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ABSTRACT
Rheumatoid arthritis (RA), the most common autoimmune disease, affects
billions of people worldwide. Conventional therapeutics do not provide satisfactory
efficacy and even cause severe adverse reactions. Researchers are seeking new
approaches for RA management. Toll-like receptor 4 (TLR4) signalling plays a
pivotal role in the pathogenesis of RA, and has been proposed as a potential
therapeutic target for RA. Chinese medicines are believed to be alternative options for
conventional RA therapeutics. A herbal formula RL, consisting of Rosae Multiflorae
Fructus and Lonicerae Japonicae Flos, has traditionally been used in treating various
inflammatory disorders including RA. In this study we assessed the anti-arthritic
efficacy of RL in animals, and investigated the involvement of TLR4 signalling in
RL’s effects in vivo and in vitro.
In vivo anti-arthritic efficacy of RL was evaluated using CIA (collageninduced arthritis) rats, a model that is well established for studying human RA.
Articular disease manifestations were investigated grossly, radiographically, and
histologically. Isolated splenocytes were used to determine the effects of RL on
immune responses. Molecular events in the TLR4 pathways upon RL treatment were
examined in sera and joint tissues of CIA rats as well as in cultured
lipopolysaccharide (LPS)-stimulated murine RAW264.7 and human THP-1 cells.
In CIA rats, RL significantly increased food intake and weight gain of CIA
rats without any observable adverse effect; ameliorated joint erythema and swelling;
and inhibited immune cell infiltration, bone erosion and osteophyte formation in joints.
RL also reduced the upregulated protein expression levels of TLR4, phosphotransforming growth factor β-activated kinase 1 (p-TAK1), phospho-nuclear factorκB (p-NF-κB), phospho-c-Jun, and phospho-interferon regulatory factor 3 (p-IRF3) in
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joint tissues; modulated the levels of inflammatory factors [lowered tumour necrosis
factor α (TNFα), interleukin (IL)-6, IL-1β, IL-17A and monocyte chemoattractant
protein-1 (MCP-1) in sera, and TNFα, IL-6, IL-1β and IL-17A in joints; and elevated
IL-10 in sera and joints]; reinvigorated the declined activities of superoxide dismutase
(SOD), catalase (CAT) and glutathione peroxidase (GSH-Px) in liver tissues and sera;
reduced T helper 17 (Th17) cell proportions in splenocytes; inhibited splenocyte
proliferation and activation; and lowered serum immunoglobulin G (IgG) levels.
In LPS-stimulated RAW264.7 and THP-1 cells, RL inhibited the production of
pro-inflammatory

mediators

(e.g.

TNFα,

IL-6,

IL-1β,

and

MCP-1),

the

phosphorylation and nuclear localization of transcription factors downstream of TLR4
[NF-κB, activator protein 1 (AP-1) and IRF3], and the activation/phosphorylation of
inhibitor NF-κB α (IκBα), IκB kinase α/β (IKKα/β), TAK1, TANK-binding kinase 1
(TBK1) and interleukin-1 receptor-associated kinase 1 (IRAK1). RL’s inhibitory
effects on IRF3 phosphorylation reduced gradually along with the increase in LPS
concentrations.
In conclusion, RL possesses anti-arthritic effects in CIA rats and had no
observable adverse effect. The therapeutic effect of RL is, at least in part, attributed to
its inhibition on the IRAK1/TAK1/NF-κB, IRAK1/TAK1/AP-1, and TBK1/IRF3
pathways. Findings of this study provide a pharmacological justification for the use of
RL in the control of RA, and suggest that RL is a safe and effective alternative antiRA agent.
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CHAPTER 1 Introduction
1.1 Rheumatoid arthritis (RA)
RA is the most common form of autoimmune disease that affects billions of
people worldwide (Cross et al., 2014; Hunter et al., 2014; UK, 2014) (Figure 1.1).
Clinical features of RA include joint swelling, pain, stiffness and functional
limitations. RA is characterized by persistent destructive synovitis, systemic
inflammation, cartilage destruction, bone erosion and autoantibodies production,
especially rheumatoid factor (RF) and anti-citrullinated protein/peptide antibody
(ACPA). RA affects any synovial-lined diarthrodial joint. Generally, small joints of
hands and feet are involved most frequently. Larger joints in shoulder and knee can
also be affected. Persistent active RA causes joint damage, erosion of joint surface,
eventually leads to joint deformity and other comorbidities, reducing the quality of
life.

Figure 1.1 Prevalence of various common autoimmune diseases (Paget et al., 2002). The
incidence of RA is the highest among a variety of autoimmune disorders e.g. Psoriasis,
Crohn's disease, Type 1 diabetes, multiple sclerosis (MS) and lupus erythematosus.
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1.1.1 Epidemiology of RA
RA is prevalent in about 1% of the world population (Mok et al., 2011) and
affects around 0.5~1% of the population in developed countries and regions
(Alamanos and Drosos, 2005). In Hong Kong, 0.35% of the total residents suffer from
RA (Lau et al., 1993). Just like many other rheumatic diseases, the prevalence of RA
is higher in females than in males. Below the age of 50, the incidence in female is 4~5
times higher than in male, whereas the female/male ratio is about 2 after the age of 50
(Kvien et al., 2006). RA is also an age-related disease. Although it is present in all
ethnic populations and at all ages, its prevalence increases with age and reaches
approximately 2% in the geriatric population (Rasch et al., 2003). The prevalence is
the highest in female aged 65 or above (Symmons et al., 2002). An influence on RA
susceptibility caused by hormonal changes in postmenopausal women has been
suggested (Pikwer et al., 2012). Moreover, lower levels of testosterone have been
predictive of RF-negative RA, suggesting that hormonal changes precede the onset of
RA and affect the disease phenotype (Pikwer et al., 2014).
There is also a significant geographic variation in the incident of RA. Potential
explanations include regional variation in behavioural factors, climate, environmental
exposures, RA diagnostic techniques, and genetic factors (Costenbader et al., 2008).
Some researchers have suggested that there may be a link between RA and urban
living. In developing countries, the prevalence is much lower than in developed
countries (Edwards and Cooper, 2006). Moreover, black people in rural areas have a
much lower incidence than those live in urban areas. Figure 1.2 shows the estimation
of the prevalence of RA by age group, sex, and region from the World Health
Organization.
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Figure 1.2 Prevalence of RA, by age group, sex, and region.

A regions: developed

countries in North America, Western Europe, Japan, Australia, and New Zealand; AF:
countries in sub-Saharan Africa; AM BD: developing countries in the Americans; EM:
countries in the Eastern Mediterranean and North African regions; EU BC: developing
countries in Europe; SEA: countries in South-East Asia; WP B: countries in Western Pacific
region (Woolf and Pfleger, 2003).

1.1.2 Factors affecting RA susceptibility
Several factors have been identified or proposed to be associated with an
increased/decreased susceptibility of RA. Genetic, environmental and host factors
contribute to the incidence as well as the development of RA (Oliver and Silman,
2006).

1.1.2.1 Genetic factors of RA
The prevalence of RA ranges from 2~12% in siblings and other first degree
relatives of RA patients (Jones et al., 1996; Seldin et al., 1999), while the prevalence
is around 5~10% in same sex dizygotic twins and even up to 12~30% in monozygotic
3

twins (MacGregor et al., 2000; Perricone et al., 2011). These studies demonstrate that
RA aggregates within families, implying that genetic factors have a substantial impact
on the susceptibility to RA. Studies from the Genome-wide Association have also
identified several alleles that are closely associated with the RA susceptibility (Table
1.1).
Table 1.1 The most relevant alleles associated with the susceptibility in RA according to
the studies from Genome-wide Association (Korczowska, 2014)

Human leukocyte antigen (HLA)
HLA has shown one of the greatest genetic associations with RA. Riskassociated alleles were identified within 36Mb, the major histocompatibility complex
region. They encode similar amino acid sequences from positions 70~74 in the third
hypervariable region of the DRβ1 chain (QKRAA, QRRAA, RRRAA) (Guthrie et al.,
2011). This sequence of amino acids is called the “shared epitope” (SE), and the risk
4

alleles carrying this sequence are widely known as SE alleles (Korczowska, 2014).
HLA-DRB1*01, HLA-DRB1*04 and HLADRB1*10 alleles share these specific
amino acid sequences (Diogo et al., 2014; Gregersen et al., 1987). On the other hand,
protective alleles encode DERAA at the same location (Guthrie et al., 2011). The
odds ratio for one HLA-DRB1 SE allele is around 4, while 2 copies of SE alleles have
an odds ratio of 11.79 (Huizinga et al., 2005).
PADI4
PADI4 gene encodes peptidyl arginine deiminase 4 (PAD4), an important
enzyme involved in the protein citrullination in RA pathogenesis (Seri et al., 2015).
Genetic polymorphisms in the PADI4 gene encoding PAD4 are associated with RA
susceptibility as meta-analysis revealed the association between RA and the
PADI4_94 single-nucleotide polymorphism (Hou et al., 2013).

PTPN22
Protein tyrosine phosphatase N22 (PTPN22) gene encodes a tyrosine
phosphatase expressed by haematopoietic cells, regulating immune homeostasis and
the activities of T-cells and B-cells by inhibiting T-cell receptor signalling and
promoting type I interferon responses (Stanford and Bottini, 2014). A missense
single-nucleotide polymorphism within this gene is suggested to be associated with
the incidence of RA (Hinks et al., 2005). A meta-analysis demonstrated that PTPN22
rs2476601 and signal transduction and transcription 4 (STAT4) rs7574865
polymorphisms confers susceptibility to RA in total subjects and in major ethnic
groups (Elshazli and Settin, 2015).
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TRAF1/C5
Tumour necrosis factor receptor-associated factor 1 (TRAF1) has been
implicated in the regulation of anti-apoptotic pathways, whereas complement
component 5 (C5) has a well-established role in defence against infection (Panoulas et
al., 2009). Single nucleotide polymorphisms of TRAF1/C5 genes are associated with
increased risk of RA (Xu et al., 2013; Zhang et al., 2014).

STAT4
STAT4, which acts as the major signalling transducing STATs in response to
interleukin (IL)-12, is a central mediator in generating inflammation during protective
immune responses and immune-mediated diseases (Liang et al., 2014). STAT4
encodes STAT4, which transmits signals through various mediators e.g. IL-12, IL-23,
and type I interferons (IFNs) (O'Rielly and Rahman, 2010). A meta-analysis
demonstrated that STAT4 rs7574865 polymorphism confers susceptibility to RA in
total subjects and in major ethnic groups (Elshazli and Settin, 2015).
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Table 1.2 Cytogenetic loci of RA susceptibility genes and their functions
(Mohan et al., 2014)
Gene
HLA

Location
Function
Encodes
cell
surface
antigens
that present proteins to the T6p21.3

PADI4

1p36.13

Encodes enzymes responsible for the conversion of arginine
residues to citrulline residues. May play a role in granulocyte and
macrophage development leading to inflammation and immune
response

PTPN22

1p13.2

Encodes a protein tyrosine phosphatase which is expressed
primarily in lymphoid tissues. This enzyme is involved in several
signalling pathways associated with the immune response

lymphocytes

TRAF1/C5 9q33-34

2q32.2q32.3

STAT4

Involved in signalling pathways that play a role in cell
proliferation and differentiation, apoptosis, bone remodelling and
activation or inhibition of cytokines
Provides instructions for a protein that acts as a transcription
factor, which means that it attaches (binds) to specific regions of
DNA and helps control the activity of certain genes

1.1.2.2 Environmental factors
Smoking
Smoking is the dominant environmental risk factor and doubles the risk of
developing RA. Smoking has been estimated to be responsible for around 35% of
ACPA-positive RA cases. HLA-DRB1 SE genotype and smoking have been found to
have a dose-dependent association, in particular with an increased risk of ACPApositive RA. In individuals with 2 copies of the HLA-DRB1 SE, up to 55% of ACPApositive RA is related to smoking (Kallberg et al., 2011; Klareskog et al., 2011).
Therefore, smoking is one of the most important preventable risk factors for RA.
Respirable dust exposure
Exposure to respirable silica dust has been associated with an increased risk of
autoimmune diseases including RA (Blanc et al., 2015; Verma et al., 2014). Silica
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exposure in smokers is even associated with a higher risk of developing ACPApositive RA (Stolt et al., 2010). Several other inorganic dusts such as asbestos also
trigger immune dysfunction that may raise the risk of autoimmune diseases (Pfau et
al., 2014).
Alcohol
There appears to be a dose-dependent relationship between alcohol use and
radiographic disease progression in RA (Davis et al., 2013). However, some studies
suggest that moderate alcohol intake is inversely associated with ACPA-positive RA,
suggesting a preventive effect to RA (Di Giuseppe et al., 2012; Scott et al., 2013).
Mineral oils exposure
Some studies show that exposure to mineral oil is associated with an increased
risk to develop RF-positive RA and anticitrulline-positive RA (Lundberg et al., 1994;
Sverdrup et al., 2005). However, this hypothesis is still controversial as some studies
cannot show a clear association between mineral oil exposure and RA. Researchers
suggests that exposure to mineral oil may only increase the risk in individuals with
certain genotypes (Sverdrup et al., 2012).
Infections
Some researchers proposed that bacterial and viral infections may trigger
autoimmunity and contribute to the pathogenesis of RA (Mathew and Ravindran,
2014). Epstein-Barr virus, which affects B-, T-, and NK cells, has been shown to be
associated with various autoimmune diseases including RA (Capone et al., 2015;
Sawada and Takei, 2005). Infection caused by several other microorganisms has been
reported to increase the risk of RA, e.g. parvovirus B19 virus (Takahashi et al., 1998),
proteus (Rashid and Ebringer, 2012) and chlamydia (Newkirk et al., 2005).
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1.1.2.3 Constitutional factors
Hormonal, pregnancy factor
Since female has an increased risk of RA, the role of hormonal and pregnancy
factors may be important in the disease occurrence. Studies show that male RA
patients generally get relatively lower testosterone level. In a study on the relationship
between RA and postmenopausal hormone therapy (PMH), the use of PMH reduces
the risk of ACPA-positive RA in post-menopausal women aged 50 or above,
suggesting a possible role of hormonal factor in RA incidence (Orellana et al., 2015).
Moreover, parity has been shown to associate with an increased risk of ACPAnegative RA in women aged 18~44 years. Among young women, an increased risk of
ACPA-negative RA has been found in those who gave birth during the year of
symptom onset and who were at a young age at first birth (<23). (Orellana et al., 2014;
Peschken et al., 2012)
Breast-feeding
Breastfeeding has been shown to lower the risk of RA (Adab et al., 2014). The
protective effect of longer breast feeding is more significant (Pikwer et al., 2009).
Weight
A meta-analysis has suggested that an increase in body mass index (BMI) may
contribute to a higher risk for RA development (Qin et al., 2015). Some suggest that
the chronic low-grade inflammation in obese person may contribute to the
pathogenesis of RA (Gremese et al., 2014). However, recently study has also showed
that obesity in men (high BMI) but not women is associated with a reduced risk of
future RA. This observation may be due to certain protective mechanism of adipose
tissue to the development of RA in men (Turesson et al., 2015).
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1.1.3 The current management options of RA and their limitations
Both non-pharmacologic and pharmacologic therapeutic approaches have been
commonly used in the management of RA (Wu et al., 2014). However, they have
unsatisfactory efficacy and/or various adverse effects. Some of them especially
biologic agents are also expensive.

1.1.3.1 Non-pharmacologic therapies
Non-pharmacologic therapeutic options include:
i)

therapeutic exercise to improve muscle endurance and disease-related
outcomes, including functional ability and systemic manifestations
(Metsios et al., 2015);

ii)

massage therapy to reduce RA-related pain (Field, 2014);

iii)

physical therapy to improve joint pain and stiffness (Dumitrache et al.,
2013);

iv)

rehabilitation using orthotic devices to reduce deformity, and correct
biomechanical malalignment;

v)

occupational therapy to improve the quality of life;

vi)

intra-articular injection of hyaluronan to reduce the rate of
deterioration of joint structure (Roque et al., 2013);

vii)

surgery to correct deformity and preserve joint function in severe cases
(Ochi et al., 2015).

However, the efficacies of non-invasive options are generally poor, especially
in severe RA patients. Invasive therapies (e.g. surgery) may not be applicable to many
RA patients and may bring serious complications.
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1.1.3.2 Pharmacologic therapies
Pharmacologic therapies comprise several classes of therapeutic agents, such
as nonsteroidal anti-inflammatory drugs (NSAIDs), disease-modifying anti-rheumatic
drugs (DMARDs), corticosteroids and so on.
Analgesics and NSAIDs
RA patients may suffer intense and persistent pain caused by synovial
inflammation, articular cartilage damage and marginal bone erosion (Atzeni et al.,
2015). Joint destruction along with extensive synovitis triggers the release of various
inflammatory mediators (Chimenti et al., 2015). The imbalance of inflammatory
mediators sensitizes nociceptive neurons (Kidd et al., 2004) and altered the thresholds
for pain in RA patients (Dhondt et al., 1999). Analgesics are used to control the
symptoms, especially pain, of RA (Adams et al., 2012; Parker et al., 1988).
Commonly used analgesics in RA include paracetamol, codeine and tramadol.
Several of them are used in combination or used along with NSAIDs (Hazlewood et
al., 2012).
However, analgesics could only reduce the pain of RA patients, but not the
disease progression nor joint damage. The evidence of using paracetamol over
placebo is not strong (Hazlewood et al., 2012). The analgesic potency increases if
paracetamol is used with tramadol (Chandanwale et al., 2014; Dhillon, 2010). The
evidence of using weak opioids for controlling pain is limited as adverse reactions are
common including nausea, vomiting, constipation, somnolence and dizziness (CalvoAlen, 2010; Whittle et al., 2011).
NSAIDs are commonly used for symptomatic treatment of pain and stiffness
in RA. Several classes of NSAIDs, including salicylic acids, acetic acids, propionic
acids, enolic acids and cyclooxygenase-2 (COX-2) selective NSAID, could be used in
11

pain management (Crofford, 2013). They relieve pain and inflammation through
inhibiting enzymatic activities of the COX enzymes and prostaglandin synthesis
(Diaz-Gonzalez and Sanchez-Madrid, 2015). However, inhibition of prostaglandin
production brings various adverse effects on gastrointestinal, renal and cardiovascular
systems. Non-specific COX inhibition causes mucosal damage, ulceration and ulcer
complication throughout the gastrointestinal tract where COX-1 is constitutively
expressed (Hawkey, 2001) However, selective COX-2 inhibitors promote
cardiovascular risk (Funk and FitzGerald, 2007). Moreover, NSAIDs also affect renal
function by altering the prostaglandin metabolism which is essential for solute
homeostasis and maintenance of renal perfusion and glomerular filtration in kidney
(Brater et al., 2001).

Disease-modifying anti-rheumatic drugs (DMARDs)
The use of DMARDs is one of the primary options in RA management
(Smolen et al., 2014a). DMARDs can interfere the pathogenesis of RA as they can
alleviate joint swelling, reduce acute-phase markers, reduce disability, limit
radiographic progression, slow progressive joint damage and improve quality of life
(Kahlenberg and Fox, 2011; Smolen et al., 2007; Smolen et al., 2014a). DMARD can
be generally divided into synthetic disease-modifying anti-rheumatic drugs
(sDMARDs) and biological DMARDs (bDMARDs).
sDMARD
sDMARDs can be further divided into conventional sDMARDs
(csDMARDs) and targeted synthetic sDMARDs (tsDMARDs). csDMARDs
are the traditional ones including methotrexate, sulfasalazine, leflunomide,
hydroxychloroquine and gold/auranofin; while tsDMARDs (e.g. tofacitinib,
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fostamatinib, baricitinib and apremilast) have specific molecular targets
(Ramiro et al., 2014; Smolen et al., 2014b).

csDMARDs
Methotrexate (Rheumatrex, Trexall) is one of the most
commonly prescribed csDMARDs for RA (Spurlock et al., 2015). It is
a purine metabolism inhibitor which interferes with DNA synthesis in
actively dividing cells, inhibits IL-8 production by peripheral blood
mononuclear cells, lowers IL-6 secretion by monocytes, hinders
leucotriene B4 synthesis in neutrophils, and reduces synovial
collagenase gene expression (Cutolo et al., 2001). However, nausea
and vomiting are common adverse reactions, especially in adolescents
and younger adult patients (Patil et al., 2014). Methotrexate may also
affect liver function (Weidmann et al., 2014). Risk of hepatotoxicity is
increased by several conditions like obesity, hepatitis and diabetes
mellitus (Montaudie et al., 2011; Pathirana et al., 2009)
Sulfasalazine (Azulfidine) inhibits nuclear factor-κB (NF-κB)
activation and induces apoptosis in activated T-lymphocytes (Liptay et
al., 1999; Liptay et al., 2002), giving anti-inflammatory and
immunosuppressive effects that are beneficial for the treatment of RA.
However, common adverse reactions associated with the use of
sulfasalazine include nausea, abdominal pain and vomiting (Amos et
al., 1986; Goldbach-Mansky et al., 2009). In some serious case, there
may be hepatotoxity and even liver failure (Jobanputra et al., 2008).
Leflunomide (Arava) is a pyrimidine synthesis inhibitor which
modulates T-cell responses and induces a shift from the Th1 to Th2
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subpopulation(Fragoso and Brooks, 2015). Gastrointestinal tract
adverse reactions including diarrhoea are common in patients using
leflunomide (Dougados et al., 2003). Leflunomide may also enhance
HBV replication in infected patients (Hoppe-Seyler et al., 2012).
Hydroxychloroquine (Plaquenil) exhibit its anti-inflammatory
effects through antagonistic effects on toll-like receptors (TLRs) and
immunomodulatory effects upon various pro-inflammatory cytokines
e.g. IL-6, IL-17 (Silva et al., 2013). It also enhances the apoptosis of
rheumatoid synoviocytes by activating caspase-3, and also sensitizes
rheumatoid synoviocytes to Fas-mediated apoptosis.

