation that is triggered by
tissue damage [49]. Recently, expression of CCL2 has been
detected in pathological arthritis viamacrophage aggregation
[50]. A study further suggested that thrombin induced
CCL2 production via the PAR-1 mediated c-Src/MEK/ERK-
dependent signaling pathway in human osteoblasts (Table 1)
[48]. Thrombin also increased the expression of inflam-
matory cytokines such as IL-1𝛽, TNF-𝛼, fibroblast growth
factor-1/-2 (FGF-1/-2), transforming growth factor-𝛽1 (TGF-
𝛽1), IL-6, connective tissue growth factor (CTGF), tenascin
C (TnC), and cyclooxygenase-2 (COX-2) in osteoblasts or
osteoblast-like cells (Table 1) [51–54]. Thus, thrombin was
shown to induce the release of proinflammatory cytokines
via PAR-1 on the surface of osteoblasts. However, Pagel
and colleagues found that earlier stages of bone repair are
delayed in mice lacking PAR-1 [55]. Taken together, these
results suggest that thrombin-induced activation of various
chemokines/cytokines via PAR-1 may be one key mechanism
of inflammation in OA.

5.2. Cartilage. It is necessary to conserve structural and
functional integrity of the bone tissue during normal physi-
ological conditions. Chondrocytes can maintain equilibrium
between anabolic and catabolic activities in cartilage [10]. It is
not yet completely understood which factors are responsible
for initiating the degradation and loss of articular tissue.
Thrombin is a key mediator to release proteoglycan in
the degradation of human and bovine cartilage [56]. In
OA, chondrocytes increase production of various proteolytic
enzymes such as aggrecanases and MMP, resulting in aber-
rant cartilage destruction [10]. It has been shown previously
that MMP-13 is overexpressed in OA [57, 58], which caused
degradation of articular cartilage components, such as types
II, IV, and IX collagen and proteoglycan [59]. Shiomi et al.
showed that specific deletion of MMP-13 (gene) or inhi-
bition of MMP-13 activity in cartilage decelerated aggres-
sive OA (Table 1) [59]. Therefore, Huang et al. investigated
the intracellular signaling pathways involved in thrombin-
induced MMP-13 expression using human chondrocytes,
which showed reduced MMP-13 production after transfec-
tion with siRNAs against PAR1 and PAR3, but not PAR4.
The result also found that PAR1/PAR3 receptors activation by
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MMP-13 is increased by thrombin via amechanism involving
EGFR transactivation and activation of PKC𝛿, c-Src, PI3K,
Akt, and finally AP-1 on the MMP-13 promoter, thereby
contributing to cartilage destruction during arthritis [60].
HO is another inflammatory mediator consisting of three
isoforms: HO-1, HO-2, and a less-characterized HO-3 [61].
HO-1 is inducible in response to stress such as reactive oxygen
species, nitric oxide, heat shock, and hypoxia, and it also
protects against oxidative injury and decreases inflammation
[62, 63]. It has reported that HO-1 could inhibit cartilage
erosion accompanied by extensive fibrosis in the joint [64].
In animal arthritis models, the levels of TNF-𝛼, IL-2, and
IL-10 were decreased by the HO-1 inducer cobalt protopor-
phyrin IX (CoPP), indicating that HO-1 deficiency causes
chronic inflammatory conditions in arthritis. Moreover, HO-
1 induced by the clinical vasodilator, sodium nitroprus-
side, inhibits apoptosis of arthritic chondrocytes through
ERK inhibition and p38 activation to decrease activity of
MMP-1 and MMP-13 (Table 1) [65]. These findings show that
thrombin-activated cartilage destruction in OA pathogenesis
occurs via MMP-13.

5.3. Synovium. Once OA onset occurs, macrophages can
invade or migrate into a joint. The macrophages then
release large amounts of proinflammatory and procatabolic
mediators into the synovium [66]. In addition, thrombin-
derived from the synovial fluids of OA patients also mediated
production of proinflammatory factors andwas characterized
as a marker of synovitis [67]. Synovitis is secondary to
cartilage degradation, which occurs in the adjacent, dam-
aged cartilage. This inflammation is characterized by large
amounts of proinflammatory and procatabolic mediators
and a local increase in synovial membrane vascularity. In
advanced OA, synovitis extends into the synovial membrane
and progresses to fibrosis and villi hypertrophy [66]. In
synovial cells, HO-1 is an important regulator of inflam-
mation and affects cartilage degradation. Synovial mem-
brane from OA patients has been found to produce IL-
1𝛽 and TNF-𝛼. Presence of chronic inflammatory factors
and proinflammatory cytokines are a feature of synovial
membranes from patients with early OA [68, 69]. However,
the exact mechanism of macrophage-derived proinflam-
matory cytokine production in arthritic synovium is not
well understood. Previous studies found that OA synovial
fibroblasts (OASFs) showed significantly higher expression
of thrombin than normal synovial fibroblasts. Furthermore,
it was shown that thrombin induced concentration- and
time-dependent expression of HO-1 in OASFs via PAR-
1, PAR-3, and PKC𝛿/c-Src signaling pathways [70, 71]. In
pharmacologic inhibitors, thrombin-regulated HO-1 expres-
sion was attenuated by thrombin inhibitor, d-phenylalanyl-
l-prolyl-l-arginine chloromethyl ketone (PPACK), PKC𝛿
inhibitor (rottlerin), or c-Src inhibitor (PP2), suggesting
a hint that thrombin is involved in upregulation of HO-
1. Besides, expression of nuclear factor erythroid-2-related
factor (Nrf2) also contributes to thrombin-induced HO-
1 production in OASFs (Table 1) [72]. Consequently, the
discovery of thrombin-mediated HO-1 expression clarified

