
 

 

ABSTRACT 

 

GULLEDGE, TRAVIS VANCE. The Immunomodulatory Effects of Echinacea purpurea 

and its Constituent Molecules. (Under the direction of Dr. Scott Laster). 

 

 The immune system is important for providing host protection and survival.  

However, the immune system is also responsible for mediating debilitating and life-

threatening pathologies associated with infectious, allergic, and autoimmune diseases.  

Therefore, a common therapeutic strategy is to inhibit inflammatory mediator production 

from immune cells.  Glucocorticoids, non-steroidal anti-inflammatory drugs, and biologics 

are current pharmaceuticals that utilize this approach.  However, these options are marginally 

effective, are expensive to produce, or cause serious side effects.  Additional compounds that 

can inhibit inflammatory mediator production are necessary to overcome these limitations. 

 Some of the most commonly used pharmaceuticals were originally discovered from 

plants and more are likely to be identified and developed into useful products.  Several 

Echinacea spp. were used medicinally by Native Americans including Echinacea purpurea.  

Echinacea preparations were commonly used to treat a variety of conditions associated with 

inflammation and allergies including gastrointestinal disorders, oral pain, sore throats, and 

skin inflammation.  Today, Echinacea preparations are used as herbal supplements to prevent 

or treat upper respiratory infections (URIs).   

 Excess production of cytokines by macrophages has been linked to many 

inflammatory conditions, therefore in the studies shown in Chapter 2, we evaluated the 

effects of an E. purpurea extract, and fractions chemically separated from it, on macrophage 

cytokine production in vitro.  The E. purpurea extract displayed both cytokine-stimulatory 

and cytokine-suppressive activity, while the separated fractions displayed either cytokine-

stimulatory or cytokine-suppressive activity.  These findings suggest that E. purpurea 



 

 

extracts contain molecules with opposing effects on cytokine production.  Extracts made 

from E. purpurea grown from sterilized seeds did not stimulate cytokine production 

indicating that endophytic bacteria and fungi were likely the sources of cytokine-stimulatory 

activity.  Cytokine-suppressive fractions contained alkylamides and non-alkylamide 

molecules.  In an attempt to identify non-alkylamide cytokine-suppressive molecules, we 

isolated and indentified xanthienopyran, which had not been isolated from E. purpurea 

previously. 

 The results described in Chapter 3 show the structure-activity relationship between 

alkylamide structure and their inhibition of TNF-Ŭ production from LPS-stimulated RAW 

264.7 cells.  Synthetic analogs of the alkylamide dodeca-2E,4E-dienoic acid isobutylamide, 

or alkylamide 15 (A15) were created through a two-step chemical process.  We found that 

the double bonds along the alkyl chain and the isobutyl head group were not important for 

activity.  However, shortening the alkyl chain led to a loss of TNF-Ŭ suppression and 

converting the amide group into an amine group caused significant cytotoxicity.  

 Next, we investigated the mechanism of cytokine suppression from macrophages by 

A15.  A15 broadly inhibited cytokine and chemokine production from macrophages 

stimulated with TLR agonists.  We found that, except for CCL5, A15 treatment led to 

decreased levels of cytokine mRNAs suggesting that A15 is acting at a step in the cytokine 

production pathway upstream from protein synthesis.  However, we found that NF-kB p65 

phosphorylation and translocation was not inhibited by A15 suggesting that this molecule is 

not the target of A15 activity.  A15 also inhibited ionomycin-, but not PMA-stimulated 

production of TNF-Ŭ, indicating that calcium signaling may be blocked by A15.  However, 

our experiments to test this hypothesis were inconclusive.  Pharmacological experiments 



 

 

supported the hypothesis but we were unable to measure an actual LPS-induced calcium 

signal with the dye fluo-4.   Overall, our experiments suggest that the broad cytokine 

suppression by A15 may be mediated by multiple mechanisms of action. 

 In the final chapter, we evaluated the effects of A15 and an E. purpurea ethanolic 

extract on mast cell activity, which has not been investigated previously.  We found that A15 

inhibited RBL-2H3 and bone marrow-derived mast cell degranulation and calcium influx.  