Nausea and

diarrhoea are the most common adverse reactions caused by
hydroxychloroquine (Vogl et al., 2014). Hyperpigmentation (Cohen,
2013) and visual changes (Thorne and Maguire, 1999) may sometimes
occur

in

individuals

with

long

term

consumption

of

hydroxychloroquine.

tsDMARDs
Tofacitinib citrate (Xeljanz®) is a targeted immunomodulator
with intracellular target on the Janus kinase (JAK) family of the
tyrosine kinases (Migita et al., 2014). It inhibits signal transduction of
cytokines regulated by JAKs which is essential in the pathogenesis of
RA (Kawalec et al., 2013). Using tofacitinib increases the risks of
upper respiratory tract infections, urinary tract infections and
nasopharyngitis (He et al., 2013). There are also risks of severe
infections and tuberculosis reactivation in some immunocompromised
patients (Maiga et al., 2012; van der Heijde et al., 2013).
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Apremilast demonstrates anti-inflammatory effects through
inhibiting phosphodiesterase 4, which in turn modulates gene
transcription of various pro-inflammatory cytokines, and results in
inhibition of their inflammatory properties in RA (Kumar et al., 2013;
Schafer et al., 2010). An increase in depression and weight loss are
found to be associated with apremilast treatment (Kavanaugh et al.,
2014; Zerilli and Ocheretyaner, 2015).
In addition, some experimental drugs like Fostamatinib (a
spleen tyrosine kinase inhibitor) and Baricitinib (a JAK inhibitor) are
classified as tsDMARD.

bDMARD
Tumour necrosis factor (TNF) plays a pivotal role inflammation and
joint damage in the pathogenesis of RA (Redlich et al., 2003). TNF-blockers
(e.g. adalimumab, certolizumab pegol, etanercept, golimumab and infliximab)
are the first licensed biological agents for treatment of RA (Wong et al., 2008).
Adalimumab is a recombinant human anti-TNFα monoclonal antibody
specifically blocking the interaction of TNFα with its receptors (ZamoraAtenza et al., 2014). Certolizumab pegol is an anti-TNFα PEGylated Fab'
fragment of a humanized monoclonal antibody (Capogrosso Sansone et al.,
2015). Etanercept represents a dimeric fusion protein of the extracellular
ligand-binding portion of the soluble 75-kDa TNF receptor II and the
fragment-crystallizable portion of human immunoglobulin G (IgG) (Kato et al.,
2010). Golimumab is a fully human monoclonal antibody against TNFα
(Papagoras et al., 2015), while infliximab is a chimeric human–murine
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monoclonal antibody with human constant and murine variable regions
specific to TNF (Stasi et al., 2005). However, these antibodies may induce
complement-dependent

cytotoxicity

cytotoxicity

et

(Mitoma

al.,

and

2008;

antibody-dependent
Xie

et

al.,

2010)

cellular
causing

immunosuppression (Thell et al., 2014). Therefore, infections are rather
common in patients receiving bDMARDs (Redlich et al., 2003). Opportunistic
infection is one of the safety concerns in RA patients on anti-TNF therapy (Ali
et al., 2013). Severe infections including sepsis and pneumonia are also
associated with the anti-TNF therapy which causes lower immunity (Galloway
et al., 2011) Reactivation of latent tuberculosis is another risk of anti-TNF
treatment (Miller and Ernst, 2009). Several other biologic agents, e.g.
rituximab, abatacept, and tocilizumab, have also been approved for RA
treatment (Tak and Kalden, 2011). Yet, all of them cause different adverse
reactions.
Adverse reactions caused by DMARDs include nausea and gastrointestinal
discomfort. In some cases, DMARDs can cause hepatotoxicity and severe infection.
Monitoring of adverse reactions requires pre-treatment screening and subsequent
safety recording of blood counts and liver function tests.
Glucocorticoids
Glucocorticoids,

which

exhibit

both

anti-inflammatory

and

immunosuppressive effects, are used in managing synovitis and joint damage in RA
(Bijlsma, 2012). These effects are attributable to their actions on glucocorticoid
receptor agonism which modulate various gene transcriptions in leukocytes (Coutinho
and Chapman, 2011). Because of the immunosuppressive effects, the use of
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glucocorticoids is associated with an increased risk of severe infection, especially in
older RA patients (Dixon et al., 2012). Moreover, long term use of glucocorticoid at
high dose is not recommended due to the increased risk of osteoporosis (Fraser and
Adachi, 2009), osteonecrosis of hip, knee, wrist, or foot joint (Weinstein, 2012),
cataracts, glaucoma, diabetes and cardiovascular events (Bijlsma et al., 2003; Roubille
et al., 2015).

Summary
The ultimate goals of RA treatment are pain alleviation and functional
improvement of the affected joints. Analgesic agents and NSAIDs including COX-2
inhibitors are standard treatments to pain and inflammation associated with RA. Yet,
long-term usage of NSAIDs is not recommended due to their adverse on
cardiovascular, gastrointestinal and renal systems. DMARDs and biologic agents are
most commonly prescribed for improving disease conditions in RA patients.
Currently, combination DMARD therapy or a DMARD plus a biologic agent are
recommended for RA patients for better therapeutic outcomes. New agents targeting
pro-inflammatory cytokines (e.g. IL-1 beta, IL-6, and IL-17) are emerging in order to
improve the treatment efficacy and reduce adverse reactions (Burch and Onysko,
2012).
Current therapies to RA are still incapable of recovering the original structure
of the damaged tissue and have many adverse effects. Novel targeted therapeutics
should be developed based on the understanding of RA pathogenesis in order to give a
better control of arthritic diseases.
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1.1.4 Emerging molecular targets of RA
Developing biological agents targeting specific intracellular molecules and
signalling of RA pathogenesis is a booming approach in RA management. Some
agents emerged to target specific immune cells. For instance, direct targets of anti-Bcell therapy comprise various surface molecules expressed by B-cells or their subsets,
e.g. type I CD20 (target of rituximab, atumumab, veltuzumab and ofatumumab),
CD22 (target of epratuzumab), CD19 and CD52 (target of alemtuzumab) (Burmester
et al., 2014). IL-2 can also be used to increase number of TREG cells (Koreth et al.,
2011).
RA pathogenesis is also mediated by a number of cytokines e.g. TNFα, IL-1,
IL-6, IL-17, IFNγ, etc., chemokines e.g. monocyte chemoattractant protein-1 (MCP-1),
MCP-4, chemokine (C-C motif) ligand 18 (CCL18), etc., cell adhesion molecules e.g.
intercellular adhesion molecule 1 (ICAM-1), vascular cell adhesion protein 1
(VCAM-1), etc. and matrix metalloproteinases (MMPs) (Okamoto et al., 2008).
Therefore, some agents are used to target these inflammatory mediators. Currently,
RA treatment targeted against TNFα, IL-1 and IL-6 are available (Hennigan and
Kavanaugh, 2008; O'Rielly and Rahman, 2010; Smolen et al., 2014a).
Many intracellular signalling pathways associated with these inflammatory
cytokines have been identified and characterized, for example, the JAK/STAT
pathway (Aittomaki and Pesu, 2014), stress-activated protein kinase (SAPK)/
mitogen-activated

protein

kinase

(MAPK)

pathway

(Malemud,

2013),

phosphoinositide 3-kinase (PI3K)/protein kinase B (Akt)/ mechanistic target of
rapamycin (mTOR) pathway (Malemud, 2015), IL-1 signalling and TLRs signalling
(O'Neill, 2008). TLR signalling is involved in both early and late stages of RA
pathogenesis, contributing to the initiation as well as the persistent joint inflammation
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of RA. Targeting the dysregulated activation of TLRs in RA is therefore being widely
studied.

1.1.5 TLRs in RA pathophysiology
The development of RA can be divided into several phases, namely induction
phase, inflammation phase, self-perpetuation and destruction phase (Burmester et al.,
2014) (Figure 1.3). TLRs, which play pivotal role in different stages of the disease,
have been proposed as potential targets in RA treatment.

Figure 1.3 Stepwise development of arthritis in RA (Burmester et al., 2014).

1.1.5.1 Induction phase
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In the induction phase, immune system is triggered by various environmental
and genetic factors e.g. mechanical injuries, autocrine activation, infections, smoking
and self-antigen formation (Burmester et al., 2014), generating different pathogenassociated molecular patterns molecules (PAMPs) and/or damage-associated
molecular patterns molecules (DAMPs) (Aderem and Ulevitch, 2000; Fritz et al.,
2006; Tang et al., 2012). PAMPs (which include bacterial and viral nucleic acids,
fungal β-glucan and α-mannan cell wall components, the bacterial protein flagellin,
components of the peptidoglycan bacterial cell wall, and lipopolysaccharide (LPS)
from Gram-negative bacteria) are often pathogen-derived. In contrast, DAMPs (which
include adenosine triphosphate, IL-1α, uric acid, the calcium-binding, cytoplasmic
proteins S100A8 and S100A9, and the DNA-binding, nuclear protein high mobility
group Box-1 (HMGB1) are endogenous molecules normally found in cells that get
released during cell damage (Newton and Dixit, 2012). These ligands can activate
immune cells through different intracellular or surface-expressed pattern recognition
receptors (PRRs) (Gordon, 2002; Takeuchi and Akira, 2010) including TLRs (Fukata
et al., 2009). TLRs are widely expressed in a variety of immune cells in RA patients
including macrophages, monocytes, fibroblasts, mast cells and dendritic cells. These
innate immune cells recognize self-antigen and endogenous ligands from cell damage
during early phase of RA.
Effective recognition of PAMPs and DAMPs by TLRs initiates host immune
responses via activation of complex signalling pathways that culminate in the
induction of inflammatory responses by triggering activation of transcription factors
NF-κB, activator protein 1 (AP-1), cAMP response element-binding protein, and
interferon regulatory factor 3 (IRF3) (Kawai and Akira, 2010; Newton and Dixit,
2012; Takeuchi and Akira, 2010). Upon activation of these signalling, several pro-
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inflammatory mediators such as IL-1, IL-2, IL-6, IL-10, IL-13, IL-15, IL-17, IL-18,
TNFα,

granulocyte-macrophage

colony-stimulating

factor,

chemokines,

chemoattractants and MCP1, are released from immune cells.
Pro-inflammatory mediators in turn attract other immune cells to the synovium
and promote further inflammatory responses, including phagocytosis, matrix
degradation and antigen presentation in the inflammation site. These events further
promote the modification and presentation of autoantigens including citrullination and
the subsequent activation of adaptive immunity (Burmester et al., 2014).

1.1.5.2 Inflammation phase
Inflammatory events in rheumatic joints trigger the citrullination of selfprotein (Karlson and Deane, 2012). Abundant citrullinated peptides are thus present in
inflamed synovial membranes, serving as antigens when encountered by antigenpresenting cells (APCs) including macrophages in the inflamed joints (Modi et al.,
2013). Members of the TLR family are major PRRs in APCs. APCs recognize
citrullinated peptides with TLRs and present parts of the particle to T-cells after
intracellular processing (Seledtsov and Seledtsova, 2012), triggering antigen-driven
maturation of citrullinated protein-specific B-cells. These B-cells are responsible in
secreting ACPA, which are specifically associated with citrullinated protein in RA
(Skriner et al., 2006).
TLRs in APCs also regulate pro-inflammatory cytokines production (Barr et
al., 2007) such as IL-6, which induces B-cell activation and differentiation. T-cell
activation also occurs when the antigen is presented to a T-cell receptor and costimulatory molecules CD80 and CD86 bind to the surface of T-cells (Modi et al.,
2013). Activated T-cells participate in the inflammatory cascade by secreting more
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pro-inflammatory mediators such as IL-17 and TNFα, a stimulating factor for B-cells
to produce IL-1 and IL-6.

1.1.5.3 Self perpetuation and destruction phase
Broad array of pro-inflammatory mediators inside the joint contribute to the
transformation of the synovium into the hyperplastic synovial pannus tissue,
mediating cartilage damage (Gallo et al., 2014). Other than immune cells, TLRs are
widely expressed in a variety of cells in RA patients, including chondrocytes,
endothelial cells and fibroblasts in joint synovium. Activation of TLRs in fibroblasts
triggers production of pro-inflammatory cytokines such as TNF and IL-6 (Huang and
Pope, 2009). Osteoclasts are activated by these pro-inflammatory cytokines, resulting
in bone erosion (Burmester et al., 2014). Activation of TLRs in chondrocytes induces
MMPs production (Syggelos et al., 2013) that are involved in the degradation of
cartilage collagens and proteoglycans (Otero and Goldring, 2007) Activation of TLRs
in endothelial cells promotes angiogenesis in RA joints (Chen et al., 2015).
The exposed cartilage autoantigens from damaged tissue would activate
further immune responses against cartilage tissue (Cope et al., 1999). Various TLRs
ligands are generated from damaged tissue e.g. oligosaccharides of hyaluronan
(Termeer et al., 2002) and fibronectin (Okamura et al., 2001). These ligands in turn
stimulate TLRs in different cells inside the rheumatic joints, sustaining the vicious
cycles of inflammation.

Since TLRs involve in various steps in RA pathogenesis (including immune
activation, cytokines production, angiogenesis and articular destruction), they are
gaining more focus as therapeutic targets of RA. Among these TLRs, TLR4 is the
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most extensively characterized TLRs in RA pathogenesis. Many studies have already
revealed the crucial role of TLR4 in the pathogenesis of RA. Increased levels of
endogenous TLR4 ligands, e.g. HMGB1 (Lee et al., 2014a), have been observed in
both joints and serum of RA patients (Goldstein et al., 2007). Macrophages isolated
from the synovial fluid in RA patients have an elevated level of TLR4 activity (Huang
et al., 2007). Moreover, the expression of TLR4 in the synovial tissues is significantly
increased in both early and late RA patients (Ospelt et al., 2008; Radstake et al., 2004).
The expression of TLR4 in fibroblast-like synoviocytes isolated from RA patients can
be raised by stimulating with IL-17, a pro-inflammatory cytokine commonly found in
RA joint (Lee et al., 2014b).

In addition, the production of pro-inflammatory

cytokines from RA synovial membrane cells can be inhibited by overexpressing
dominant negative constructs of toll/IL-1 receptor domain-containing adaptor protein
(TIRAP) and myeloid differentiation primary response gene 88 (MYD88) (two
important adaptor proteins in TLR4 signalling) (Sacre, 2007).
TLR4 signalling also involves in the pathogenesis of various experimental
arthritis/RA models. TLR4 deficient mice have a significantly lower incidence rate of
collagen induced arthritis (CIA), anti-cyclic citrullinated peptides (anti-CCP) antibody
concentrations and IL-17 concentrations when compared to wild type mice (Pierer et
al., 2004; Pierer et al., 2011). Lack of TLR4 in mice also protected animal against
severe arthritis, lowered T helper 17 (Th17) cells number and reduced IL-17
production in an autoimmune T-cell-mediated arthritis model (Abdollahi-Roodsaz,
2008). Reducing endogenous TLR4 ligands, such as hyaluronan oligosaccharides, can
inhibit the production of pro-inflammatory cytokines in CIA mice (Campo et al.,
2012). HMGB1 is another endogenous TLR4 ligand. Treatment with anti-HMGB1
neutralizing antibody can reduce the pathogenesis in the joint tissues of CIA mice
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(Park et al., 2015). Lacking a natural TLR4 inhibitor on APCs exaggerated CIA in
mice (Tada et al., 2008). These studies support the important role of TLR4 in both
joint inflammation and articular destruction in RA.

1.2 TLR4 activation and intracellular signalling
TLR4 is a class I transmembrane receptor expressed on the cell surface in
response to ligands of many different structural families (Tsan and Gao, 2007). TLR4,
with its cofactor lymphocyte antigen 96 (MD2), has been shown to detect various
endogenous mediators derived from damaged tissue and exogenous ligands including
LPS, a gram-negative bacteria endotoxin (Poltorak et al., 1998). Similar to other class
I receptors, TLR4 can be activated by ligand induced dimerization (Figure 1.4).

Figure 1.4 Structure of the TLR4–MD2–ligand complex. Dimerization of TLR4 is induced
by binding of ligands e.g. LPS (Kim et al., 2007)

When activated by ligands, TLR4 recruits TIR domain containing adapter
molecules within the cytoplasm of cells in order to propagate the signals. Four adapter
molecules are identified to be involved in early TLR4 signalling upon ligand binding,
namely MyD88, TIRAP, TIR domain-containing adaptor protein-inducing IFN-β
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(TRIF), and TRIF-related adaptor molecules (TRAM) (Albiger et al., 2007). TRAM
and TRIF, and TIRAP and MyD88 are two different sets of adaptors. TLR4 uses these
adaptor pairs couple two distinct signalling pathways leading to the activation of
various transcription factors (Nunez Miguel et al., 2007). Complex consisting of
TLR4, MD2 and ligands can recruit TIRAP and MyD88, initiating the MyD88dependent signalling pathways. TLR4 can also form a complex with TRAM and
TRIF triggering TRIF-dependent signalling. Recruitment of these adaptor molecules
activates various transcription factors such as NF-κB, IRF3, and AP-1 to induce the
production of pro-inflammatory cytokines and type I IFNs upon recognition of the
cognate ligands (Albiger et al., 2007) (Figure 1.5).
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Figure 1.5 The TLR4 signalling pathways.

1.2.1 MyD88-dependent signalling
TLR4/MyD88/AP-1 signalling
TLR4 recruits TIRAP, which facilitates the recruitment of MyD88.
This initiates MyD88-dependent signalling to activate MAP kinases e.g. JNK,
ERK, p38. The TLR4/MyD88/AP-1 signalling is initiated to induce various
pro-inflammatory cytokines and chemokines e.g. MCP-1 and macrophage
inflammatory proteins 1α (MIP-1α) through the activation of transcription
factor AP-1.
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TLR4/MyD88/NF-κB signalling
In the MyD88-dependent signalling pathway, the recruitment of
MyD88 also initiates IKKs and induces the nuclear translocation of NF-κB
heterodimers. Various pro-inflammatory cytokines e.g. IL-6, TNFα, IL-1β are
induced through the activation of transcription factor NF-κB. Several proinflammatory mediators can also be activated e.g. inducible nitric oxide
synthase (iNOS) and COX-2, which in turn enhance the production of NO and
prostaglandin E2 (PGE2).

1.2.2 TRIF-dependent signalling
TLR4/TRIF/IRF3 signalling
For TRIF-dependent signalling, TLR4 is trafficked to the endosome via
dynamin-dependent endocytosis and forms a complex with TRAM and TRIF.
TLR4-MD2-LPS complex undergoes endocytosis and in endosome it forms a
signalling complex with TRAM and TRIF adaptors. This complex initiates the
TRIF-dependent signalling. TLR4 recruit TRIF and initiate TRIF-dependent
signalling to activate IRF3 to induce production of pro-inflammatory
cytokines and type I IFNs. TLR4 recruits TRIF via an additional adaptor
molecule, TRAM. TLR4 activation induces the IFN-inducible genes which are
regulated by IRF3 in the TRIF-dependent signalling pathway, triggering type I
IFN response but it also activates late-phase NF-κB activation (Hiscott et al.,
1999; Takeda and Akira, 2004). This TRIF-dependent pathway leads to IRF3
activation and production of type I IFNs.
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1.2.3 Targeting TLR4 signalling: an emerging approach for development of
novel therapeutics
TLR4 signalling also takes part in the pathogenesis of various diseases like
cardiovascular diseases (Fukata and Abreu, 2007; Satoh et al., 2008), Alzheimer's
disease (Balistreri et al., 2008), renal diseases (Anders et al., 2004), diabetes types I
and II (Kim, 2006) and several viral infections (Kurt-Jones et al., 2000).
Different negative regulatory mechanisms have evolved to attenuate TLR4
signalling. Several agents have been developed to disrupt the TLR4/ligand interaction.
Eritoran, an investigational drug for treating severe sepsis, binds to the TLR4/MD2
lipid IA binding site. TLR4 antagonism with eritoran inhibited LPS-induced
production of pro-inflammatory cytokine in human aortic endothelial cells (Menghini
et al., 2014). Several monoclonal antibodies acting as TLR4 antagonists are being
studied. 1A6 0101 (NovImmune, Geneva, Switzerland), an rat IgG2b monoclonal
antibody towards TLR4/MD2 complex, improves disease conditions in various
inflammatory animal models (Fort, 2005; Spiller et al., 2008; Ungaro, 2009)
Ibudilast (AV411) (Aviagen Bobritzsch-Hilbersdorf, Germany) a TLR4 antagonist,
has been approved for phase 2 clinical trials in inflammatory pain as it has shown
suppressive effects on the production of pro-inflammatory cytokines (Jia et al., 2012).
Cell-penetrating soluble peptides, such as the BB loop peptides (a highly
conserved sequence in the TIR that is situated between the second-strand and the
second helix), target the BB loop on the TIR domain, the region of the protein
important in receptor dimerization. A small molecular inhibitor TAK-242, with
protective effects on cerebral ischemia/reperfusion injury, targets the signalling
domain of the TIR preventing TLR4 homodimerization (Goh and Midwood, 2012;
Hua et al., 2015). These studies suggest that targeting dysregulated TLR4 signalling is
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beneficial in many diseases whose pathogenesis is closely related to TLR4 signalling.
The agents developed may also become a viable agent for RA treatment.