the mechanism of OA pathogenesis and may lead to the
development of more effective therapeutic targets for OA
treatment in the future.

6. Thrombin as a Therapeutic Target in OA

Given the important role of thrombin-mediated signaling
in OA progression, there has been increasing interest in
therapeutic strategies to target this protein. In the cartilage
or synovium, increased expression of thrombin and down-
stream intracellular signaling pathway via transmembrane
domain GPCRs, PARs, are closely associated with inflamma-
tion and its mediators. Signaling via PARs may also promote
OA progression by inducing inflammation in osteoblasts,
chondrocytes, and OASFs. Moreover, some studies indicate
that thrombin acts as a mitogen to stimulate the abnormal
proliferation of synovial cells during OA pathogenesis [73,
74].The aim of this review is to summarize the mechanism of
thrombin-mediated OA pathogenesis and develop therapeu-
tic approaches for treatment of OA. These include thrombin
antagonists and herbal medicines.

6.1. Thrombin Antagonists. Thrombin promotes fibrin for-
mation and protein C activation. Factor XIII is activated
by thrombin that stabilizes fibrin complex and stimulates
platelet, which helps in clotting. On the other hand, thrombin
interacts with thrombomodulin and activates protein C and
TAFI to initiate anticoagulation and inhibit fibrinogenesis.
Given its broad-spectrum activities, thrombin represents a
good target for anticoagulant drugs such as heparin, warfarin,
and direct thrombin inhibitors (DTIs) [75, 76].Thrombin has
three binding sites: the active site, exosite 1, and exosite 2.The
exosite 1 is anion-binding and binds to fibrin and exosite 2
is a heparin-binding domain [75, 77]. Some drugs bind to
either exosite 1 or exosite 2 and may influence activity at the
active site. DTIs are anticoagulant drugs that are commonly
used to prevent the blood clot formation by directly inhibiting
thrombin. DTIs inhibit thrombin via two mechanisms: (1)
where bivalent DTIs simultaneously block the active site and
exosite 1, thus acting as competitive inhibitors of fibrin, and
(2) where univalent DTIs block only the active site; both
types of DTIs inhibit unbound and fibrin-bound thrombin
[78]. Pradaxa (Dabigatran) and Acova (Argatroban), both
univalent DTIs, are used mostly in cases of cardiovascular
disease or its complications [76]. However, bleeding is the
most common and serious side effect of DTIs. Thus far,
DTIs are being developed, although researchers have recently
focused on PAR-1 inhibition. Certain studies have reported
thrombin inhibition via PAR-1-mediated platelet activation
without increasing bleeding in preclinical models and small-
scale clinical trials [79, 80]. Patients with acute coronary syn-
dromes that used PAR1 antagonist, Vorapaxar (SCH530348),
showed reduced risk of cardiovascular death or ischemic
events in two large phase III clinical trials (Table 2). Recently,
another PAR-1 antagonist, Atopaxar (E5555) used in the
guinea pig model and in clinical trials, showed inhibition
of PAR-1-dependent platelet aggregation and coagulation
(Table 2) [81, 82]. Nevertheless, thrombin is still being studied



BioMed Research International 5

Table 2: Thrombin as a therapeutic target in OA.

Drug Target Reference

Thrombin antagonists
Vorapaxar (SCH530348) PAR1 antagonist [81, 82]
Atopaxar (E5555) PAR1 antagonist [81, 82]
Hirudin Cleave fibrinogen and PAR-1 [74, 83–85]

Herbal medicines

Curcuminoids Anti-inflammatory [88, 89]
Chondrocytes protection [88]

𝛽-Ecdysterone (Ecd)

Bax and p53 reduction [90]
Increase Bcl-xL expression, [90]
Inhibited NF-𝜅B phosphorylation, [90]
I𝜅B𝛼 degradation, MMP-3, [90]
MMP-9, and COX-2 expression [90]

Ceiba pentandra
(Malvaceae/Bombacoideae)

Coagulation intrinsic pathway [91]
Prolong clotting time [91]