1.2.4 Targeting TLR4 signalling in RA treatment
Because of the essential role of TLR4 in joint inflammation and destruction in
RA, targeting TLR4 signalling in RA management is also gaining more concerns. A
naturally occurring TLR-4 antagonist, highly purified LPS from Bartonella quintana,
possesses prophylactic and therapeutic anti-arthritic effects in CIA mice, which are
demonstrated by improvement in clinical condition and histologic characteristics of
arthritis (Abdollahi-Roodsaz, 2007). Treatment with this TLR-4 antagonist can also
ameliorate the spontaneous autoimmune T-cell-mediated arthritis in IL-1receptor
antagonist -deficient mice (Abdollahi-Roodsaz, 2007). In ex vivo RA synovial tissues
cultures, a TLR4 antagonist also suppressed the spontaneous secretion of proinflammatory cytokines IL1β and TNFα (Abdollahi-Roodsaz, 2008). In a doubleblind randomized clinical trial, chaperonin 10, a small molecular weight heat shock
protein, showed therapeutic efficacy in patients with moderate and severe RA (Vanags
et al., 2006). AB0451 NI-0101 (NovImmune, Geneva, Switzerland), the first
humanized monoclonal antibody (mAb) that blocks TLR4 signalling independently of
ligand type and concentration, blocks TLR4 activation induced by in vivo LPS
challenges in healthy volunteers and by citrullinated protein immune complexes in
RA patient monocytes. Auranofin, current available DMARD in RA treatment, has
shown suppressive effect on TLR4 homodimerization (Youn et al., 2006). However,
it also causes severe or ongoing diarrhoea, nausea, vomiting and stomach cramps.
Transcription factors downstream of TLR4 such as NF-κB, IRF3, and AP-1
are also novel targets for inhibiting the TLR4 signalling cascade. Suppression of
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TRIF/TANK-binding kinase 1(TBK1)/IRF3 signalling is a potential therapeutic target
in RA (Migita and Nakamura, 2012). In addition, the relationship between
inflammation and NF-κB is of more concern. The activation of NF-κB signalling
pathway by LPS can up-regulate the expression of a variety of inflammatory
mediators e.g. IL-6, COX-2 and iNOS through the initiation of transcription of target
genes. Inhibition of various sections of the NF-κB signalling pathway has been
considered to be a new way to control inflammatory diseases including RA (Braun
and Schett, 2012). Many drugs can block different segments of the NF-κB pathway.
However, none of them are approved by the FDA. The drug bortezomib (Npyrazinecarbonyl-Lphenylalanine-L-leucine

boronic

acid),

the

first

clinically

approved proteasome inhibitor, can give a competitive inhibition of the degradation of
inhibitor NF-κB α (IκBα), inhibiting the NF-κB activation indirectly (Chen et al.,
2011). Yet, the drug gives other side effects like gastrointestinal discomfort, nausea,
vomiting, diarrhoea, fatigue, thrombocytopenia, peripheral neuropathy and herpes
virus reactivation, etc. (Gahart and Nazareno, 2013). More than 700 NF-κB inhibitors
are currently being studied (Gupta et al., 2010). However, these agents give both antiinflammatory effect and impact on the body's normal immune function. Some may
even lead to immunodeficiency and apoptosis of normal cells (Carbone and Melisi,
2012).
These studies show that inhibitions on TLR4 signalling and its downstream
signalling components are potential approaches in RA management. However, current
available therapeutic agents have various adverse effects. Safe and effective agents
targeting TLR4 signalling are desired.
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1.3 Traditional Chinese Medicine (TCM) and RA
An estimated 60~90% of persons with arthritis choose complementary and
alternative medicine options (Soeken et al., 2003). Many RA patients, both in the east
and in the west, are resorting to various alternative medicines including TCM herbal
therapies for managing the chronic pain (Moudgil and Berman, 2014). TCM does not
have a specific term for RA. However, TCM classics have described a similar
disorder known as “Bi syndrome” or the arthralgia syndrome (痹症). The arthralgia
syndrome manifests as pain, numbness, heavy sensation, swelling, impaired
movement of the joints or limbs (Zhang, 2010). According to TCM theory, if the qi
(vital energy inside the body, 氣) and blood are circulating in the meridians smoothly,
there will not be pain. However, if the flow of qi and blood is hindered, pain will arise
(Zhang et al., 2015). The arthralgia syndrome is characterized by the impaired flow
of qi and blood in the meridians. In most cases, deficiencies of the vital qi inside the
body are correlated to the dysfunction of the immune system and impaired circulation.
Many traditional herbal prescriptions have been used clinically for treating
arthralgia syndrome by modulating the immune system or enhancing blood circulation
e.g. Saposhnikovia Decoction (防 風 湯), Coicis Decoction (薏 苡 仁 湯), Aconite
Decoction (烏 頭 湯), White Tiger Cinnamon Twig Decoction (白 虎 加 桂 枝 湯),
Persica and Carthamus Beverage (桃 紅 飲) and Astragalus and Cinnamon Twig
Decoction (黃耆桂枝五物湯). Various clinical reports and studies demonstrated antiarthritic efficacy of many other herbal prescriptions in RA patients (Xu et al., 1996;
Zhou et al., 1999). The efficacy of herbal medicine and western medicine is
comparable, but herbal medicines bear much fewer adverse effects (He et al., 2014).
Although many herbal formulae are effective in managing RA, they have not been
universally accepted because of their unclear mechanism of action (Zhang et al.,
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2010). Therefore, more investigations are needed to elucidate the molecular
mechanism of action of effective herbal formulae.

1.4 A TCM formula comprising Rosae Multiflorae Fructus and Lonicerae
Japonicae Flos
In the Chinese Materia Medica Grand Dictionary (中藥大辭典) (issued in
1977), a formula comprising Rosae Multiflorae Fructus (Yingshi) and Lonicerae
Japonicae Flos (Jinyinhua) was documented to be originated from the “Thousand
Pieces of Gold Formulae (千金方, Qianjinfang) (completed around 652 A.D.)” as a
remedy for inflammatory diseases including RA. This formula has also been
documented in many other materia medica books which are reference sources
commonly

used

by

Chinese

Medicine

Practitioners

(HealthDepartmentandNationalChineseMedicineManagementOffice, 1999; Huang,
2001; Ran, 1993; Zhang et al., 2000). The formula has no name in these books; we
name it “RL”.

1.4.1 Rosae Multiflorae Fructus (Yingshi)
The dried fruits (rosehips) of Rosa multiflora, Yingshi, have long been used for
treating rheumatism and joint inflammation in China (Ye, 2006). In the 2,000-year-old
Shennong’s Classic of Materia Medica, Yingshi has been recorded to be able to soothe
painful joints (利 關 節). It has been suggested to have anti-inflammatory, antioxidative and anti-nociceptive properties. In Western countries, the rosehips of some
species, especially R. canina, have been shown to be clinically effective in treating
arthritis (Rein et al., 2004). Like the hips of R. canina, Yingshi has very low toxicity
and have been used to make various food products like jam and juice (Dilinuer and
32

Shalamaiti, 2008; Yi et al., 2007; Zheng and Zhang, 2008).

Anti-arthritic effects of Yingshi
Extracts of Yingshi exhibit anti-arthritic and anti-inflammatory effects in
experimental arthritis as well as inflammation animal models. Our laboratory has
already shown that an ethanol extract of Yingshi can give significant dose-dependent
anti-inflammatory effects on carrageenin-induced rat paw oedema, xylene-induced
mouse ear oedema and acetic acid-induced mouse vascular permeation models (Zhang
et al., 2008). A petroleum ether fraction of Yingshi extract attenuates CIA in rats,
attenuating paw swelling, cartilage surface erosion and proteoglan depletion (Wu et
al., 2014). This fraction has also been shown to inhibit COX-2 expression, nitric oxide
(NO) production through inhibiting iNOS activity which is downstream of TLR4
signalling (Guo et al., 2011).
Many bioactive components have been identified from Yingshi including
flavonoids (e.g. quercetin), triterpenoids (e.g. ursolic acid, linoleic acid, oleanolic
acid) and phytosterols (e.g. β-sitosterol). They have been shown to inhibit various
components of TLR4 signalling.
Activation of the COX pathway downstream of LR4 signalling produces
vasodilator prostaglandins such as PGE2 and PGD2 that participate in joint
inflammation. Quercetin has been found to be involved in the arachidonic acid
pathway as a potent COX-2 transcription and lipooxygenase inhibitor (Borbulevych et
al., 2004; Mutoh et al., 2000; Takahama, 1985). It inhibits COX-2 promoter activation
and reduces the mRNA and protein expression levels of COX-2 in LPS-stimulated
murine and human macrophages (Chen et al., 2001; Xiao et al., 2011). Ursolic acid,
oleanolic acid and linoleic acid give significant inhibitory effects on COX-2
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transcription and prostaglandin biosynthesis (Jager et al., 2008; Ringbom et al., 1998;
Subbaramaiah et al., 2000; Suh et al., 1998).
NF-κB downstream of LR4 signalling regulates diverse biological processes
including immunity and inflammation. A vast array of cellular stimuli e.g. TNFα and
ROS converges on NF-κB. NF-κB is found to be chronically active in many
inflammatory diseases including RA. Ursolic acid suppresses the activation of NF-κB,
nuclear factor of activated T-cells (NFAT) and AP-1 in lymphocytes production
(Checker et al., 2012). β-sitosterol, one of the commonly found phytosterol in Yingshi,
attenuates the phosphorylation of NF-κB, suggesting an anti-inflammatory activity in
human aortic endothelial cells (Loizou et al., 2010). It significantly blocks TNF αinduced activation of NF-κB (Gupta et al., 2010). The phenolic compound, gallic
acid, has been found to exert anti-inflammatory effect through the NF-κB signalling
pathway. Gallic acid restores the association of IκBα with p65 and impairs the DNAbinding activity of NF-κB (Choi et al., 2009).
Pro-inflammatory cytokines and chemokines promote the development and
progression of RA. Quercetin inhibits production of pro-inflammatory mediators
(TNFα, IL-1β, and IL-6) as well as the expression of several related genes (IL-1β, IL1α, IL-6, TNFα, and IL-12) in LPS-stimulated murine macrophages (Byun et al.,
2013; Qing et al., 2012; Qureshi et al., 2012). Oleanolic and ursolic acid suppress
TNFα, IL-6 release from human monocytes stimulated by LPS (Gupta et al., 2010;
Saaby and Nielsen, 2012). Ursolic acid inhibits mitogen-induced phosphorylation of
ERK and JNK in lymphocytes, resulting in suppression of the activation of AP-1 and
reduction of IL-6 and IFN-γ (Checker et al., 2012). Ursolic acid also reduces the
production of pro-inflammatory mediators (e.g. TNFα, IL-1β, IL-2 and IL-6) in
cognitive brain deficits in mice induced by LPS (Wang et al., 2011).
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In short, Yingshi exhibits anti-arthritic effects in animal arthritis models.
Yingshi extracts and its constituents inhibit different components of the TLR4
signalling pathways.

1.4.2 Lonicerae Japonicae Flos (Jinyinhua)
The dried flowers of Lonicera japonica, Jinyinhua, have been used in Asian
countries for thousands of years to treat exogenous fever, dysentery, carbuncle, early
febrile diseases, and boils, etc. Because of the low toxicity of Jinyinhua (Thanabhorn
et al., 2006), it is treated as food in China.

Anti-arthritic effects of Jinyinhua
Clinically, it is mainly used to treat a variety of inflammatory and infectious
diseases including RA (Chang and But, 1986; Hong et al., 1997; Xu, 2002). A number
of compounds isolated from Jinyinhua, including luteolin, quercetin, biflavonoids,
and dicaffeoylquinic acid, have various pharmacological properties such as
antimicrobial, antioxidative, antiviral, and anti-inflammatory effects (Suh et al., 2006;
Tang et al., 2008) A n-butanol fraction prepared from Jinyinhua and dried roots of
Anemarrhena asphodeloides exhibits analgesic and anti-inflammatory effects in
various animal arthritis models (Huh et al., 2011; Kang et al., 2010a). Lonicerin
isolated from Jinyinhua also demonstrated anti-arthritic effects in an experimental
arthritis model (Kang et al., 2010b).
Constituents/extracts of Jinyinhua inhibit TLR4 signalling. Some studies show
that one of the main active constituents in Jinyinhua, chlorogenic acid, inhibits
TLR4/MyD88/NF-κB signalling pathway in CCl4-induced liver fibrosis in rats (Shi et
al., 2013). Chlorogenic acid also reduces TLR4 overexpression in the liver of a
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hepatic ischemia/reperfusion injury model in rats (Yun et al., 2012). One of the
flavonoids, luteolin, from Jinyinhua, has also been shown to suppress the activation of
IRF3 and NF-κB induced by TLR4 agonists resulting in the decreased expression of
target genes such as TNFα, IL-6, IL-12, IP-10, IFNβ, CXCL9, and IL-27 in
macrophages. Some studies have also demonstrated that the anti-inflammatory effects
of Jinyinhua and its active constituents are related to the inhibitory effects on i) COX2, 5-lipoxygenase, iNOS expression levels (Park et al., 2012; Ryu et al., 2010; Xu et
al., 2007); ii) pro-inflammatory cytokine production (Kang et al., 2010b; Ko et al.,
2006; Park et al., 2012); iii) protease-activated receptor 2 signalling (Tae et al., 2003),
iv) MAPKs signalling; and v) NF- B signalling (Kang et al., 2010b; Park et al.,
2012). In LPS-challenged rats, crude extracts of Jinyinhua have also exhibited antiinflammatory effects through suppressing NF-κB activation and reducing IκBα
degradation (Lee et al., 2001). One herbal formula using Jinyinhua has also been
shown to inhibit NF-κB activity by inactivating IκBα phosphorylation and
suppressing MAPK signalling (Huh et al., 2012). Therefore, we believe that Jinyinhua
exerts its ant-RA effects through inhibiting the TLR4 signalling pathway.

1.5 Hypothesis
Molecular evidence shows that TLR4 signalling plays an important role in RA
pathogenesis. RL, composed of two edible herbs Yingshi and Jinyinhua, is a remedy
for RA. These two herbs have also been clinically used in managing RA. The
extract/active constituents of these herbs inhibit different components of the TLR4
signalling pathways. Therefore, we hypothesize that
1) RL exerts anti-arthritic effects in the CIA RA rat model; and
2) Inhibition of TLR4 signalling is one of the molecular mechanisms
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underlying the anti-arthritic effects of RL.

1.6 Objectives
1)

To determine the anti-arthritic effects of RL in CIA rats;

2)

To delineate the molecular events in the TLR4 signalling pathways upon RL
treatment in vivo and in vitro; and

3)

To investigate the contribution of TLR4 signalling in the effects of RL.
After the completion of this study, we are expected to provide a

pharmacological basis for the traditional use of RL in controlling RA, and for
developing RL into a safe, effective and modern anti-RA agent.
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CHAPTER 2 Extraction of herbal materials
2.1 Chapter summary
RL was documented as a remedy for inflammatory diseases including RA.
However, little is known about its pharmacological properties and extraction methods.
The ratio of the two herbs, Yingshi and Jinyinhua, in this formula is unclear as only
the dried weight of Yingshi and the fresh weight of Jinyinhua were documented.
Moreover, this formula was traditionally extracted using rice wine, suggesting some
of the active constituents are lipophilic.
In order to find out an optimal herbal ratio and an optimal solvent for extract
preparation, we compared the effects of extracts prepared using different herbal ratios
and solvents on NO production in LPS-stimulated murine RAW264.7 cells. The most
potent extract was then verified by its inhibitory activities on the production and/or
the expression levels of pro-inflammatory mediators (e.g. iNOS, COX-2, PGE2, TNFα
and IL-6) in LPS-stimulated RAW264.7 cells using real-time polymerase chain
reaction (RT-PCR), western blotting and enzyme-linked immunosorbent assay
(ELISA). The antioxidant activities of the extracts were determined using 2,2Diphenyl-1-picrylhydrazyl

(DPPH)

and

2,2’-azino-bis-3-ethylbenzthiazoline-6-

sulphonic acid (ABTS) assays. A high-performance liquid chromatography (HPLC)
method was developed for the most potent extract to control the quality of extract in
subsequent experiments.
We found that RL3 (Yingshi:Jinyinhua =5:3, extracted using 95% ethanol)
exhibited the most potent inhibitory effect on NO production among all extracts. We
called this herbal extract “RL” in subsequent experiments. RL showed significant
inhibition on the production and/or the expression levels of pro-inflammatory
mediators in LPS-stimulated RAW264.7 cells (lowered the protein expression levels
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of iNOS and COX-2; reduced the mRNA expression levels of iNOS, COX-2, TNFα
and IL-6; and inhibited the production of PGE2, TNFα and IL-6).
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2.2 Introduction
RL has been used as a remedy for inflammatory diseases including RA. As
recorded in the Chinese Materia Medica Grand Dictionary, the ratio of the two herbs
(Yingshi and Jinyinhua) in this formula is 2:3. However, only the dried weight of
Yingshi and the fresh weight of Jinyinhua were documented [營實子（炒燥、研）二
兩，金銀花三兩。曬乾浸酒飲]. Therefore, the optimal Yingshi to Jinyinhua ratio
using dried herbal materials remains unclear, as moisture content within fresh
Jinyinhua could significantly affect the herbal ratio. Moreover, as documented, this
formula is extracted using wine and originated from a TCM formula book (千金方,
Qianjinfang) in early Tang Dynasty (618~907 A.D.) We believe that rice wine was
used, as distilled liquor was not available at that time. This suggests that some of the
active constituents in this formula may be lipophilic.
Inflammatory mediators play pivotal roles in the pathogenesis of RA (McInnes
and Schett, 2007). Pro-inflammatory cytokines have been shown to exhibit
detrimental effects on RA articular cells (Bucala et al., 1991). Persistent production of
pro-inflammatory

cytokines

triggers

immunological

responses

that

induce

inflammatory cell influx, cartilage/bone destruction and formation of rheumatoid
pannus (Chu et al., 1992). Several inflammatory mediators are prominent in RA.
Activation of the iNOS pathway has been observed in the synovial lining cells, subsynovium, vascular smooth muscle and chondrocytes of RA patients (Grabowski et
al., 1997). Excessive NO produced by iNOS induces synovial cell apoptosis and
damages articular tissues in RA (van't Hof et al., 2000). iNOS inhibitors have shown
protective effects against cartilage damage and inflammation in animal arthritis
models (Balaganur et al., 2014). Moreover, elevated levels of prostaglandin PGE2 has
been observed in the synovium of RA patients (Fattahi and Mirshafiey, 2012).
40

Excessive production of PGE2 is responsible for vasodilatation, fluid extravasation
and articular cartilage erosions in RA joints (Crofford et al., 1994). PGE2 is one of the
primary products of the arachidonic acid pathway that is regulated by COX-2 enzyme
in chondrocytes and synovial fibroblasts. Selective COX-2 inhibitors have been
shown to relieve inflammatory pain in RA patients (Pulichino et al., 2006). Upregulated COX-2 expression in RA synovial tissues is sometimes driven by other proinflammatory mediators e.g. TNFα, IL-1. TNFα is recognized as one of the key
molecules in mediating inflammatory changes that occur in the RA synovium
(Matsuno et al., 2002). TNF inhibitors are currently used as biological agents for
controlling inflammation in RA. Inhibiting the above-mentioned pro-inflammatory
mediators is therefore believed to be beneficial in RA management.
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2.3 Materials and methods
2.3.1 Herbal materials and extractions
Yingshi was collected from Bozhou, Anhui province, China (Longitudes: 115°116°E, latitudes: 32°-35°N). Jinyinhua was purchased from the Mr. & Mrs. Chan Hon
Yin Chinese Medicine Specialty Clinic and Good Clinical Practice Centre of Hong
Kong Baptist University. Both of them were morphologically authenticated by Prof.
Zhong-Zhen Zhao (趙中振教授) (Associate Dean and Chair Professor of Teaching
and Research Division of the School of Chinese Medicine of the Hong Kong Baptist
University, expert in medicinal plant and Chinese materia medica). Voucher
specimens of the raw herbal material (YS6 and JYH) have been deposited at the
Centre for Cancer and Inflammation Research of the School of Chinese Medicine of
Hong Kong Baptist University.
As documented in the Chinese Materia Medica Grand Dictionary, Yingshi and
Jinyinhua are extracted using wine. This suggests that some of the active constituents
in this formula may be lipophilic. The mixtures of Yingshi and Jinyinhua at different
ratios were grounded and macerated in 50% ethanol at room temperature (25±2 °C)
for 24 h, and then refluxed twice for 2 h each. The combined extracts were evaporated
under reduced pressure using a rotator evaporator to afford a residue, which was then
freeze-dried to obtain brown powdered extracts. These extracts were then subjected to
bioassays using LPS-stimulated RAW264.7 macrophages. After determining the best
ratio of the two herbs, different extracts were prepared using water, 50% ethanol, 75%
ethanol, and 95% ethanol in the same manner described above to afford brown
powdered extracts (Figure 2.1).
To prepare the sample solution for bioassays, the extracts were freshly
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dissolved in dimethylsulfoxide (DMSO), filtered through a 0.22 mm syringe filter,
and then diluted with Dulbecco's Modified Eagle Medium (DMEM) to a series of
concentrations.

Figure 2.1 Bioassay-guided screening of extraction solvent for RL

2.3.2 Cell culture
Murine macrophage RAW264.7 cells were obtained from the American Type
Culture Collection (Manassa, VA, USA) and maintained in DMEM medium
(Invitrogen Life Technologies, Massachusetts, USA) containing 10% heat-inactivated
foetal bovine serum (FBS) and 1% antibiotics of penicillin/streptomycin (PS, Gibco;
Thermo Fisher Scientific, Massachusetts, USA) at 37°C under 5% CO2.

2.3.3 Cell viability test
Cytotoxicity

was

analysed

using

3-(4,5-Dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT) assay (Sigma Aldrich, St. Louis, MO, USA).
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RAW264.7 cells were seeded at 5×104 cells/mL densities on 96-well plates (Nunc,
Roskilde, Denmark) for 24 h. Extracts in various concentrations were added to the
RAW264.7 cells for 24 h. MTT solution (5 mg/mL) was added to each well and the
cells were cultured for another 2 h. The medium was then aspirated, and 100 μL of
DMSO was added to each well to dissolve the formazan crystals. The absorbance at
570 nm was measured using a microplate spectrophotometer. Results are expressed as
a percentage of the respective control samples without treatment. The concentrations
used in following assays were non-cytotoxic to RAW264.7 cells.

2.3.4 Anti-NO bioassay
NO production can be indicated by the level of nitrite formed in the
supernatant of cultured cells. The RAW264.7 cells were seeded at 5×105 cells/mL on
24-well culture plates for 24 h. Then, the cells were treated with RL at various
concentrations (shown to be non-cytotoxic to RAW264.7 cells) for 1 h and then at the
presence of LPS (1 μg/mL) at 37 °C for another 24 h. Cell-free culture supernatant
was mixed with an equal volume of Griess reagent (1% sulphanilamide, 0.1%
naphthylethylenediamine dihydrochloride, and 2.5% phosphoric acid) (Sigma, St.
Louis, MO, USA) in 96-well plates and incubated in darkness at room temperature for
15 min. The concentrations of nitrite were determined by reading at the wavelength of
540 nm using a microplate spectrophotometer.

2.3.5 Quality control of herbal materials by HPLC fingerprinting
To control the quality of herbal extracts for subsequent experiments, HPLC
analysis was conducted using an Agilent 1200 series LC system consisted of a
quaternary pump, a standard auto-sampler, a column oven and a diode array UV/VIS
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detector (Agilent Technologies, Palo Alto, CA, USA). Chromatographic separation
was performed on a Grace Alltima C18 column (4.6×250 mm, 5 μm; Agilent
Technologies). The mobile phases consisted of 0.2% (v/v) phosphoric acid (A) and
acetonitrile (B) with a gradient elution of 95% A at 0-9.5 min, 62% A at 9.5-20 min,
followed by 60% A at 20-30 min. The flow rate was 1.0 mL/min, with the column
temperature maintained at 25°C and an injection volume of samples was 10 µL in
each experiment. Diode-array detector (DAD) was used to identify compounds
containing conjugated double bonds. DAD spectra were measured over the
wavelength range of 272 nm.

2.3.6 Pro-inflammatory mediator assays
The levels of IL-6, TNFα and PGE2 were determined by ELISA kits purchased
from Invitrogen (Carlsbad, CA, USA). Briefly, RAW264.7 macrophages were seeded
on 24-well culture plates at 5×105 cells/well overnight. The cells were treated with RL
at various concentrations for 1 h and then at the presence or absence of LPS (1 μg/mL)
for another 24 h. Cell-free supernatants were collected for determination of IL-6,
TNFα and PGE2 levels according to the manufacturers’ instructions.

2.3.7 RNA extraction and RT-PCR
RAW264.7 cells (4×105 cells/ml), cultured in 6-well plates for 24 h, were pretreated with various concentrations of RL for 1 h before treating with LPS (1 μg/mL)
for another 3 h. The cells were washed with ice-cold phosphate-buffered saline (PBS)
twice. Total cellular RNA was then isolated from the cells by Trizol reagent
(Invitrogen Life Technologies, Carlsbad, CA, USA) according to the manufacturer’s
instructions (Invitrogen Life Technologies, Carlsbad, CA, USA). Total RNA was
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reverse-transcribed with oligo(dT) primer using the M-MLV reverse transcriptase
(Promega, USA) according to the manufacturer’s instruction to synthesize cDNA.
Quantitative RT-PCR was performed using SYBR green reaction mixture in the ViiA
7 RT-PCR System (Applied Biosystems). The PCR cycling profile was as follow: 94
o

C for 2 min, 40 cycles of 95 oC for 15 s, 60 oC for 1 min. The fluorescent signals

were detected using the ABI Prism 7500HT sequence detection system (Applied
Biosystems). The gene expression levls were normalized to the endogenous control
glyceraldehyde 3-phosphate dehydrogenase (GAPDH). The relative expression levels
of genes were determined according to the formula 2-ΔCt, where ΔCt is the difference
in threshold cycle values between the targets and GAPDH.
TNFα (Mouse)

IL-6 (Mouse)

iNOS (Mouse)

Sense

CCGCTCGTTGCCAATAGTGATG

Antisense

CATGCCGTTGGCCAGGAGGG

Sense

CTTGGGACTGATGCTGGTGACA

Antisense

GCCTCCGACTTGTGAAGTGGTA

Sense

CAAGCTGAACTTGAGCGAGGA

Antisense

TTTACTCAGTGCCAGAAGCTGGA

COX-2 (Mouse) Sense
Antisense
GAPDH (Mouse) Sense
Antisense

CTGGAACATGGACTCACTCAGTTTG
AGGCCTTTGCCACTGCTTGT
AGTGGCAAAGTGGAGATT
GTGGAGTCATACTGGAACA

2.3.8 Immunoblotting
RAW264.7 macrophages were seeded in 100-mm-diameter culture dishes
(1×106 cells/mL) for 24 h and treated with RL at various concentrations. LPS (1
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μg/mL) was added 1 h after RL treatment. The cells were then washed with ice-cold
PBS (pH 7.4) twice. The cells were re-suspended in RIPA buffer (50 mM Tris-HCl,
1% NP-40, 0.35% sodium deoxycholate, 150 mM NaCl, 1 mM EDTA of pH 7.4, 1
mM phenylmethylsulfonyl fluoride, 1 mM NaF, 1 mM Na3VO4, 10 μg/mL aprotinin,
10 μg/mL leupetin, and 10 μg/mL pepstatin A) on ice for 30 min, and cell debris was
removed by centrifugation at 11,760 G at 4°C for 20 min. Protein concentrations were
determined using Bio-Rad protein assay reagent (Bio-Rad Laboratories, Hercules,
CA, USA) according to the manufacturer’s instructions. Equal amounts of protein (30
μg) mixed with 5 times loading dye (Laemmli Buffer) and 2-mercaptoethanol were
heated at 95°C for 5 min and then subjected to 10% sodium dodecyl sulphatepolyacrylamide gel electrophoresis. The proteins were electro-transferred from the gel
onto a nitrocellulose membrane for 150 min under 300 mA. The membrane was
blocked with 5% non-fat milk in Tris-buffered saline (150 mM NaCl, 20 mM TrisHCl, pH 7.4) with 0.05% Tween 20 buffer for 1 h at room temperature. After
blocking, the membrane was incubated with primary antibodies against beta-actin
(Sigma Aldrich, St. Louis, MO, USA), iNOS and COX-2 (BD Biosciences, USA) in
2.5% milk-TBST solution overnight at 4°C. The membrane was then washed with
Tris-buffered saline containing Tween 20 and incubated with anti-mouse or anti-rabbit
secondary antibodies for 1 h. The specific proteins were detected using enhanced
chemiluminescence ECL detection kit (Invitrogen Life Technologies, Carlsbad, CA,
USA) following manufacturer’s instruction.

2.3.9 DPPH assay
Various concentrations of RL were prepared in methanol and transferred to a
96-well microplate containing 70 𝜇�mol/L purple-coloured DPPH (Sigma Aldrich, St.
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Louis, MO, USA) methanolic solutions. When antioxidants are added, DPPH is
reduced to the yellow-coloured diphenylpicrylhydrazine. The plate was shaken
vigorously for 1 min and incubated in the dark for 30 min, at 37 oC. Absorbance at
517 nm was measured using a spectrophotometer. The lower the absorbance, the
higher is the free radical scavenging activity. The radical scavenging capacity
(expressed as percentage) was calculated as the rate between (Abscontrol −
Abssample)/Abscontrol × 100. Rutin (Sigma Aldrich, St. Louis, MO, USA) was used as
positive control. All samples were analysed in triplets.

2.3.10 ABTS assay
To further determine the radical scavenging and antioxidant activities of RL,
the inhibition of ABTS radicals by the extract was determined. ABTS radical cation
(ABTS∙) was produced by mixing 7 mM ABTS stock solution with 2.45 mM
potassium persulfate (final concentration) in the dark, at room temperature for 12-16 h.
The solution was diluted with 95% ethanolic at a ratio of 1:30. ABTS solution (200
μL) was then mixed with RL in different concentrations (10 μL) in 96-well
microplates. ABTS solution (210 μL) was used as control. The change in absorbance
during 5 min was recorded and measured at 734 nm using a multi-well scanning
spectrophotometer.

2.3.11 Statistical analysis
The results are presented as the means ± SEM. Data were analyzed by oneway ANOVA. Comparisons between two groups were performed using the Dunnett’s
multiple comparisons test or post-hoc analysis. Statistical analyses were carried out
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using GraphPad Prism version 5.0 (GraphPad Software, San Diego, CA, USA). p
<0.05 was considered statistically significant.

2.4 Results
2.4.1 RL3 (Yingshi: Jinyinhua = 5:3) exhibited the most potent suppression of
NO production in LPS-stimulated RAW264.7 cells
The optimal ratio of the dried herbs, Yingshi and Jinyinhua, is unknown as
only the fresh weight of Jinyinhua was recorded. Therefore, we performed bioassayguided screening of extracts to find out the best Yingshi to Jinyinhua ratio. Since this
formula was documented to be extracted using rice wine, we used 50% ethanol in
order to extract both hydrophilic and lipophilic constituents.
Different proportions of the two herbal ingredients were extracted by 50%
ethanol to give brown-coloured powder RL1 (Yingshi: Jinyinhua = 1:0), RL2 (Yingshi:
Jinyinhua = 10:1), RL3 (Yingshi: Jinyinhua = 5:3), RL4 (Yingshi: Jinyinhua = 1:1),
RL5 (Yingshi: Jinyinhua = 3:5), RL6 (Yingshi: Jinyinhua = 1:10) and RL7 (Yingshi:
Jinyinhua = 0:1) (yields: RL1, 9.32%; RL2, 11.38%; RL3, 15.24%; RL4, 14.33%;
RL5, 15.14%; RL6, 13.91%; RL7, 8.25%). Sub-cytotoxic concentrations of these
extracts determined by the MTT assay (data not shown) were used in the following
experiment. All extracts prepared with 50% ethanol showed a concentrationdependent inhibition on NO production. Among the 7 extracts, RL3 exhibited the
most potent suppression of NO production (at 100 μg/mL, p <0.01) (Figure 2.2). The
Yingshi: Jinyinhua ratio in RL3 was used in the next experiment to determine the
optimal extraction solvent.
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Figure 2.2 Effects of herbal extracts prepared with 50% ethanol using different ratios of
Yingshi and Jinyinhua on NO production in LPS-induced RAW264.7 cells. The levels of
NO release from RAW264.7 cells pre-treated with herbal extracts for 1 h and then at the
presence of LPS (1 μg/mL) for another 24 h was assessed. Nitrite levels in culture supernatant
were determined by Griess assay. The value from the baseline control group without
treatment was set at 100%. All extracts prepared with 50% ethanol showed a concentrationdependent inhibition on NO production (reflected by the level of nitrite). Among the 7
extracts, RL3 exhibited the most potent suppression of NO production (at 100 μg/mL, p
<0.01). The data presented in bar charts are means ± SEM of duplicate determinations from 3
separate experiments. * p <0.05, ** p <0.01 compared with LPS mono treatment.
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2.4.2 RL3 prepared using 95% EtOH exhibited the most potent suppression of
NO production among extracts prepared with different concentrations of ethanol
As documented in the Chinese Materia Medica Grand Dictionary, RL was
extracted using rice wine. This suggests that some of the active constituents in this
formula are lipophilic. In order to find out an optimal extraction solvent for this
formula, different concentrations of ethanol were used to extract RL3 (the mixture of
Yingshi and Jinyinhua at 5:3 ratio) for bioassays. RL3 prepared using 95% ethanol,
75% ethanol, 50% ethanol and water afforded brown-coloured powder (yields: 95%
ethanol, 14.33%; 75% ethanol, 17.52%; 50% ethanol, 19.61%; and water, 22.35%).
Sub-cytotoxic concentrations of these extracts determined by MTT assay (data not
shown) were used in the following experiment. All extracts prepared with different
concentrations of ethanol showed a concentration-dependent inhibition on NO
production. Among the four extracts, RL95% exhibited the most potent suppression of
NO production (at 200 μg/mL, p <0.01) (Figure 2.3).
Therefore, herbal extract prepared from the mixture of Yingshi and Jinyinhua at
5:3 ratio using 95% ethanol was used in subsequent experiments. We will simply call
it “RL” in the following sections.
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Figure 2.3 Effects of herbal extracts prepared with different concentrations of ethanol
on NO production in LPS-induced RAW264.7 cells. The levels of NO release from
RAW264.7 cells pre-treated with herbal extracts for 1 h and then at the presence of LPS (1
μg/mL) for another 24 h was assessed. Nitrite levels in culture supernatant were determined
by Griess assay. The value from the baseline control group without treatment was set at 100%.
All extracts prepared with different concentrations of ethanol showed a concentrationdependent inhibition on NO production (reflected by the level of nitrite). Among the four
extracts, RL95% exhibited the most potent suppression of NO production (at 200 μg/mL, p
<0.01). Values are the means ± SEM (n=3). ** p <0.01 compared with LPS mono treatment.
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2.4.3 RL’s inhibitory activities on pro-inflammatory mediators
In order to verify the RL’s inhibitory activities on pro-inflammatory mediators,
we investigated RL’s effects on these mediators using LPS-stimulated murine
RAW264.7 macrophages.

2.4.3.1 RL suppressed the upregulated mRNA and protein expression levels of
iNOS in LPS- stimulated RAW264.7 macrophages
Elevated iNOS protein and mRNA levels were observed after stimulating
RAW264.7 macrophages with LPS for 12 h (Figure 2.4). Apart from the suppression
of NO production, RL treatment suppressed the protein (Figure 2.4A and 2.4B) and
the mRNA expression levels of iNOS in a concentration-dependent manner (Figure
2.4C).
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Figure 2.4 Effects of RL on cellular protein levels and mRNA levels of iNOS in LPSstimulated RAW264.7 cells. Cells were treated with RL with the indicated concentrations for
1 h and then stimulated with LPS for 12 h. The levels of iNOS and protein were determined
by immunoblotting. The relative mRNA levels were assessed by RT-PCR. (A) Representative
western blots of iNOS and β-actin (as loading control) in RAW264.7 cells. (B) Relative
intensity values from band densitometry. Values are the means ± SEM of the band density
normalized to the loading control in relation to mean value of untreated control (control)
normalized to the loading control (n=3). (C) Relative mRNA level of iNOS. The data
presented in bar charts are means ± SEM of duplicate determinations from 3 separate
experiments. * p <0.05, ** p <0.01 compared with LPS mono treatment.
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2.4.3.2 RL suppressed the production and mRNA expression of various proinflammatory mediators
After stimulation with LPS for 12 h, augmented COX-2 protein and mRNA
levels were observed in RAW264.7 macrophages (Figure 2.5). RL treatment
concentration-dependently decreased the exaggerated cellular protein expression level
(Figure 2.5A and 2.5B) and mRNA level of COX-2 (Figure 2.5C). As induction of
COX-2 enhances the production of PGE2 (Eliopoulos et al., 2002), we also examined
RL’s effect on PGE2. RL also ameliorated PGE2 release from LPS-stimulated
RAW264.7 cells in a concentration-dependent manner (Figure 2.5D).
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Figure 2.5 Effects of RL on COX-2 and PGE2 in LPS-stimulated RAW264.7 cells. Cells
were treated with RL with the indicated concentrations for 1 h and then stimulated with LPS
for 12 h. The levels of COX-2 and protein were determined by immunoblotting. The relative
mRNA levels were assessed by RT-PCR. The levels of PGE2 were determined by ELISA. (A)
Representative western blots of COX-2 and β-actin (as loading control) in RAW264.7 cells.
(B) Relative intensity values from band densitometry. Values are the means ± SEM of the
band density normalized to the loading control in relation to mean value of untreated control
(control) normalized to the loading control (n=3). (C) Relative mRNA levels of COX-2. (D)
Levels of PGE2 in the supernatant of LPS-stimulated RAW2647 cells. The data presented in
bar charts are means ± SEM of duplicate determinations from 3 separate experiments. ** p
<0.01 compared with control LPS mono treatment.
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Several important pro-inflammatory mediators/cytokines, such as TNFα and
IL-6, were also significantly up-regulated in LPS-stimulated RAW264.7 macrophages
(Figure 2.6). We further investigated the effects of RL on IL-6 and TNFα secretion in
LPS-stimulated RAW264.7 macrophage using ELISA and RT-PCR. The cells were
pre-treated with RL in various concentrations for 1 h and stimulated with LPS (1
μg/mL) for 24 h (cytokine detection) or for 6 h (mRNA detection). Treatment with RL
resulted in a concentration-dependent inhibition of the cytokine secretion and mRNA
levels (Figure 2.6).
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Figure 2.6 Effects of RL on cytokine secretion and mRNA levels in LPS-stimulated
RAW264.7