Quassia africana
(Simaroubaceae/C. pentandra)

Coagulation intrinsic pathway [91]
Prolong clotting time [91]

for its relationship with local and systemic activation of
coagulation and fibrinolysis pathways owing to thrombin-
dependent fibrin generation and fibrin accumulation during
OA pathogenesis [73]. In addition, expression of fibrin
enhances inflammation and promotes cell adhesion and
migration. Although the study pointed out that mediation
of thrombin-induced inflammation via PAR-1 occurred in
PAR-1 deficient mice, inhibition of PAR-1 had no effect on
thrombin-dependent fibrin generation and coagulation [23].
However, Szaba and Smiley defined the roles for thrombin,
PAR-1, and fibrinogen in a mouse peritonitis model [23].
They demonstrated that direct injection of thrombin can
stimulatemacrophage adhesion and peritoneal accumulation
of cytokines in a fibrinogen-dependent manner in vivo. In
further experiments with PAR-1-deficient mice, they found
that thrombin stimulated vasoconstriction. Thrombin prob-
ably has pleiotropic functions, including PAR-1-mediated
vasodilation, fibrin-activating macrophage adhesion, and
cytokines/chemokines production during the inflammatory
process [23]. In addition, Hirudin is the most potent natural
inhibitor of thrombin, which possesses a specific activity to
bind with the active site and fibrinogen-binding exosite 1
of thrombin and cleave fibrinogen and PAR-1 (Table 2) [83].
Some studies suggest that administration of Hirudin analogs
can prevent onset and ameliorate arthritis by reducing leuko-
cyte infiltration in amouse glomerulonephritismodel [74, 84,
85]. Taken together, the potential applications of thrombin
antagonists should be explored in the treatment of OA.

6.2. Herbal Medicines. Many studies have demonstrated that
proinflammatory cytokines and anti-inflammatory cytokines
such as, IL-1, IFN-𝛾, IL-6, IL-7, IL-10, and TNF-𝛼 are
expressed in OA joints [86, 87]. Curcumin (diferuloyl-
methane) is an anti-inflammatory, polyphenolic phytochem-
ical. The early degenerative changes in chondrocytes were
relieved by curcuminwhen administered as cotreatment with
IL-1𝛽. Additionally, collagen type II and 𝛽1-integrin synthesis

by IL-1𝛽 were inhibited by curcumin [88]. Clinical studies
have also shown therapeutic efficacy of curcuminoids in
OA patients, where significant improvements were noted in
scores for pain and physical function [89]. Therefore, cur-
cuminoids have well-known anti-inflammatory properties
and exert protective effect on chondrocytes (Table 2). 𝛽-
Ecdysterone (Ecd), a major component of Chinese herbal
medicines, is an estrogen analog, which was shown to protect
chondrocytes from IL-1𝛽-induced arthritis via reduction
in Bax and p53 phosphorylation as well as an increase
in Bcl-xL expression. Additionally, Ecd inhibited NF-𝜅B
phosphorylation, I𝜅B𝛼 degradation, and MMP-3, MMP-9,
and COX-2 expression in IL-1𝛽-induced arthritis. Ecd is
a potent herbal medicine, used for its antiapoptotic and
anti-inflammatory properties in OA (Table 2) [90]. Throm-
bin activity was measured by aqueous extracts from Ceiba
pentandra (Malvaceae/Bombacoideae) and Quassia africana
(Simaroubaceae) (C. pentandra). The results indicated the
reduction of thrombin activity and prolonged plasma clotting
time through affecting coagulation of intrinsic pathway [91].
Although there is no direct evidence that herbal medicines
target thrombin in degenerative arthritis, the above results
indicate both reduction of thrombin activity and extension of
plasma clotting time, thus affecting the intrinsic coagulation
pathway. Therefore, herbal medicines may have an adjunct
nutraceutical chondroprotective application in treatment of
OA and related osteoarticular disorders.

7. Conclusion

To conclude, we summarize that thrombin is a key factor
in stimulation of fibrin deposition and proinflammatory
processes in OA. Therefore, study of the thrombin signaling
pathway helps us elucidate the mechanism underlying OA
pathogenesis and can lead to novel therapeutic strategies
in OA. Treatments that can inhibit thrombin expression
and related PARs are the focus of clinical and preclinical
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studies that are currently underway. To date, thrombin-
targeted treatment for OA has not yet reached the clinical-
trial stage despite the unmet need for effective adjuvant
treatments. On the other hand, a recent study showed that
angiogenesis could contribute to structural damage and may
act as a potential target [92]. Additionally, thrombin was
shown to have increased vascular permeability, leading to
tissue damage [93]. Thus, development of a specific drug
targeting thrombin could inhibit angiogenesis mediators
and macrophage-activated inflammatory cytokines could be
explored as a therapeutic strategy for OA treatment.
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