macrophages. RAW264.7 cells pre-treated with the indicated each

concentrations of RL extract for 1 h were stimulated with LPS (1 μg/mL) for 24 h or 6 h. The
IL-6 and TNFα production of untreated cells (no extract and LPS) is used as control. The
relative mRNA levels were assessed by RT-PCR. (A) Relative levels of TNFα in supernatant
from LPS-stimulated RAW264.7 cells. (B) Relative mRNA levels of TNFα in LPS-stimulated
RAW264.7 cells. (C) Relative levels of IL-6 in supernatant from LPS-stimulated RAW264.7
cells. (D) Relative mRNA levels of IL-6 in LPS-stimulated RAW264.7 cells. The data
presented in bar charts are means ± SEM of duplicate determinations from 3 separate
experiments. ** p <0.01 compared with LPS mono treatment.
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2.4.3.3 RL exhibited anti-oxidant properties
Oxidative stress plays an important role in inflammation in RA. Since various
components of the herbal material possess antioxidant activities, we also determined
the anti-oxidative activities of RL. Two most common radical scavenging assays
using DPPH and ABTS radical assays were performed. The antioxidant activities of
the extracts were expressed as the percentages of inhibition in the DPPH and ABTS
assays. Rutin was used as the reference standard. RL showed comparable free radical
scavenging properties with rutin (Figure 2.7).
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Figure 2.7 Scavenging of DPPH radials and ABTS radicals by RL in different
concentrations. (A) The relative DPPH radical scavenging capacity of RL. Various
concentrations of RL were prepared in methanol and transferred to a 96-well microplate
containing 70 𝜇�mol/L purple-coloured DPPH methanolic solutions. The plate was shaken
vigorously for 1 min and incubated in the dark for 30 min, at 37 oC. Absorbance at 517 nm
was measured using a spectrophotometer. (B) The relative ABTS radical scavenging capacity
of RL. ABTS solution (200 μL) was mixed with RL in different concentrations (10 μL) in 96well microplates. ABTS solution (210 μL) was used as control. The change in absorbance
during 5 min was recorded and measured at 734 nm using a multi-well scanning
spectrophotometer. Relative radical scavenging capacity was calculated as the rate between
(Abscontrol − Abssample)/Abscontrol × 100. The data presented are means ± SEM of duplicate
determinations from 3 separate experiments.
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2.4.4 HPLC analysis of RL
In order to control the quality of RL, a HPLC method was developed and
validated for quality control of the extract. The HPLC chromatogram showed that
gallic acid and chlorogenic acid were present in RL (Figure 2.8). The mean content of
gallic acid per gram of RL was 763 μg, while that of chlorogenic acid was 26,399 μg.
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Figure 2.8 A HPLC fingerprinting developed for RL. Chromatographic separation was
performed on Grace Alltima C18 column (4.6×250 mm, 5 μm; Agilent Technologies). The
mobile phases consisted of 0.2% (v/v) phosphoric acid (A) and acetonitrile (B) with a
gradient elution of 95% A at 0-9.5 min, 62% A at 9.5-20 min, followed by 60% A at 20-30
min. The flow rate was 1.0 mL/min, with the column temperature maintained at 25°C and an
injection volume of samples was 10 µL in each experiment. There were several predominant
peaks in the HPLC chromatograms at 272 nm. Two of the peaks have been identified as gallic
acid and chlorogenic acid as shown above. Further investigations are needed to investigate
other chemical components inside RL which correspond to the peaks in the HPLC fingerprint.
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2.5 Discussion and conclusion
In this study, we found that extract prepared with Yingshi and Jinyinhua in 5:3
ratio using 95% ethanol exhibited the most potent inhibitory effect on NO production
from LPS-stimulated RAW264.7 macrophages (we called this herbal extract “RL” in
subsequent experiments). RL’s antioxidant properties and inhibitory effects on proinflammatory mediators (including COX-2, iNOS, IL-6, TNFα and PGE2) verified its
efficacy. We also developed an HPLC method for quality control of the extract by
quantifying two constituents, gallic acid and chlorogenic acid, inside the extract.
In RA, pro-inflammatory mediators are produced upon the activation of
various pathogenic cellular signalling events, contributing to disease progression.
Moreover, the antioxidant defence system is compromised in RA patients (Cimen et
al., 2000; Surapneni and Chandrasada Gopan, 2008). Increased oxidative stress can
lead to connective tissue degradation and joint deformities in RA (Desai et al., 2010;
Vasanthi et al., 2009). Inhibiting the production of pro-inflammatory mediators has
been proven to improve signs, symptoms and quality of life for patients with RA (ElKady and El-Masry, 2008). A potential therapeutic role of antioxidants in RA has also
been suggested (Pattison and Winyard, 2008). Since RL inhibited the production of
various pro-inflammatory mediators and exhibited antioxidant properties, RL may be
beneficial in RA management.
In conclusion, this study for the first time demonstrated that RL exerted
inhibitory effects on pro-inflammatory mediators, and gave an account on RL’s
antioxidant properties. The findings suggest a possible role of RL in controlling RA.
We also determined the optimal herb ratio and extraction solvent, and developed a
quality control method for bulk extraction of herbal materials in the subsequent
experiments. In the subsequent chapters, the anti-arthritic efficacy of RL would be
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investigated using an experimental model of RA. Several molecular events upon RL
treatment would be delineated in vivo and in vitro as RL’s mechanism of action is
unknown.
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CHAPTER 3 RL exerted anti-arthritic effects in CIA rats
3.1 Chapter summary
RA is a chronic autoimmune disease that ruins the quality of life of patients.
Multi-target Chinese medicines with low toxicity and high efficacy are believed to be
alternative options complement to the conventional RA therapeutics. The formula RL
was documented in the Chinese Materia Medica Grand Dictionary as a remedy for
treating inflammatory disorders including RA. Here we evaluated the anti-arthritic
activities of RL in CIA rats, a model that is well established for studying human RA.
Male Wistar rats were immunized with bovine type II collagen to induce
arthritis. RL were given intragastrically (i.g.) after arthritis onset. Hind paws were
evaluated macroscopically for erythema and swelling. Each hind limb was scored on a
0~4-scale. Radiographic examinations of the hind limbs was performed to assess joint
swelling, bone erosion and osteophyte formation using a 0~3-point scale.
Histopathological changes of the talocrural joint (cell infiltration, cartilage
destruction, and bone erosion) were evaluated using optical microscopes.
Our results showed that RL potently improved clinical conditions of CIA rats
without observable adverse reactions. RL markedly ameliorated soft tissue swelling
and joint damage; inhibited inflammatory immune cell infiltration; reduced cartilage
and subchondral bone damage in CIA rats. The results indicate that RL exerts antiarthritic effects in CIA rats.
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3.2 Introduction
RA is a chronic autoimmune disease that ruins the quality of life of patients. It
is characterized by synovial inflammation that drives extracellular matrix degradation
and consequent articular cartilage and bone erosion. Conventional drug treatment
options do not provide satisfactory efficacy and even cause serious adverse reactions
(Adams et al., 2012). Researchers are seeking safe and effective alternative
approaches to tackle these problems.
Multi-target Chinese medicines with low toxicity and high efficacy are
believed to be alternative options complement to the conventional RA drugs. A herbal
formula RL was documented in the Chinese Materia Medica Grand Dictionary as a
remedy for treating inflammatory disorders including RA (Huang, 2001; Ran, 1993;
Zhang et al., 2000). Both of the two edible ingredient herbs, Yingshi and Jinyinhua,
can be used in managing RA. In Western countries, rose hips of some species,
especially Rosa canina, have shown therapeutic effects in RA patients (Chrubasik et
al., 2008). Yingshi (the rosehips of Rosa multiflora) has been recorded in the 2,000year-old Shennong’s Classic of Materia Medica to be able to soothe painful joints and
used as a remedy for symptoms that would today be diagnosed as RA (Ye, 2006).
Yingshi shares many bioactive constituents such as flavonoids and fatty acids (Guo et
al., 2011) with R. canina hips. Many of them have been shown to have anti-arthritic
and anti-inflammatory properties. A petroleum ether fraction of Yingshi extract
attenuates CIA in rats, reducing paw swelling, cartilage surface erosion and
proteoglan depletion (Wu et al., 2014). Like the hips of R. canina, R. multiflora hips
has a very low toxicity and has been used to make various food products (Zheng and
Zhang, 2008). Jinyinhua has been used in Japan, Korea and China for thousands of
years to treat a variety of inflammatory diseases (Chang and But, 1986; Hong et al.,
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1997). It is also widely prescribed by TCM practitioners for managing RA. Various
compounds isolated from Jinyinhua, including luteolin, quercetin, possess antiinflammatory effects (Suh et al., 2006; Tang et al., 2008). Lonicerin isolated from
Jinyinhua has demonstrated anti-arthritic effects in an experimental arthritis model
(Kang et al., 2010b). Moreover, an n-butanol fraction prepared from Jinyinhua and
the dried roots of Anemarrhena asphodeloides exhibits anti-arthritic effects in various
animal arthritis models (Huh et al., 2011; Kang et al., 2010a). Because of its low
toxicity (Thanabhorn et al., 2006), Jinyinhua is also treated as food in China.
Since the extracts/constituents of these two herbs have shown anti-arthritic
effect in different arthritis models and the formula RL has been used as a remedy for
RA, we believe that RL could exhibit anti-arthritic effects. Here, we determined the
anti-arthritic efficacy of RL in CIA rats.

3.3 Methods
3.3.1 Induction of CIA
Male Wistar rats (140 ± 15 g) were
supplied by the Chinese University of Hong
Kong and housed under standard conditions
(25 ± 2 oC, humidity: 60 ± 10 %, 12 h-light:12
h-dark) with free access to water and chow.
Forty-eight rats were randomly divided into six groups of eight. Five groups were
immunized intradermally at the base of the tail and the back (figure on the right),
with 200 μg bovine type II collagen (Chondrex, Redmond, WA, USA) in 0.05 M
acetic acid emulsified with equal volume incomplete Freund’s adjuvant (IFA)
(Chondrex, Redmond, WA, USA) on day 0. A boost injection of 100 μg collagen-IFA
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suspension was given in the same manner on day 7 (Cai et al., 2007; Li et al., 2004).

3.3.2 Animal treatment
From day 14 to 56, immunized groups were i.g. administered with 165 (0.5
times clinical dose), 330 (clinical dose), 660 (2 times clinical dose) mg RL/kg/day,
2.5 mg indomethacin/kg/day (an NSAID used as the positive control) and saline
(vehicle), respectively; while normal control group was i.g. administered with saline
(vehicle). Retro-orbital blood samplings under anaesthesia were performed at various
time points. Sera were collected by centrifugation at 1500 G for 20 min. At day 57,
the rats were fasted overnight and killed by anaesthetic overdose.
After taking radiographs of hind limbs, left paw tissues (whole joints including
synovium, adjacent tissues and bones) were pulverized using a mortar and pestle
filled with liquid nitrogen. Joint tissue was homogenized in 50 mM Tris-HCl, 1% NP40, 0.35% sodium deoxycholate, 150 mM NaCl, 1 mM EDTA of pH 7.4, 1 mM
phenylmethylsulfonyl fluoride, 1 mM NaF, 1 mM Na3VO4, 10 μg/mL aprotinin, 10
μg/mL leupetin and 10 μg/mL pepstatin A. Right limbs were collected for histological
examinations. Spleens were removed and single cell suspension of splenocytes was
prepared as described (Pierer et al., 2011). Red blood cells in the suspension were
removed by treatment with 0.16 M Tris-NH4Cl solution. Liver tissues was dissected
and homogenized in ice-cold saline using an ultra-Turax T-25 homogenizer.
The experiment was conducted under the animal license issued by the Health
Department of the Hong Kong and the Animal Subjects Ethics Sub-committee
(ASESC no. 05/21) of the Hong Kong Baptist University. All experimental
procedures were conducted according to the principles expressed in the Declaration of
Helsinki and the Guide for the Care and Use of Laboratory Animals published by the
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US National Institutes of Health. Every effort was made to reduce the number of
animals used and minimize their pain and distress.

3.3.3 Macroscopic scoring of CIA
CIA primarily affects hind limbs. Each hind limb was scored for erythema and
swelling on a 0~4 scale according to the following criteria: 0= normal, without any
macroscopic signs of arthritis, 1= mild, but definite erythema and swelling of the
ankle, or apparent erythema and swelling limited to individual digits, regardless of the
number of affected digits, 2= moderate erythema and swelling of the ankle, 3=
erythema and swelling of the entire paw including digits, 4= maximally inflamed limb
with involvement of multiple joints. The arthritis score of each rat was the sum of the
scores of the two hind limbs (maximum: 8). To quantify oedema, hind paw volumes
were measured using a plethysmometer.

3.3.4 Change in body weight and food intake
Progression of CIA is associated with reduction in body weight gain and food
intake habit. Body weight and average food intake of rats were measured to evaluate
the disease progression as well as possible side effects of RL treatment.

3.3.5 Radiographic analysis
Digital radiographs of hind limbs were performed at the end of the
experiment. Radiographic analyses of the hind limbs was performed to assess joint
swelling, bone erosion and osteophyte formation using a 0~3 scale (maximum: 6): 0 =
normal; 1 = soft tissue swelling only; 2 = soft tissue swelling and early joint erosions;
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3 = severe bone erosion or significant osteophyte formation.

3.3.6 Histological analysis
Right hind limbs were fixed in 4% neutral formalin for one week and then
decalcified in 0.5 M EDTA and 0.5% paraformaldehyde for 20 days. Decalcified
samples were dehydrated with alcohol, embedded in paraffin and sectioned (10 μ
thick). Talocrural joint sections were stained with hematoxylin and eosin and mounted
on glass slides for histological analysis by light microscopy. Histopathological
changes of the joint were evaluated based on histologic parameters (inflammation,
synovial hyperplasia, pannus formation, and erosion of cartilage/bone) using a 0~4point scale: 0 = normal; 1 = synovium hypertrophy with cell infiltrates; 2 = pannus
and cartilage erosions; 3 = major cartilage and subchondral bone erosions; 4 = loss of
joint integrity and ankylosis.

3.3.7 Statistical analysis
The results are presented as the means ± SEM. Data were analyzed by oneway ANOVA. Comparisons between two groups were performed using the Dunnett’s
multiple comparisons test or post-hoc analysis. Statistical analyses were carried out
using GraphPad Prism version 5.0 (GraphPad Software, San Diego, CA, USA). p
<0.05 was considered statistically significant.
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3.4 Results
3.4.1 RL improved clinical arthritic conditions in CIA rats
In the present study, we investigated the in vivo efficacy of RL in CIA rats.
Rats immunized with bovine type II collagen began to develop arthritis in the first
week. The initial manifestation of arthritis was erythema and swelling of ankle joints,
followed by the inflammation of the metatarsal and inter-phalangeal joints. Disease
progression can be evaluated by measuring paw swelling volume, which is an
indicator of the degree of inflammation. In order to evaluate the anti-arthritic efficacy
of RL, the paw volume changes were quantified using plethysmometry.
A rapid increase in the paw volume was observed from the third week after
first immunization in CIA rats. At all 3 doses, RL significantly ameliorated paw
swelling. Recovery of paw swelling, indicated by a reduction of paw volume, started
from the forth to sixth week in all treatment groups. At the end of the experiment,
more significant reductions of paw volume were observed in groups treated with RL
(660 mg/kg) and indomethacin (2.5 mg/kg), an NSAID used as positive control
(Figure 3.1A).
Overall arthritis severity in CIA rats is commonly assessed by macroscopic
clinical scoring. Beginning from day 7, the arthritis score of CIA rats increased
progressively and reached about 6.5 in the last week. Administration of RL
significantly attenuated all clinical signs of arthritis indicated by the significant
reduction in the mean arthritis score (Figure 3.1B). Representative photographs
showing morphological changes of hind paws of rats from different groups on day 57
are shown in Figure 3.1C.
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Figure 3.1 Effects of RL on clinical arthritic conditions in CIA rats. Male Wistar rats were
immunized on day 0 and day 7 with bovine type II collagen for CIA or with vehicle. CIA rats
were i.g. given vehicle (saline), indomethacin (Indo), low dose of RL (RL-L), middle dose of
RL (RL-M) or high dose of RL (RL-H) (n=8 for each group) daily from days 14 to 56. (A)
Average volumes of hind paws. (B) Mean arthritic score. (C) Representative photographs
showing the gross features of hind paws at day 57. Values are the means ± SEM (n=8). * p
<0.05, ** p <0.01 compared with the immunized control (saline).
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3.4.2 RL improved food intake and reduced weight loss in CIA rats
There were no mortalities and no observable signs of toxicity in rats that
received RL during the entire experimental period. All rats gained weight over the 56day experimental period. However, starting from day 21, CIA rats gained significantly
less weight than normal rats. Decrease in food consumption was also observed in CIA
rats. RL effectively improved the food intake and ameliorated weight loss caused by
CIA (Figure 3.2A and 3.2B).
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Figure 3.2 Effects of RL on food intake and weight gain in CIA rats. (A) Average daily
food intake during the experimental period. (B) Changes in body weight over the
experimental period. Values are the means ± SEM (n=8). * p <0.05, ** p <0.01 compared
with the immunized control (saline).
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3.4.3 RL attenuated the radiographic damage of CIA rats
At the end of the experiment, radiographic examination of the talocrural joints
revealed tissue swelling, bone matrix resorption, osteophyte formation and bone
erosion at the joint margins in CIA rats. No pathogenic change was observed in
normal rats. RL markedly ameliorated soft tissue swelling and the degree of joint
damage. Radiographic signs of protection against bone resorption and osteophyte
formation were present in the joints of RL-treated rats (Figure 3A). Significant
reduction in radiographic score was observed in RL-treated groups (Figure 3B).
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Figure 3.3 Effects of RL on the radiographs of CIA rats. Digital radiographs of hind limbs
were performed at the end of the experiment. Radiographic analyses of the hind limbs was
performed to assess joint swelling, bone erosion and osteophyte formation using a 0~3-point
scale with a maximum score of 6 (For each limb, 0: normal; 1: soft tissue swelling only; 2:
soft tissue swelling and early joint erosions; 3: severe bone erosion or with significant
osteophyte formation). (A) Representative radiographs of the hind limbs showing the
talocrural joints at day 57. (B) Mean radiological score of the radiographs. Values are the
means ± SEM (n=8). * p <0.05, ** p <0.01 compared with the immunized control (saline).
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3.4.4 RL ameliorated the histological parameters of CIA rats
In order to determine whether RL prevented articular destruction, talocrural
joints were analysed histologically. Histological examinations showed massive
infiltration of inflammatory immune cells, pannus invasion, cartilage damage, and
subchondral bone erosion in CIA rats (Figure 3.4A). Histological scores of individual
groups were shown in Figure 3.4B.
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Figure 3.4 Effects of RL on the histological parameters of CIA rats. Right hind limbs
were fixed in 4% neutral formalin for one week and then decalcified in 0.5 M EDTA and
0.5% paraformaldehyde for 20 days. Decalcified samples were dehydrated with alcohol,
embedded in paraffin and sectioned (10µ thick). Joint sections were stained with hematoxylin
and eosin and mounted on glass slides for histological analysis by light microscopy.
Histopathological changes of the talocrural joint were evaluated based on histologic
parameters using a 0~4-point scale: 0=normal; 1=synovium hypertrophy with cell infiltrates;
2=pannus and cartilage erosions; 3=major cartilage and subchondral bone erosions; 4=loss of
joint integrity and ankylosis. (A) Representative joint sections of the hind limbs showing the
talocrural joints at day 57. Black arrowhead indicates damaged joint areas. (B) Mean score of
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the histological parameters. Values are the means ± SEM (n=8). * p <0.05, ** p <0.01
compared with the immunized control (saline).
.
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3.5 Discussion and conclusion
Current drug treatment options against RA like NSAID and disease-modifying
anti-rheumatic drugs are not satisfactory because of their low efficacy, adverse effects
and toxicity. New therapeutic agents with low toxicity and high efficacy should be
explored. Researchers are seeking alternative, complementary therapeutic agents from
multi-target Chinese medicines.
RL, a traditional remedy for inflammatory disorders including RA, is
composed of Yingshi and Jinyinhua that are of low toxicity. Yingshi can be used to
make various food products (Dilinuer and Shalamaiti, 2008; Yi et al., 2007; Zheng
and Zhang, 2008), and Jinyinhua is treated as food in Asian countries (Thanabhorn et
al., 2006). It has been shown that oral administration of an extract of Yingshi
attenuated the severity of CIA rats without showing any observable adverse reactions
(Wu et al., 2014). Jinyinhua together with other herbs have been demonstrated to
improve conditions in CIA mice (Wang et al., 2015).
In the present study, we demonstrated that the herbal formula RL significantly
improved the clinical conditions throughout the course of disease in CIA rats without
any observable adverse reactions. These evidences support RL to be a potential safe
and effective anti-RA agent.
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CHAPTER 4 Involvement of the TLR4 signalling pathway in the anti-arthritic
effects of RL in CIA rats

4.1 Chapter summary
Yingshi and Jinyinhua have long been used to treat various inflammatory
diseases including RA. Studies have already shown that the extract/active constituents
of these herbs inhibit the activities and/or reduce the expression levels of different
components of the TLR4 signalling pathway. Here, we delineated the molecular
events of TLR4 signalling upon RL treatment in CIA rats.
Male Wistar rats were immunized with bovine type II collagen. RL were i.g.
administered after arthritis onset. RL’s influences on the TLR4 signalling components
in sera and joints were determined by Western blotting. Antioxidant enzyme activities
in liver tissues and sera were determined using ELISA. Effects of RL on TLR4signalling-related immune responses were evaluated by determining Th17 cell
proportions in isolated splenocytes, examining splenocytes proliferation and
activation, and measuring serum IgG levels.
RL reduced the protein expression levels of TLR4, phospho-transforming
growth factor β-activated kinase 1 (p-TAK1), phospho-NF-κB, phospho-c-Jun,
phospho-IRF3 in joint tissues and the levels of inflammatory factors (TNFα, IL-1β,
IL-6, IL-17A and MCP-1 in sera and TNFα, IL-1β, IL-6 and IL-17A in joints);
rejuvenated the declined activities of antioxidant enzymes superoxide dismutase
(SOD), catalase (CAT) and glutathione peroxidase (GSH-Px) in liver tissues and sera;
lowered Th17 cell proportions in isolated splenocytes; inhibited proliferation and
activation of isolated splenocytes; and reduced serum IgG levels.
Without observable adverse reactions in CIA rats, RL potently improved
clinical conditions. The effects were associated with the inhibition of TLR4 signalling
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demonstrated by the down-regulation of TLR4 expression, inhibition of the
phosphorylation of TAK1, NF-κB, AP-1 and IRF3, modulation of inflammatory
mediators, and reduction of pathogenic Th17 cells and autoimmune antibodies.
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4.2 Introduction
Based on the understanding of RA pathogenesis, researchers are seeking new
approaches for RA management. Molecular evidence indicates that TLRs, especially
TLR4, play a pivotal pathogenic role in RA (Goh and Midwood, 2012). Significant
increase in the expression of TLR4 has been observed in cells isolated the human RA
joints (Ospelt et al., 2008). Both exogenous and endogenous TLR4 ligands have been
detected from the joints of RA patients (van der Heijden et al., 2000). Upon ligand
binding, TLR4 initiates different signalling pathways, leading to the increased
activities of transcription factors NF- B, AP-1 and IRF3. The downstream targets of
these transcription factors (inflammatory cytokines, chemokines and tissuedestructive enzymes) contribute to the joint inflammation, articular cartilage damage
and bone erosion (Goh and Midwood, 2012). TLR4 signalling also promotes the
differentiation of mature T helper cells (CD4+ T-cells) into pathogenic Th17 effector
cells, further driving cartilage and bone erosion (McAleer and Vella, 2008; Pierer et
al., 2011; Reynolds et al., 2012; Schnare et al., 2001). Inflammation and tissue
destruction in RA joint can in turn generate more endogenous TLR4 ligands, thereby
resulting in persistent joint damage (Goh and Midwood, 2012).
In Chapter 2, RL has been shown to inhibit different components of TLR4
signalling (e.g. COX-2, iNOS, TNFα, IL-6, PGE2). Attenuating TLR4 signalling is
beneficial to RA. Here, we further delineated the molecular events of TLR4 signalling
upon RL treatment in CIA rats.
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4.3 Methods
4.3.1 Immunoblotting
The quantified joint tissue lysates were assessed by Western blot analysis as
described previously (Cheng et al., 2014). Briefly, protein lysates were subjected to
10% sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE).
Separated proteins were then electro-transferred from the gel onto a nitrocellulose
membrane for 120 min under 300mA. The membrane was blocked with 5% non-fat
dry milk in TBST buffer (150 mM NaCl, 20 mM Tris-HCl, 0.05% Tween 20, pH 7.4)
for 1 h. After blocking, the membrane was incubated with designated primary
antibodies (Sigma Aldrich, St. Louis, MO, USA) in 2.5% milk-TBST solution
overnight at 4°C. The membrane was then washed with TBST buffer and incubated
with anti-mouse or anti-rabbit IgG horseradish peroxidase (HRP)-conjugated
secondary antibodies for 1 h. The specific immunoreactive bands were detected using
enhanced chemiluminescence ECL detection kit (Invitrogen Life Technologies,
Carlsbad, CA, USA) following manufacturer’s instruction.

4.3.2 Splenocytes culture
Splenocytes isolated from animals were maintained in RPMI 1640 medium
containing 10% heat-inactivated FBS and 1% antibiotics of penicillin/streptomycin at
37°C under 5% CO2.

4.3.3 Splenocytes proliferation assay
Splenocytes suspensions (5×106 cells/well in 96-well plates) were cultured in
RPMI 1640 medium containing 50 μg/mL heat-denatured bovine CII (pre-treated at
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80°C, 10 min) for 72 h. MTT (0.5 mg/ml) was then added for 1 h. Supernatants were
removed after centrifugation at 500 G for 10 min, and 100 μL of DMSO were added
to the wells. Absorbance was measured at 570 nm using a microplate
spectrophotometer.

4.3.4 Splenocytes activation assay
To activate the splenocytes isolated from rats, splenocytes (2×106 cells/ml)
were stimulated with phorbol 12-myristate 13-acetate (PMA) (0.05 μg/mL) and
ionomycin (1 μg/mL) at 37 °C for 48 h. IL-17A concentrations in the supernatants
were determined by ELISA (eBioscience, Inc., CA, USA) following manufacturer’s
instructions.

4.3.5 Flow cytometric analysis of Th17 cell proportion
Splenocytes (2×106 cells/ml) were stimulated with PMA (0.05 μg/mL) and
ionomycin (1 μg/mL) for 4 h and then brefeldin A (BFA, 5 μg/mL) for 2 h. Cells were
extracellularly stained with FITC-conjugated anti-CD4, fixed, permeabilized, then
labelled intracellularly with PE-conjugated anti-IL-17A. Percentages of stained cells
were measured using FACS instruments.

4.3.6 Cytokine, chemokine, antioxidant and anti-collagen antibody assays
Cytokine and chemokine levels were quantified by Milliplex MAP Rat
Cytokine/Chemokine Panel (Merck Millipore), while antioxidants and anti-mouse CII
IgG levels were determined by ELISA kits (Chondrex, Inc., WA, USA) following
manufacturer’s instructions (Szliszka et al., 2013).
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4.3.7 Statistical analysis
The results are presented as the means ± SEM. Data were analysed by oneway ANOVA. Comparisons between two groups were performed using the Dunnett’s
multiple comparisons test or post-hoc analysis. Statistical analyses were carried out
using GraphPad Prism version 5.0 (GraphPad Software, San Diego, CA, USA). p
<0.05 was considered statistically significant.
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4.4 Results
4.4.1 RL inhibited TLR4 signalling in CIA rats
Increased expression/activities of the TLR4 signalling components (e.g. TAK1,
NF-κB, IRF3, AP-1) in CIA rats demonstrated their involvement in the pathogenesis
of CIA. RL reduced the upregulated protein levels of TLR4, phospho-TAK1,
phospho-NF-κB, phospho-c-Jun, and phospho-IRF3 in CIA joint tissues (Figure 4.1).
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B

Figure 4.1 Effects of RL on TLR4 signalling in joint tissues of CIA rats. (A)
Representative western blots of TLR4, phospho-TAK1, phospho-NF-κB, phospho-c-Jun,
phospho-IRF3 and β-actin (as loading control) in joint tissues. (B) Relative intensity values
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from band densitometry. The data presented in bar charts are means ± SEM of the band
density in relation to the means of untreated control (control) normalized to the loading
control (n = 8). * p <0.05, ** p <0.01 compared with the immunized control (saline).
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4.4.2 RL modulated the production of cytokines regulated by NF-κB, AP-1 and
IRF3 in CIA rats
Upon ligand binding, TLR4 recruits several adaptors which lead to the
activation of TAK1 and subsequent transcriptional activation of NF-κB, AP-1 and
IRF3. This results in the increased production of pro-inflammatory cytokines and
effector cytokines such as TNFα, IL-1β and IL-6, which contributes to the
pathogenesis of CIA. RL mitigated the upregulated levels of pro-inflammatory TNFα,
IL-1β and IL-6 (Figure 4.2 and 4.3), while elevated the levels of anti-inflammatory
IL-10 in both sera and joint tissue lysates (Figure 4.2 and 4.4). RL also lowered the
levels of MCP-1 in sera (Figure 4.4).
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Figure 4.2 Effects of RL on cytokines and chemokines in joint tissues of CIA rats. Levels
of cytokines from joint tissue lysates were determined by Milliplex MAP Rat
Cytokine/Chemokine Panel or ELISA at the end of the experiment. Values are the means ±
SEM (n=8). * p <0.05, ** p <0.01 compared with the immunized control (saline).
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Figure 4.3 Effects of RL on IL-6, TNF-α and IL-1β in the sera of CIA rats. Levels of
cytokines and chemokines were determined by Milliplex MAP Rat Cytokine/Chemokine
Panel or ELISA at different time points. Values are the means ± SEM (n=8). * p <0.05, ** p
<0.01 compared with the immunized control (saline).
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Figure 4.4 Effects of RL on MCP-1 and IL-10 in the sera of CIA rats. Levels of cytokines
and chemokines were determined by Milliplex MAP Rat Cytokine/Chemokine Panel at
different time points. Values are the means ± SEM (n=8). * p <0.05, ** p <0.01 compared
with the immunized control (saline).
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4.4.3 RL rejuvenated the declined activities of endogenous antioxidant enzymes
in CIA rats.
Activated TLR4 signalling induces oxidative stress, resulting in imbalance of
antioxidant system (Lavieri et al., 2014; Mancek-Keber et al., 2015). Excessive
production of pro-inflammatory mediators exaggerates the oxidative stress in RA,
resulting in immune cells activation.(Gelderman et al., 2007). Since the two herbs in
RL contain various natural antioxidants (Dilinuer and Shalamaiti, 2008; Wu et al.,
2014; Zeng et al., 2014), we determined the effects of RL on the activities of the
endogenous antioxidant enzymes in CIA rats. RL treatment at high dose significantly
rejuvenated the declined activities of the antioxidant enzymes (SOD, CAT and GSHPx) in sera (Figure 4.5A) and liver tissues of CIA rats (Figure 4.5B).
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Liver
tissue

Sera

Figure 4.5 Effects of RL on the activities of antioxidant enzymes in CIA rats. (A)
Antioxidant enzyme (SOD, CAT, and GSH-Px) activities in sera collected on day 49 after first
immunization. (B) Antioxidant enzyme (SOD, CAT, and GSH-Px) activities in homogenized
liver tissues at the end of the experiment. Values are the means ± SEM (n=8). * p <0.05, ** p
<0.01 compared with the immunized control (saline).
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4.4.4 RL suppressed pathogenic immune responses in CIA rats.
TLR4 instructs both innate and adaptive immune responses. Inhibition on
TLR4 signalling has been shown to lower the synovial expression of IL-17 and serum
concentrations of IL-17 in CIA mice (Abdollahi-Roodsaz et al., 2008; Pierer et al.,
2011). In order to characterize the effects of RL on TLR4-signalling-related immune
responses, levels of IL-17 in joint tissues and sera were determined. RL significantly
mitigated the levels of IL-17 in both sera and joint tissue lysates of CIA rats (Figure
4.6A and 4.6B). Studies showed that the splenic proportion of pathogenic Th17 cells,
which play an important role in the pathogenesis of RA(Roeleveld and Koenders,
2015), correlated directly with the levels of serum IL-17 in arthritic mice(Reynolds,
2010). In line with decreasing serum IL-17, RL also reduced Th17 cell proportion in
splenocytes (Figure 4.6C and 4.6D) and inhibited IL-17A production in PMA-andionomycin-activated splenocytes isolated from CIA rats (Figure 4.6E). The humoral
response against autoantigen is essential for the development of erosive arthritis
(Bajtner et al., 2005). RL inhibited CII-stimulated proliferation of splenocytes isolated
from CIA rats (Figure 4.7A) and significantly reduced the IgG antibody levels in sera
(Figure 4.7B).
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Figure 4.6 Effects of RL on IL-17 and Th17 cells in CIA rats. (A) Levels of IL-17A from
joint tissue lysates determined by Milliplex MAP Rat Cytokine/Chemokine Panel at the end
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of the experiment. (B) Serum levels of IL-17 were determined by Milliplex MAP Rat
Cytokine/Chemokine Panel at different time points. (C) Isolated splenocytes were stimulated
with PMA (0.05 μg/mL) and ionomycin (1 μg/mL) for 4 h and then BFA (5 μg/mL) for
additional 2 h. Cells were extracellularly stained with FITC-conjugated anti-CD4, fixed,
permeabilized and labelled with PE-conjugated anti-IL-17A. Representative graphs showing
the percentages of positive-stained Th17 in mature T helper cells (CD4+ T-cells) analysed by
flow cytometry. (D) The mean percentages of positive-stained Th17 in CD4+ cells. (E)
Concentration of IL-17A determined by ELISA in the supernatants of isolated splenocytes
stimulated with PMA (0.05 μg/mL) and ionomycin (1 μg/mL). Values are the means ± SEM
(n=8). * p <0.05, ** p <0.01 compared with the immunized control (saline).
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Figure 4.7 Effects of RL on immune responses in CIA rats. (A) Splenocytes isolated from
rats were stimulated with CII (50 μg/mL) and cultured for 72 h. Cell proliferation was
examined by the MTT assay and expressed as mean percentage of control cells. (B) Antibody
concentrations in the sera were measured by ELISA. Values are the means ± SEM (n=8). * p
<0.05, ** p <0.01 compared with the immunized control (saline).
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4.5 Discussion and conclusion
TLR4 signalling pathways are believed to be novel therapeutic targets in RA
management (Anwar et al., 2013; Huang and Pope, 2009). We previously reported
that RL could inhibit various TLR4 signalling components (Cheng et al., 2014).
Therefore, we investigated RL’s effects on TLR4 signalling-related events in CIA rats,
in which TLR4 can be activated by ligands from damaged synovial tissues (Pierer et
al., 2011). Upon ligand binding, TLR4 signalling activates transcription factors NFκB (p50/p65 heterodimer), AP-1 (c-Fos/c-Jun heterodimer) and IRF3(Bartok and
Firestein, 2010; Takeda and Akira, 2004). Activation of these transcription factors
results in the production of inflammatory mediators e.g. IL-6, MCP-1, TNFα and IL1β, providing a positive feedback to the TLR4 signalling pathways, which results in
persistent inflammation and favours the induction of autoimmunity (McInnes and
Schett, 2007). In this study, we found that RL could inhibit TLR4 signalling. This was
demonstrated by the suppressed protein expression levels of TLR4, phospho-TAK1,
phospho-NF-κB, phospho-c-Jun, and phospho-IRF3 in joint tissues. Phosphorylation
of the key transcription factors of TLR4 signalling is essential to the production of
pro-inflammatory cytokines. RL’s inhibition on TLR4 signalling was also evidenced
by the reduced production of pro-inflammatory cytokines regulated by the
transcription factors NF-κB, AP-1 and IRF3 in sera and joint tissues of CIA rats.
These pro-inflammatory cytokines could induce oxidative stress, leading to declined
activities of endogenous antioxidants. RL rejuvenated the declined activities of the
antioxidant enzymes (SOD, CAT and GSH-Px) in sera and liver tissues of CIA rats.
TLR4 signalling also takes part in immune responses (Pasare and Medzhitov, 2005).
Production of autoimmune antibodies and IL-17 upon collagen immunization was
found to be less in TLR4-deficient mice than in wild type mice (Pierer et al., 2011). In
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the present study, RL was found to be able to lower the levels of IL-17 in sera and
joint tissues of CIA rats. This observation was supported by the reduction of
pathogenic Th17 cells and IL-17 production in spleen cells. RL could also reduce the
IgG antibody production and inhibit the antigen-stimulated proliferation of
splenocytes. These suggest that attenuation of TLR4 signalling is possibly one of the
molecular mechanisms for the anti-arthritic effects of RL in CIA rats (Figure 4.8).
In conclusion, RL at nontoxic doses inhibited TLR4 signaling and potently
improved clinical conditions of CIA rats.

Figure 4.8 A schematic diagram showing the effects of RL in CIA rats

CHAPTER 5 Involvement of the TLR4 signalling pathways on the effects of RL
in vitro
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5.1 Chapter summary
In order to provide further justification for clinical application of RL in
treating inflammatory disorders including RA, we further delineated the involvement
of the TLR4 signalling cascades in the effects of RL on inflammatory mediators.
We investigated the effects of RL on the production of cytokines and
chemokines that are regulated by the key transcription factors of the TLR4 signalling
pathways AP-1, NF-κB and IRF3 in LPS-stimulated RAW264.7 cells using the
multiplex biometric immunoassay. Phosphorylation of AP-1, NF-κB, IRF3, IκBα, IκB
kinase α/β (IKKα/β), Akt, TAK1, TBK1, interleukin-1 receptor-associated kinase 1
(IRAK1) and IRAK4 were examined in LPS-stimulated RAW264.7 cells and THP-1
cells using Western blotting. Nuclear localisations of AP-1, NF-κB and IRF3 were
also examined using Western blotting.
RL reduced the secretion of various pro-inflammatory cytokines and
chemokines

regulated

by

transcription

factors

AP-1,

NF-κB

and

IRF3.

Phosphorylation and nuclear protein levels of these transcription factors were
decreased by RL treatment. Moreover, RL inhibited the activation/phosphorylation of
IκBα, IKKα/β, TAK1, TBK1 and IRAK1.
Suppression

of

the

IRAK1/TAK1/NF-κB,

IRAK1/TAK1/AP-1,

and

TBK1/IRF3 pathways was associated with the effects of RL on inflammatory
mediators in LPS-stimulated RAW264.7 and THP-1 cells.
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5.2 Introduction
Molecular evidence indicates that TLR4 plays a pathogenic role in various
inflammatory diseases. Increased expression and activity of TLR4 have been detected
in RA joints (Nair et al., 2012; Ospelt et al., 2008). TLR4 is associated with
inflammatory bowel disease, both in Crohn's disease and ulcerative colitis
(Oostenbrug et al., 2005). TLR4 can be activated by both exogenous and endogenous
ligands, e.g LPS from Gram-negative bacteria and molecules released from damaged
tissue (van der Heijden et al., 2000). Upon ligand binding, TLR4 interacts with its coreceptor and adaptors, and subsequently initiates MyD88-dependent and TRIFdependent signalling pathways. MyD88-dependent signalling involves the activation
of interleukin-1 receptor-associated kinase (IRAK)-4, IRAK1, TAK1, MAPKs, IκBα
and IKKs, activating the transcription factors NF-κB and AP-1. TRIF-dependent
signalling involves the activation of TBK1, activating transcription factor IRF3.
Activation of these key transcription factors in the TLR4 signalling pathways results
in the production of inflammatory cytokines and chemokines (Goh and Midwood,
2012). Different negative regulatory mechanisms have evolved to attenuate TLR4
signalling pathways. AP-1 is a potential therapeutic target in allergic airways
inflammation (Nguyen et al., 2003). Suppression of TRIF/TBK1/IRF3 signalling is a
potential therapeutic target in RA (Migita and Nakamura, 2012). Many drugs can
block different segments of the NF-κB pathway. Yet, many of them cause adverse
reactions like gastrointestinal discomfort, nausea, vomiting, and diarrhoea (Gahart and
Nazareno, 2013).
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5.3 Methods
5.3.1 Reagents
Bovine serum albumin, MTT, and LPS (Escherichia coli O55:B5) were
purchased from Sigma Aldrich (St. Louis, MO, USA). FBS, DMEM, RPMI 1640
Medium, penicillin, and streptomycin were obtained from HyClone (Logan, UT,
USA). RAW264.7 cells, a BALB/c-derived murine macrophage cell line (ATCC no.:
TIB-71), and THP-1 cells, a human monocytic cell line (ATCC no.: TIB-202), were
purchased from ATCC (Rockville, MD, USA). NF-κB, phospho-NF-κB p65 (Ser536),
phospho-NF-κB p50 (Ser337), c-Jun, phospho-c-Jun (Ser63), Akt, phospho-Akt
(Ser473), sp1 monoclonal antibodies were obtained from Santa Cruz Biotechnology
(Santa Cruz, CA, USA). IRF3, phospho-IRF3 (Ser396), IκBα, phospho-IκBα (Ser32),
IKKα/β, phospho-IKKα/β (Ser176/180), extracellular signal-regulated kinase (ERK),
phospho-ERK (Thr202/Tyr204), c-Jun N-terminal kinase (JNK), phospho-JNK
(Thr183/Tyr185), p38 mitogen-activated protein kinase (p38), phospho-p38
(Thr180/Tyr182), TAK1, phospho-TAK1 (Thr187), IRAK1, IRAK4, TBK1, phosphoTBK1 (Ser172) and β-actin monoclonal antibodies were obtained from Cell signalling
technology (Boston, MA, USA). Milliplex MAP Mouse Cytokine/Chemokine Panel
(Merck Millipore) was purchased from Bio-gene technology Ltd. All the other
chemicals used were purchased from Sigma Aldrich, St. Louis, MO, USA and of
analytical grade.

5.3.2 Cell culture
Murine RAW264.7 macrophages and human THP-1 monocytes were obtained
from the American Type Culture Collection (Manassa, VA, USA) and maintained in
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RPMI 1640 and DMEM mediums (Invitrogen Life Technologies, Carlsbad, CA,
USA), respectively. Mediums were supplemented with 10% heat-inactivated fetal
bovine serum (FBS) and 1% antibiotics of penicillin/streptomycin at 37°C under 5%
CO2. Differentiation of THP-1 monocytes into macrophages was induced by plating
the cells in six-well culture plates at a density of 106 cells/mL in the presence of 100
nM PMA for 72 h (Michee et al., 2013).

5.3.3 Cell Stimulation
To induce the differentiation of monocytic cells into macrophages, THP-1
cells were pre-treated with PMA (10 ng/mL) for 48 h. Then, the RAW264.7 and THP1 macrophages were stimulated with LPS (1 μg/mL) with or without various
concentrations of RL at 37 oC under 5% CO2. Cells were collected for RT-PCR and
Western blot, and culture supernatants were used for ELISA.

5.3.4 Cell viability assay
Cytotoxicity was analysed using MTT assay. RAW264.7 macrophages were
seeded at 5×104 cells/mL densities on 96-well plates (0.5×104 cells/well) (Nunc,
Roskilde, Denmark) for 24 h. THP-1 monocytes were induced for differentiation into
macrophages at 5x106 cells/mL on 96-wells cell culture plate (5×105 cells/well) for 24
h. The cells were then treated with RL at various concentrations for 1 h and then at the
presence or absence of LPS (1 μg/mL) at 37°C and 5% CO2 for another 24 h. The
MTT solution (5 mg/mL) was added to each well and the cells were cultured for
another 2 h. The medium was then aspirated, and 100 μL of DMSO was added to each
well to dissolve the formazan crystals. The absorbance at 570 nm was measured using
a microplate spectrophotometer (Chen et al., 2013; Levy and Simon, 2009). Results
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are expressed as a percentage of the respective controls.

5.3.5 Determination of NO production
NO production was indicated by the level of nitrite formed in the supernatant
of cultured RAW264.7 cells. The cells were seeded at 5×105 cells/mL on 24-well
culture plates for 24 h. Then, the cells were treated with RL at various concentrations
for 1 h and then at the presence or absence of LPS (1 μg/mL) at 37°C for another 24
h. The supernatant was mixed with an equal volume of Griess reagent (1%
sulphanilamide,

0.1%

naphthylethylenediamine

dihydrochloride,

and

2.5%

phosphoric acid) and incubated at room temperature for 15 min. The concentrations of
nitrite were measured by reading at 540 nm using a microplate spectrophotometer.
Sodium nitrite (NaNO2) was used to generate a standard curve for quantitative
comparison.

5.3.6 NF-κB reporter gene assay
The effect of RL on NF-κB transcription activity was investigated using
luciferase reporter assay. RAW264.7 cells were seeded at 5×105 cells/mL on 24-well
culture plates for 24 h. The cells were transiently co-transfected with NF-κB (pGL2IL-6–Luc) firefly luciferase reporter plasmids with the renilla luciferase reporter
plasmid (pRL-SV40) for internal normalization. The pGL2-IL-6–Luc uses the IL-6
promoter region containing four putative NF-κB binding sites. Co-transfection was
done using LipofectamineTM 2000 with PLUSTM reagent (Invitrogen Life
Technologies, Carlsbad, CA, USA), without antibiotics for 1h at 37°C, 5% CO2, then
replenished with complete EMEM (4% heat-inactivated FBS, with antibiotics) for 24
h. Cells were treated with indicated concentrations of RL for 1 h and then at the
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presence or absence of LPS (1 μg/mL) for another 24 h. Cell lysates were then
prepared and luminescence measured using the Dual Luciferase Reporter Assay Kit
(Promega) as per manufacturer’s instructions. NF-κB activity was assessed by
normalization relative to the renilla luciferase activity and the results are expressed as
fold activity relative to the control (Saikali et al., 2012).

5.3.7 Preparation of Cytosolic and Nuclear Fractions
The treated or untreated cells were washed with ice-cold PBS 3 times and then
suspended in hypotonic buffer (20 mM Tris-HCl [pH 7.9], 10 mM KCl, 1.5 mM
MgCl2). After incubation for 15 min on ice, 12 µl 10% (v/v) NP-40 was added, and
the combination was vortex for 10 s and kept on ice again for another 10 min. The
cytoplasmic fraction was then prepared by centrifugation at 16,000 G at 4 oC for 2
min. To prepare the nuclear fraction, the cell pellet generated after initial
centrifugation was washed with the hypotonic buffer 3 times and suspended in highsalt buffer (20 mM Tris-HCl [pH 7.9], 1.5 mM MgCl2, 0.2 mM EDTA [pH 8.0]). The
suspended cell pellet was incubated for 30 min on ice with occasional vortexing, and
the nuclear fraction was collected after centrifugation at 16,000 G at 4 oC for 10 min.

5.3.8 Immunoblotting and cytokine/chemokine assay
To induce differentiation of THP-1 monocytic cells into macrophages, cells
were pre-treated with PMA (100 nM) for 72 h (Michee et al., 2013). Non-adherent
cells were removed by aspiration and adherent cells were cultured in RPMI 1640
medium. Various concentrations of RL were added to RAW264.7 and THP-1
macrophages 1 h before they were stimulated with LPS (1 μg/mL) for indicated
period at 37 oC under 5% CO2. Cytotoxicity was analysed using the MTT assay as
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described in previous chapter(Cheng et al., 2014). Cytokine and chemokine
production in the supernatants of cultured RAW264.7 cells was quantified by
Milliplex MAP Mouse Cytokine/Chemokine Panel (Merck Millipore) following
manufacturer’s instruction (Ma et al., 2014). Cells were collected for Western blotting
as described in previous chapter (Cheng et al., 2014). Soluble cell lysates were
immunoblotted with the designated antibodies (Sigma Aldrich, St. Louis, MO, USA).

5.3.9 Statistical analysis
The results are presented as the means ± SEM. Data were analyzed by oneway ANOVA. Comparisons between two groups were performed using the Dunnett’s
multiple comparisons test or post-hoc analysis. Statistical analyses were carried out
using GraphPad Prism version 5.0 (GraphPad Software, San Diego, CA, USA). p
<0.05 was considered statistically significant.

5.4 Results
5.4.1 RL inhibited NO production in LPS-stimulated RAW264.7 cells
To find out the sub-cytotoxic concentrations of RL, MTT assay was conducted
on murine RAW264.7 macrophages and human PMA-differentiated THP-1 cells. The
viability of RAW264.7 and PMA-differentiated THP-1 cells was not significantly
altered by 24 h incubation with up to 250 μg/mL RL in the presence or absence of 1
μg/mL of LPS (Figure 5.1). Therefore, the concentrations of RL 25, 50, 100 and 200
μg/mL were used in subsequent experiments. Nitrite is a stable source of bioactive
NO (Antoniades et al., 2011) and can be used as an indicator of NO production.
Stimulation with LPS resulted in significant increase in nitrite levels (31.9±0.4 μM),
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compared to the unstimulated control (10.9±0.8 μM), suggesting increased NO
production. NO production was not significant in RAW264.7 cells treated with RL
only. RL treatment dose-dependently inhibited NO production (Figure 5.2) in LPSstimulated RAW264.7 cells.
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Figure 5.1 Effects of RL extract on the viability of RAW264.7 and THP-1 cells. Cells
were incubated with the indicated concentrations of RL for 24 h with or without LPS (1
μg/mL). Cell viability was determined by MTT assay. Results are expressed as a percentage
of the respective control (without RL and LPS). Values are the means ± SEM (n=3). * p
<0.05 compared with control (without LPS and RL).
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Figure 5.2 RL reduced NO production in LPS-stimulated RAW264.7 cells. Cells were
pre-treated with various concentrations of RL for 1 h before stimulated with LPS (1 μg/mL)
for another 24 h. The culture supernatant was analysed for nitrite production. The amounts of
nitrite were determined using the Griess reagent. The absorbance at 550 nm was measured
against distilled water with Griess reagent as blank, and sodium nitrite as a standard. The data
presented in bar charts are means ± SEM duplicate determinations from 3 independent
experiments. ** p <0.01 vs. LPS mono treatment.
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5.4.2 RL reduced IL-1β, IL-6 and TNFα production in LPS-stimulated
RAW264.7 cells
We investigated the effects of RL on the secretion of pro-inflammatory
cytokines regulated by transcription factors NF-κB downstream of TLR4 signalling,
including IL-1β, IL-6 and TNFα in LPS-stimulated RAW264.7 cells. RL treatment
concentration-dependently inhibited the production of pro-inflammatory cytokines IL1β, IL-6 and TNFα (Figure 5.3).
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Figure 5.3 Effects of RL on the production of IL-1β, IL-6 and TNFα in LPS-stimulated
RAW264.7 cells. The cells were incubated with the indicated concentrations of RL for 1 h
and then stimulated with LPS for 24 h. Cytokines and chemokines production was quantified
by Milliplex MAP Mouse Cytokine/Chemokine Panel. The data presented in bar charts are
means ± SEM of duplicate determinations from 3 independent experiments. ** p <0.01 vs.
LPS mono treatment.
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5.4.3 RL lowered NF-κB transcriptional activity in LPS-stimulated RAW264.7
cells
The effect of RL on NF-κB transcriptional activity was investigated using
luciferase reporter assay. RAW264.7 cells were transiently co-transfected with NF-κB
(pGL2-IL-6–Luc) firefly luciferase reporter plasmids and the renilla luciferase
reporter plasmid pRLSV40 (for internal normalization). RL dose-dependently
inhibited the transcriptional activity of NF-κB in LPS-stimulated RAW264.7 cells
(Figure 5.4).
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Figure 5.4 Effect of RL on NF-κB transcription activity. NF-κB activity was determined
by luciferase reporter assay in LPS-stimulated RAW264.7 cells. RAW264.7 cells were treated
for 1h with indicated concentrations of RL prior to a 24-h treatment with LPS. Unstimulated
cells acted as a control. Results were expressed as relative luciferase activity. The data
presented in bar charts are means ± SEM of duplicate determinations from 3 independent
experiments. * p <0.05, ** p <0.01 vs. LPS mono treatment.

115

5.4.4 RL inhibited NF-κB p65 phosphorylation and, NF-κB (p50/p65) nuclear
localization in LPS-stimulated RAW264.7 and THP-1 cells
NF-κB exists in its canonical form as a p50/p65 heterodimer, which contains
transactivation domains necessary for gene induction. Activation of the NF-κB
transcription family, by phosphorylation and nuclear translocation of cytoplasmic
complexes, plays a central role in inflammation through its ability to induce
transcription of pro-inflammatory genes. Therefore, we investigated if RL affect the
phosphorylation and nuclear translocation of NF-κB. RL concentration-dependently
reduced the phosphorylation of NF-κB p65 (Figure 5.5). In addition, the nuclear
protein levels of NF-κB heterodimer components (p65 and p50) markedly increased
after one hour of LPS stimulation. RL treatment significantly reduced their nuclear
localisation (Figure 5.6).
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Figure 5.5 RL reduced NF-κB p65 phosphorylation in LPS-stimulated RAW264.7 and
THP-1 cells. Cells were pre-treated with various concentrations of RL for 1 h before
stimulated with LPS (1 μg/mL) for another 1 h. Total cell lysates were then prepared for
Western blotting by using antibodies specific to NF-κB p65, phospho-NF-κB p65 (Ser 536).
The representative results (A) and the relative expression levels (B) were shown. The data
presented in bar charts are means ± SEM of duplicate determinations from 3 independent
experiments. * p <0.05, ** p <0.01 vs. LPS mono treatment.
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Figure 5.6 RL reduced NF-κB (p50/p65) nuclear localization in LPS-stimulated
RAW264.7 and THP-1 cells. RAW264.7 macrophages and THP-1 macrophages were pretreated with various concentrations of RL for 1 h before stimulated with LPS (1 μg/mL) for
another 1 h. The cytoplasmic and nuclear fractions were then prepared, the expression levels
of NF-κB p50 and p65 in the two fractions were examined by Western blotting. β-actin and
SP-1 were served as control markers of cytoplasmic and nuclear fractions, respectively. The

118

representative results (A) and the relative expression levels (B) were shown. The data
presented in bar charts are means ± SEM of duplicate determinations from 3 independent
experiments. ** p <0.01 vs. LPS mono treatment.
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5.4.5 RL reduced IκB and IKKα/β phosphorylation in LPS-stimulated
RAW264.7 and THP-1 cells
Many studies have shown that nuclear translocation of inflammatory
transcription factors is regulated by a variety of intracellular signalling networks.
These signalling cascades include a series of activation events involving IKKα/β and
IκB for NF-κB activation. In resting cells, NF-κB is bound to the inhibitor factor-κB
(IκB) in the cytoplasm. In response to extracellular stimulation such as by LPS, the
degradation of IκB through proteolysis is initiated, which allows for the translocation
of NF-κB from the cytoplasm into the nucleus, where it activates the transcription of
target genes. Here, the IKK/IκBα pathway upstream of NF-κB activation was also
examined. The levels of phosphorylated IκBα (Figure 5.7) and IKKα/β (Figure 5.8)
were highly reduced in both concentration- and time-dependent manners.
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Figure 5.7 RL reduced IκBα phosphorylation in LPS-stimulated RAW264.7 and THP-1
cells. Cells were pre-treated with various concentrations of RL for 1 h before stimulated with
LPS (1 μg/mL) for another 1 h or a fixed concentration (200 µg/mL) for 1 h before LPS
stimulation for various durations. Total cell lysates were then prepared for Western blotting
by using antibodies specific to IκBα, phospho-IκBα (Ser 32). The representative results (A
and C) and the relative expression levels (B) were shown. The data presented in bar charts
are means ± SEM of duplicate determinations from 3 independent experiments. * p <0.05, **
p <0.01 vs. LPS mono treatment.
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Figure 5.8 RL reduced IKKα/β phosphorylation in LPS-stimulated RAW264.7 and
THP-1 cells. Cells were pre-treated with various concentrations of RL for 1 h before
stimulated with LPS (1 μg/mL) for 1 h or a fixed concentration (200 µg/mL) for 1 h before
LPS stimulation for various durations. Total cell lysates were then prepared for Western
blotting by using antibodies specific to IKKα/β, phospho-IKKα/β (Ser176/180). The
representative results (A and C) and the relative expression levels (B) were shown. The data
presented in bar charts are means ± SEM of duplicate determinations from 3 independent
experiments. * p <0.05, ** p <0.01 vs. LPS mono treatment.
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5.4.6 RL reduced MCP-1 and MIP-1α production in LPS-stimulated RAW264.7
cells
We further investigated the effects of RL on the secretion of pro-inflammatory
mediators regulated by transcription factors AP-1 downstream of TLR4 signalling,
including MCP-1 and MIP-1α in LPS-stimulated RAW264.7 cells. RL treatment
concentration-dependently inhibited the production of pro-inflammatory mediators
MCP-1 and MIP-1α (Figure 5.9).

Figure 5.9 RL reduced MCP-1 and MIP-1α production in LPS-stimulated RAW264.7
cells. The cells were pre-treated with the indicated concentrations of RL for 1 h and then
stimulated with LPS for 24 h. Cytokines and chemokines production was quantified by
Milliplex MAP Mouse Cytokine/Chemokine Panel. The data presented in bar charts are
means ± SEM of duplicate determinations from 3 independent experiments. * p <0.05, ** p
<0.01vs. LPS mono treatment.
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5.4.7 RL reduced c-Jun phosphorylation in LPS-stimulated RAW264.7 and
THP-1 cells
AP-1, a heterodimer formed by the products of the c-Fos and c-Jun, is another
nuclear transcription factor that is involved in inflammation by binding to the
upstream promoters of inflammatory cytokines. Phosphorylation and translocation of
transcription factors AP-1 into the nucleus is believed to be an essential event in the
activation of gene-specific binding sites, resulting in the production of various proinflammatory

mediators.

Therefore,

we

investigated

if

RL

affected

the

phosphorylation and nuclear translocation of AP-1. RL concentration-dependently
reduced the phosphorylation of one of the AP-1 components, c-Jun (Figure 5.10).
Moreover, the nuclear protein level of c-Jun markedly increased within one hour of
LPS stimulation. RL treatment reduced the nuclear localisation of c-Jun in a
concentration-dependent manner (Figure 5.11).
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Figure 5.10 RL reduced c-Jun phosphorylation in LPS-stimulated RAW264.7 and THP1 cells. Cells were pre-treated with various concentrations of RL for 1 h before stimulated
with LPS (1 μg/mL) for another 1 h or a fixed concentration (200 µg/mL) for 1 h before LPS
stimulation for various durations. Total cell lysates were then prepared for Western blotting
by using antibodies specific to c-Jun, phospho-c-Jun (Ser 63). The representative results (A
and C) and the relative expression levels (B) were shown. The data presented in bar charts
are means ± SEM of duplicate determinations from 3 independent experiments. ** p <0.01 vs.
LPS mono treatment.
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Figure 5.11 RL reduced c-Jun nuclear localization in LPS-stimulated RAW264.7 and
THP-1 cells. RAW264.7 macrophages and THP-1 macrophages were pre-treated with
various concentrations of RL for 1 h before stimulated with LPS (1 μg/mL) for another 1 h.
The cytoplasmic and nuclear fractions were then prepared, the expression levels of c-Jun in
the two fractions were examined by Western blotting. β-actin and SP-1 were served as control
markers of cytoplasmic and nuclear fractions, respectively. The representative results (A) and
the relative expression levels (B) were shown. The data presented in bar charts are means ±
SEM of duplicate determinations from 3 independent experiments. * p <0.05, ** p <0.01 vs.
LPS mono treatment.
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5.4.8 RL reduced MAPK phosphorylation in LPS-stimulated RAW264.7 and
THP-1 cells
The transcription factor AP-1 is one of the downstream targets of JNK and
p38. Activation of p38 is also required for NF-κB-dependent gene expression.
Therefore, we investigated if RL also affected the phosphorylation of MAPK
including ERK, p38 and JNK. .RL treatment inhibited LPS-induced phosphorylation
of MAPKs in RAW264.7 and THP-1 cells (Figure 5.12 to 5.14).
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Figure 5.12 RL reduced ERK phosphorylation in LPS-stimulated RAW264.7 and THP1 cells. Cells were pre-treated with various concentrations of RL for 1 h before stimulated
with LPS (1 μg/mL) for another 30 min or a fixed concentration (200 µg/mL) for 1 h before
LPS stimulation for various durations. Total cell lysates were then prepared for Western
blotting by using antibodies specific to ERK, phospho-ERK (Thr202/Tyr204). The
representative results (A and C) and the relative expression levels (B) were shown. The data
presented in bar charts are means ± SEM of duplicate determinations from 3 independent
experiments. ** p <0.01 vs. LPS mono treatment.
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Figure 5.13 RL reduced JNK phosphorylation in LPS-stimulated RAW264.7 and THP-1
cells. Cells were pre-treated with various concentrations of RL for 1 h before stimulated with
LPS (1 μg/mL) for another 30 min or a fixed concentration (200 µg/mL) for 1 h before LPS
stimulation for various durations. Total cell lysates were then prepared for Western blotting
by using antibodies specific to JNK, phospho-JNK (Thr183/Tyr185). The representative
results (A and C) and the relative expression levels (B) were shown. The data presented in
bar charts are means ± SEM of duplicate determinations from 3 independent experiments. * p
<0.05, ** p <0.01 vs. LPS mono treatment.

129

A

B

C

Figure 5.14 RL reduced p38 phosphorylation in LPS-stimulated RAW264.7 and THP-1
cells. Cells were pre-treated with various concentrations of RL for 1 h before stimulated with
LPS (1 μg/mL) for another 30 min or a fixed concentration (200 µg/mL) for 1 h before LPS
stimulation for various durations. Total cell lysates were then prepared for Western blotting
by using antibodies specific to p38, phospho-p38 (Thr180/Tyr182). The representative results
(A and C) and the relative expression levels (B) were shown. The data presented in bar charts
are means ± values of duplicate determinations from 3 independent experiments. * p <0.05,
** p <0.01 vs. LPS mono treatment.
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5.4.9 RL reduced TAK1 phosphorylation in LPS-stimulated RAW264.7 and
THP-1 cells
Some effectors of the TLR4 signalling pathways upstream of AP-1 and NF-κB
were also examined. The phosphorylation of TAK1 was significantly enhanced by
LPS, which could be reduced by RL treatment in a concentration-dependent manner
(Figure 5.15).

131

A

B

C

Figure 5.15 RL reduced TAK1 phosphorylation in LPS-stimulated RAW264.7 and
THP-1 cells. Cells were pre-treated with various concentrations of RL for 1 h before
stimulated with LPS (1 μg/mL) for another 30 min or a fixed concentration (200 µg/mL) for 1
h before LPS stimulation for various durations. Total cell lysates were then prepared for
Western blotting by using antibodies specific to TAK1, phospho-TAK1 (Thr187). The
representative results (A and C) and the relative expression levels (B) were shown. The data
presented in bar charts are means ± SEM of duplicate determinations from 3 independent
experiments. * p <0.05, ** p <0.01 vs. LPS mono treatment.
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5.4.10 RL inhibited the degradation of IRAK1 but not IRAK4 in LPS-stimulated
RAW264.7 and THP-1 cells
Upon LPS stimulation, IRAK1 from the MyD88 and Tollip receptor complex
is recruited to the TLR4 receptor, where it is phosphorylated by IRAK4. After
dissociating from the complex, IRAK1 interacts with TAK1 and undergoes
degradation, leading to activation of NF-κB and MAPK. RL could inhibit the
degradation of IRAK1 but not IRAK4 (Figure 5.16).
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Figure 5.16 RL inhibited the degradation of IRAK1 but not IRAK4 in LPS-stimulated
RAW264.7 and THP-1 cells. Cells were pre-treated with various concentrations of RL for 1
h before stimulated with LPS (1 μg/mL) for another 30 min. Total cell lysates were then
prepared for Western blotting by using antibodies specific to IRAK1 and IRAK4. The
representative results (A) and the relative expression levels (B) were shown. The data
presented in bar charts are means ± SEM of duplicate determinations from 3 independent
experiments. * p <0.05, ** p <0.01 vs. LPS mono treatment.
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5.4.11 RL reduced CCL5 production and IRF3 phosphorylation in LPSstimulated RAW264.7 and THP-1 cells
Beside

the

MyD88-dependent

pathway,

TRIF

can

mediate

TBK1

phosphorylation, leading to activation of transcription factor IRF3 in TRIF-dependent
pathway. RL treatment dose-dependently inhibited the production of chemokine
CCL5 related to the downstream transcription factor IRF3. RL also reduced the
phosphorylation (Figure 5.17) and nuclear localisation of IRF3 (Figure 5.18).
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Figure 5.17 RL reduced CCL5 production and IRF3 phosphorylation in LPS-stimulated
RAW264.7 and THP-1 cells. (A) The cells were pre-treated with the indicated
concentrations of RL for 1 h and then stimulated with LPS for 24 h. Production of CCL5 was
quantified by Milliplex MAP Mouse Cytokine/Chemokine Panel. Cells were pre-treated with
various concentrations of RL for 1 h before stimulated with LPS (1 μg/mL) for another 1 h.
Total cell lysates were then prepared for Western blotting by using antibodies specific to
IRF3 and phospho-IRF3 (Ser396). The representative results (B) and the relative expression
levels (C) were shown. The data presented in bar charts are means ± SEM of duplicate
determinations from 3 independent experiments. * p <0.05, ** p <0.01 vs. LPS mono
treatment.
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Figure 5.18 RL reduced IRF3 nuclear localization in LPS-stimulated RAW264.7 and
THP-1 cells. RAW264.7 macrophages and THP-1 macrophages were pre-treated with
various concentrations of RL for 1 h before stimulated with LPS (1 μg/mL) for another 1 h.
The cytoplasmic and nuclear fractions were then prepared, the expression levels of IRF3 in
the two fractions were examined by Western blotting. β-actin and SP-1 were served as control
markers of cytoplasmic and nuclear fractions, respectively. The representative results (A) and
the relative expression levels (B) were shown. The data presented in bar charts are means ±
SEM of duplicate determinations from 3 independent experiments. ** p <0.01 vs. LPS mono
treatment.
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5.4.12 RL reduced TBK1 phosphorylation in LPS-stimulated RAW264.7 and
THP-1 cells
We then examined RL's effect on the phosphorylation of TBK1 upstream of
IRF3. RL could also reduce the phosphorylation of TBK1; suggesting RL may inhibit
TBK1/IRF3 signalling (Figure 5.19).
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Figure 5.19 RL reduced TBK1 phosphorylation in LPS-stimulated RAW264.7 and THP1 cells. Cells were pre-treated with various concentrations of RL for 1 h before stimulated
with LPS (1 μg/mL) for another 30 min. Total cell lysates were then prepared for Western
blotting by using antibodies specific to TBK1, phospho-TBK1 (Ser172). The representative
results (A) and the relative expression levels (B) were shown. The data presented in bar charts
are means ± SEM of duplicate determinations from 3 independent experiments. ** p <0.01
vs. LPS mono treatment.
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5.4.13 Contribution of TLR4 signalling in the effects of RL
Although RL could inhibit different components of TLR4 signalling, it is not
possible to evaluate whether the downstream effects on the pathways was an
inhibition of an increased response after LPS-stimulation or whether a process
unaltered by LPS was inhibited. While the former may have a benefit to limit an
exacerbated response, the latter may indicate immune suppression, which may not be
a desired effect. Here we examine whether RL exhibit its effects through the
inhibition of TLR4 signalling. We investigated the effects of RL on the
phosphorylation of IRF3 in RAW264.7 cells treated with different concentrations of
LPS. Results showed that RL did not significantly affect the basal level (no LPS
stimulation) of phospho-IRF3. In LPS stimulated cells, LPS concentrationdependently increased the level of phospho-IRF3. RL’s inhibitory effects on IRF3
phosphorylation reduced gradually along with the increase of LPS concentrations
(Figure 5.20).
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Figure 5.20 Effect of RL on phosphorylation of IRF3 along with a gradual increase of
LPS concentrations. Cells were pre-treated with RL (200 μg/mL) for 1 h before stimulated
with various concentrations of LPS for another 30 min. Total cell lysates were then prepared
for Western blotting by using antibodies specific to IRF3, phospho-IRF3 (Ser396). The
representative results (A) and the relative expression levels (B) were shown. The data
presented in bar charts are means ± SEM of duplicate determinations from 3 independent
experiments. * p <0.05, ** p <0.01 vs. LPS mono treatment.
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5.5 Discussion and conclusion
Herbal medicines usually contain multiple bioactive compounds. The active
constituents of Yingshi and Jinyinhua have been extensively studied. Compounds
isolated from Yingshi include gallic acid (Tamaki et al., 2011), kaempferol (Pang et
al., 2009), rutin (Pang et al., 2009), β-sitosterol (Tamaki et al., 2011), and so on.
Those identified in Jinyinhua include chlorogenic acid, sweroside, quercetin,
kaempferol etc. These active compounds have been shown to exhibit a variety of
modulatory effects on the inflammation process by reducing the induction of proinflammatory cytokines, inhibiting arachidonic acid metabolites (Kim, 2006; Suh et
al., 1998) or hindering the activation of NF-κB (Chen et al., 2012b; Dai et al., 2013).
Indeed, gallic acid and chlorogenic acid were identified in RL. These compounds
might contribute to the anti-inflammatory effects of RL.
Yingshi and Jinyinhua have traditionally been used in the treatment of
inflammatory disorders for thousands of years (Hong et al., 1997; Xu, 2002; Ye,
2006). Pharmacological studies have shown that extracts/constituents of two herbs
exhibit anti-inflammatory effects by inhibiting TLR4 signalling (Chen et al., 2012a;
Guo et al., 2011; Kwon et al., 2015; Tae et al., 2003; Wu et al., 2014; Zhang et al.,
2008). Moreover, RL consisting of these two herbs was found to be able to inhibit the
components of the TLR4 pathways (Cheng et al., 2014). We therefore believe that
inhibition of TLR4 signalling contributes to the effects of RL.
RL can reduce the phosphorylation of MAPKs that are upstream of AP-1 and
NF-κB (Cheng et al., 2014). NF-κB plays a central role as an inducible transcription
factor and is critical for regulation of gene expression in response to inflammation and
immunity. The productions of enzymes and cytokines like COX-2, iNOS, IL-6, and
TNFα are transcriptionally regulated by NF-κB (Park et al., 2012). In this study, NF-
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κB luciferase reporter assay showed that RL reduced the transcriptional activity of
NF-κB in LPS-induced RAW264.7 cells. This suggests the suppressive effects of RL
on inflammatory mediators may be regulated by inhibiting the NF-κB signalling
pathway.
The MAPK pathway is also responsible for the induction of pathways leading
to the production of pro-inflammatory cytokines in cells. MAPKs are comprised of 3
subtypes, including ERK, JNK, and p38 MAPK. p38 and ERK are involved in iNOS
and TNFα productions in LPS-induced RAW264.7 cells. We observed that RL
inhibited the phosphorylation/activation of p38 and JNK in LPS-induced RAW264.7
cells, suggesting RL-afforded suppression on inflammatory mediators may be
regulated by the p38 and JNK MAPK signalling pathways.
Phosphorylation of JNK or p38 activates AP-1, while phosphorylation of ERK
or p38 activates NF-κB (Hipskind and Bilbe, 1998; Liu et al., 2009). In the current
study, we found that RL treatment not only inhibited the inflammatory cytokines
regulated by AP-1 and NF-κB but also reduced the nuclear localisation and
phosphorylation of these transcription factors in LPS-stimulated RAW264.7 and
THP-1 cells. The degradation of IκB through proteolysis allows the translocation of
NF-κB from the cytoplasm into the nucleus (Hinz and Scheidereit, 2014). Therefore,
we explored the effects of RL on the IKK/IκBα pathway upstream of NF-κB. Results
showed that the levels of phosphorylated IκBα and IKKα/β were reduced by RL
treatment, indicating RL may inhibit the IKKα/β/IκBα/NF-κB pathway. As IRAK1
and TAK1 take part in MAPKs and IKKs activation (Cui et al., 2012), we also
examined RL's effect on IRAK1 and TAK1. RL reduced LPS-mediated degradation
of IRAK1 and phosphorylation of TAK1, indicating RL may inhibit IRAK1/TAK1
signalling.
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Other than AP-1 and NF-κB, RL also inhibited LPS-induced phosphorylation
and nuclear localization of IRF3. The results are in agreement with the reduction of
CCL5, which is one of the targets of IRF3 (Shalova et al., 2012). Upon LPS
stimulation, RL can markedly reduce the phosphorylation of IRF3. We then examined
RL's effect on the phosphorylation of TBK1 upstream of IRF3. RL could also reduce
the phosphorylation of TBK1, suggesting RL may inhibit TBK1/IRF3 signalling. LPS
is a specific ligand of TLR4. In LPS stimulated cells, LPS concentration-dependently
increased the level of phospho-IRF3. RL’s inhibitory effects on IRF3 phosphorylation
reduced gradually along with the increase of LPS concentrations. These observations
suggest that RL inhibits TLR4 signalling. The inhibitory effect of RL on proinflammatory cytokine is at least partially through the inhibition of TLR4 signalling.
However, the possibilities that the extract affected LPS binding to TLR4 and/or the
dimerization of TLR4 need to be further investigated.
In conclusion, we found that suppression of the IRAK1/TAK1/NF-κB,
IRAK1/TAK1/AP-1, and TBK1/IRF3 pathways is associated with the effects of RL
on inflammatory mediators in LPS-stimulated RAW264.7 and THP-1 cells (Figure
5.21).
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Figure 5.21 A schematic diagram showing the association of IRAK1/TAK1/NF-κB,
IRAK1/TAK1/AP-1, and TBK1/IRF3 signalling inhibition in the effects of RL.
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CHAPTER 6 General discussion, Conclusion and Future plan

6.1 General discussion
RA is a chronic autoimmune disorder, affecting approximately 1% of the
world’s population. It is characterized by the destruction of joint cartilage and bone.
Despite early detection, current therapeutic medications are unsatisfactory because of
their limited efficacy, severe adverse effects and/or high cost. More novel targeted
therapy should be developed in order to give a better control of the arthritic diseases.
Inhibition of TLR4 signalling has been proposed as a novel strategy for treating RA.
There are many attempts to manipulate TLR4 for the treatment of RA. However, they
are all in the early clinical phases. Small molecules antagonism under investigation
may block multiple TLRs causing undesired immunosuppression. Therefore, multitarget Chinese medicines, believed to be alternative options complement to the
conventional RA drugs, with minimal toxicity and high efficacy are gaining more
focus. RL composed of two edible herbs Yingshi and Jinyinhua, is a remedy for RA.
These two herbs have been clinically used in managing RA. The extract/active
constituents of these herbs inhibit different components of the TLR4 signalling
pathways. Therefore, we believe that RL exerts anti-arthritic effects and inhibition of
TLR4 signalling is one of the molecular mechanisms underlying the anti-arthritic
effects of RL. In order to address these hypotheses, several in vivo and in vitro
experiments have been performed.
In chapter 2, we determined the optimal herb ratio and extraction solvent for
RL extraction, and developed a quality control method for bulk extraction. The
extraction and quality control methods developed are vital for ensuring a standardized
extract to be used in all experiments. This is also the first step in characterizing and
identifying the active constituents inside the herbal formula. Further fractionation of
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the extract should be performed to determine possible bioactive components
responsible for the anti-arthritic effects of RL.
In chapter 3, the question we addressed was whether RL exerted anti-arthritic
effects. We demonstrated that RL significantly improved the clinical conditions
throughout the course of disease in CIA rats without any observable adverse reactions.
These evidences support RL to be a potential safe and effective anti-RA agent. There
are several other experimental RA models, including the induced arthritis models such
as collagen-antibody-induced arthritis, zymosan-induced arthritis, and the methylated
BSA model, and the genetically manipulated or spontaneous arthritis models such as
the TNFα-transgenic mice, K/BxN mice, and the Skg mice (Asquith et al., 2009).
Further investigation could be done in these models in order to verify the anti-RA
properties of RL.
In chapter 4 and 5 , the question we addressed was whether inhibition of TLR4
signalling is one of the molecular mechanisms underlying the anti-arthritic effects of
RL. In chapter 4, we delineated the molecular events in the TLR4 signalling pathways
upon RL treatment in CIA rats. We found that RL could inhibit TLR4 signalling,
demonstrated by the suppression of protein expression/production levels of TLR4
signalling components, modulation of immune responses, and rejuvenation of
declined antioxidant activities. These suggest that attenuation of TLR4 signalling is
possibly one of the molecular mechanisms for the anti-arthritic effects of RL in CIA
rats. In chapter 5, we further delineated the molecular events in the TLR4 signalling
pathways upon RL treatment in LPS-stimulated murine RAW264.7 and human THP-1
cells. We found that suppression of the IRAK1/TAK1/AP-1 and TBK1/IRF3
signalling pathways are associated with the effects of RL on inflammatory mediators
in LPS-stimulated RAW264.7 and THP-1 cells. We then further verified that RL
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inhibits TLR4 signalling. We stimulated RAW264.7 with increasing concentration of
LPS, a specific ligand of TLR4. RL’s inhibitory effects on IRF3 phosphorylation
reduced gradually along with the increase of LPS concentrations. These observations
suggest that RL inhibits TLR4 signalling. To validate the findings, further
investigations can be done using specific TLR4 agonists e.g. MPLAs (synthetic
monophosphoryl lipid A) to determine RL’s inhibitory effects on TLR4 signalling
components.

6.2 Conclusion
In conclusion, we have demonstrated in this study that:
1. RL improved overall clinical conditions (joint swelling, weight, food intake)
of CIA rats without any observable adverse reactions;
2. RL reduced radiographic damage and histological parameters in joints of CIA
rats;
3. RL inhibited TLR4 signalling components and moderated TLR4 signallingrelated immune responses in CIA rats;
4. RL inhibited IRAK1/NF-κB, IRAK1/AP-1 and TBK1/IRF3 signalling in LPSstimulated RAW264.7 and THP-1 cells;
5. The therapeutic effect of RL is, at least in part, attributed to its inhibition on
TLR4 signalling.

Findings of this study provide a pharmacological basis for the clinical
application of RL in managing RA. This study is the first step in a continuum of
research that is expected to lead to clinical trials of RL as a safe and effective modern
agent for RL prevention and/or treatment. The present study has validated the
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traditional use of a Chinese herbal formula with scientific evidence at molecular
levels. This study may facilitate the integration of TCM-based medicines into
mainstream medicine and contribute to the internationalization of TCM.

6.3 Future plans
6.3.1 Does RL inhibit endogenous-ligand-triggered TLR4 signalling?
TLR4 can recognize both exogenous ligands such as bacterial LPS and
endogenous ligands such as the extracellular matrix component heparin sulphate
(HS). Our data showed that RL could inhibit LPS-induced TLR4 signalling in
RAW264.7 and THP-1 cells. We can check if RL can inhibit HS-induced activation of
TLR4 in macrophages. For this purpose, murine resident peritoneal macrophages can
be isolated from naïve DBA/1J mice. Isolated macrophages will be incubated with 10
g/mL HS for 24 h after they have been pre-treated with 50, 100, 200 g/mL RL for
1h. HS will be incubated with polymyxin B prior to use to disable possible LPS
contamination. TNFα and IL-1 production in culture supernatants will be determined
using specific ELISA kits. If HS-induced cytokine production is inhibited, RL should
be able to suppress endogenous-ligand-triggered TLR4 signalling. This finding will be
important because endogenous TLR4 ligands are critical for persistent disease of RA.

6.3.2 Does RL affect TLR4 homodimerization on the cell membrane?
Cellular response to LPS is initiated by the interaction of LPS and its receptor
complex composed of LBP, CD14, MD2 and TLR4, and by the consequent
homodimerization of TLR4 and phosphorylation/activation of TRAM and TIRAP.
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We can test if RL affects the expression/activation of these molecules, the binding of
LPS to TLR4 and the homodimerization of TLR4.
To test if RL inhibits LPS-induced TLR4 homodimerization, IL-3-dependent
Ba/F3 cells stably transfected with murine TLR4-Flag and TLR4-GFP, CD14 and
MD2 will be used. Cells will be pre-treated with RL (50, 100, 200 g/mL) for 1 h and
then treated with LPS (50 ng/mL) for 20 min. Cell lysates will be immunoprecipitated
with anti-GFP antibody and immunoblotted with anti-Flag and anti-GFP antibodies
seperately. Curcumin, a TLR4 homodimerization inhibitor, will be used as a positive
control. Inhibition of TRL4 homodimerization will provide an additional mechanism
for the TLR4 signalling-inhibiting effects of RL.

6.3.3 Does RL affect LPS-TLR4 binding?
To test the impact of RL on LPS-TLR4 binding, RAW264.7 and THP-1 cells
can be incubated with Alexa Fluor 448-conjugated LPS (10 g/mL) for 30 min in the
presence/absence of RL (50, 100, 200 µg/mL). After fixing, the cells will be stained
with anti-TLR4 antibody, incubated with secondary antibodies conjugated with
TRITC and then analysed by flow cytometry. Ginsenoside Re, a LPS-TLR4 binding
inhibitor, will be used as a positive control. The results will demonstrate if RL inhibits
LPS-TLR4 binding.

6.3.4 Does RL affect the activation of Th17 effector cells in vitro?
We have demonstrated that RL reduces collagen-induced activation of the
splenocytes isolated from CIA rats. To examine the effects of RL on T-cell activation,
proliferation assays can be performed. Naive CD4+ T-cells will be isolated from
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spleen and lymph nodes of 8~12-week old male BALB/c-mice by using a CD4+ T-cell
Isolation Kit (Miltenyi Biotec). CD4+ T-cells will then be labeled with carboxyl
fluorescent succinimidyl ester (CFSE, 1.25 µg/mL), and activated with plate-bound 2
μg/mL anti-CD3, 2 μg/mL anti-CD28 in the presence or absence of RL for 72 h. Cell
proliferation will be evaluated by CFSE intensity using flow cytometric measurement
(Jin et al., 2009). These assays should demonstrate if RL inhibits the proliferation of
generalized T-cells.
To evaluate the effects of RL on T-cell activation under Th17 stimulating
condition, CD4+ T-cells can be treated in the same manner as described above but
stimulated with anti-CD3 and anti-CD28 under Th17 stimulating condition [30 ng/mL
IL-6, 50 ng/mL IL-23, 10 µg/mL anti-IL-4, 10 µg/mL anti-IFN-γ, 10 ng/mL TNF-α
and 10 ng/mL IL-1β] in the presence or absence of RL for 72 h (Zheng et al., 2014).
Cell proliferation will be evaluated by CFSE intensity. If RL exhibits more potent
inhibition on the proliferation of T-cells under Th17 stimulating condition, it may
represent a selectivity of RL’s inhibitory effects on Th17 effector cells over
generalized T-cell populations.

6.3.5 Does RL affect the differentiation of Th17 in vitro?
Th17/Treg imbalance is involved in the development of RA (Niu et al., 2012).
RL has been shown to reduce the Th17 cell proportion in the splenocytes isolated from
CIA rats. We can extend our observation to see if RL restores Th17/Treg immune
homeostasis. To examine the effects of RL on Treg/Th17 cell balance, T-cell
differentiation assays will be conducted. Isolated naive CD4+ T-cells from BALB/cmice will be activated with plate-bound 2 μg/mL anti-CD3, 2 μg/mL anti-CD28 under
Th17 stimulating condition in the presence or absence of RL for 4 days. Some of the
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T-cells will be stimulated with 50 ng/mL PMA and 500 ng/mL ionomycin in the
presence of Golgi-stop for 5 h. For detection of Th17 cells, the cells will be surfacestained with FITC-conjugated anti-CD4 (eBioscience) and intracellular-stained with
PE-conjugated anti-IL-17 (eBioscience). For detection of Treg cells, the cells will be
treated using Foxp3-staining kit (eBioscience). The fluorescence data will be
collected on BD FACSCanto Flow Cytometry System and Treg/Th17 proportion will
be determined using the BD FACSDiva software. To validate the results, the level of
IL-17 in the cell supernatant will also be measured by ELISA. These experiments
should demonstrate if RL alters the Treg/Th17 balance.

6.3.6 Does RL affect Th17 differentiation and activation in vivo?
To determine whether RL control the development of Th17 in vivo, we will
examine RL’s effect in CIA rats. Male 8~12-week old Wister rats will be randomly
allocated to groups of 8 each. CIA will be induced as described (Wu et al., 2014).
Rats will be treated with RL (330 and 660 mg/kg body weight) once daily for 6 weeks
after arthritis onset (arthritis score> 1). Normal and CIA control groups will be i.g.
administered with the vehicle (0.5% CMC). Positive control group will be i.p. injected
with polyclonal mIL-17 antiserum (200 µL/rat) weekly. At the end of the experiment
period, rats will be euthanized by CO2 asphyxiation. Blood will be collected and sera
will be prepared for the detection of IL-17. Spleen and lymph nodes will be removed;
and single cell suspension will be prepared. Whole hind limbs will be isolated from
the body.
We can analyse Treg/Th17 balance by flow cytometry after they are separated
from the single-cell suspensions by gradient centrifugation using Histopaque (Sigma
Aldrich, St. Louis, MO, USA). The separated immune cells will be stained with
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fluorochrome-conjugated antibodies against CD4/Foxp3 and CD4/CD25 (Treg cell)
and CD4/IL-17 (Th17 cell). To evaluate RL’s effects on Treg cells in CIA rats, Treg
cells will be isolated from the single-cell suspensions by CD4+ CD25+ Regulatory Tcell Isolation Kit (Miltenyi Biotec) and cultured with CFSE-labeled CD4+ CD25- T
responder cells from naive rats at a 1:1 ratio in the presence of anti-CD3 and antiCD28 mAb. After cocultured for 4 days, the proliferation of T responder cells will be
measured by flow cytometry (Nolte-'t Hoen et al., 2004). CFSE-labeled T responder
cells without Treg cells will be assessed as the negative control. Results should
demonstrate if RL affects the function of Treg cells. To evaluate RL’s effects on Th17
cell activation, the remaining isolated CD4+ T-cells will be labeled with CFSE and
stimulated with anti-CD3 and anti-CD28 under Th17 stimulating condition for 24 h.
Cell proliferation will be evaluated by CFSE intensity. IL-17 concentrations in culture
supernatants and sera will be measured by ELISA.
To determine the IL-17 expressing cell populations in the joints of RL-treated
CIA rats, hind limbs will be fixed in 4% paraformaldehyde, decalcified in a histologic
decalcifying agent, embedded in paraffin, and sectioned. Joint tissues will first be
incubated with primary antibodies against IL-17 (Abcam) and an isotype control
(Santa Cruz Biotechnology) overnight at 4°C. Then, the tissues will be incubated for 1
h with a biotinylated secondary antibody and a streptavidin–peroxidase complex. The
final coloured product will be developed using diaminobenzidine chromogen (Thermo
Scientific). The sections will be counterstained with hematoxylin and photographed
using a photomicroscope (Olympus). We can show if RL could inhibit the
differentiation and activation of Th17 in CIA rats.

6.3.7 Multi-omics approach
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Since RL is a multi-component and multi-target herbal formula, further work
can be done to elucidate other mechanism of action of RL. We could apply a multiomics approach to identify possible targets of RL in various signalling pathways using
cell and animal models. In addition, other RA animal models can be used to verify the
anti-RA effects of RL.

6.3.8 Randomized controlled clinical trial
In addition to the basic research on the mode and mechanism of action of RL,
randomized controlled clinical trials could be performed in RA patients for further
validating its effects in humans. This will provide clinical data for the development of
RL as a modern anti-RA agent.
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