The E. purpurea extract also inhibited RBL-2H3 degranulation and calcium influx, and 

inhibition may have been dependent on alkylamide activity.  In addition, A15 inhibited de 

novo synthesis of TNF-Ŭ and PGE2 from RBL-2H3 cells.  These studies describe a novel 

activity for A15 and E. purpurea extracts, which may help explain the traditional use by 

Native Americans for treating inflammatory and allergic diseases. 
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CHAPTER 1. LITERATURE REVIEW  

1. Introduction  

Infectious diseases, hypersensitivity reactions, and autoimmune diseases often result 

in tissue damage due to excessive or inappropriate immune responses.  These immune 

responses can cause inflammation of organs throughout the body such as hepatitis, nephritis, 

dermatitis, and gastritis, among others.  If left untreated, inflammation in these organs can 

lead to permanent damage resulting in organ dysfunction or, in extreme cases, organ failure 

and death of the host.  Therefore, a common therapeutic strategy is to limit production of 

inflammatory mediators from activated immune cells.  Three well-known treatment options 

that utilize this approach include nonsteroidal anti-inflammatory drugs, glucocorticoids, and 

biologics.  However, these treatments have limited efficacies and prolonged use can lead to 

serious side effects such as hypertension, thinning of the skin, and gastrointestinal bleeding.  

Additional therapeutic options are necessary to effectively treat immunopathological 

conditions, which are widespread diseases.  Research groups around the world are 

investigating plants for potentially useful anti-inflammatory compounds.  Plant-derived 

pharmaceutical compounds have been used to treat inflammation and it is likely that 

additional important compounds remain to be discovered from plant sources.  In this chapter, 

we review common immune-mediated pathological reactions and their treatments.  In 

addition, we review the medicinal use of Echinacea spp., and their constituent molecules. 

2. Immunopathology and Inflammation 

Infectious Disease 

Microbial pathogens elicit immune responses that are necessary to control and 

eliminate the infection.  However, pathologies associated with infectious diseases are often 

caused by excessive release of inflammatory mediators from immune cells.  In many cases, 
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reducing pro-inflammatory mediator production limits inflammation and tissue damage, 

while still allowing effective clearance of the invading microbe. 

Pathogens first encounter cells of the innate immune system including epithelial cells, 

macrophages, dendritic cells (DCs), mast cells, neutrophils, and natural kill (NK) cells.  

Innate immune cells express a variety of pattern recognition receptors (PRRs) including toll-

like receptors (TLRs), retinoic acid-inducible gene-I (RIG-I)-like receptors (RLRs), 

nucleotide-binding oligomerization domain (NOD)-like receptors (NLRs), and C-type lectin 

receptors (CLRs) that detect pathogen-associated molecular patterns (PAMPs).  PRR 

activation initiates intracellular signaling pathways leading to the expression of pro-

inflammatory mediator genes including cytokines, chemokines, enzymes, and cytotoxic 

molecules.  DCs, and to a lesser degree, macrophages, are antigen presenting cells (APCs) 

that process antigens and migrate to draining lymph nodes.  

In the lymph nodes, APCs present antigen on major histocompatibility complex 

(MHC) molecules to T cells, which are adaptive immune cells.  T cells express receptors that 

recognize antigen:MHC complexes.  B cells are also adaptive immune cells that express a B 

cell receptor capable of binding antigenic structures without MHC molecule participation.  T 

cell and B cell receptor signaling stimulates clonal expansion and migration of lymphocytes 

out of the lymph nodes towards the site of infection.  Circulating leukocytes upregulate 

expression of adhesion molecules to adhere to endothelial cells and extravasate into the 

infected tissue.  T cells secrete additional cytokines, chemokines, and cytotoxic molecules.  B 

cells secrete cytokines, chemokines and antibodies after differentiating into plasma cells.  

Importantly, memory T cells and B cells differentiate from a subset of the responding cells to 

establish immunological memory. 
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Virus-Induced Immunopathology 

Influenza A virus (IAV) is a well-studied example of a virus that can cause severe 

immunopathology.  IAV is a seasonal respiratory virus that infects lung epithelial cells and 

can cause severe respiratory tract inflammation resulting in acute lung injury, or more 

severely, acute respiratory distress syndrome.   IAV activates TLR3, TLR7/8, RIG-I, and 

NOD-, leucine-rich repeat-, and pyrin-domain containing 3 (NALP3) expressed by lung 

epithelial cells, alveolar macrophages, mast cells and DCs (reviewed by (1)).  After IAV 

infection, alveolar macrophages produce an array of cytokines including tumor necrosis 

factor-alpha (TNF-Ŭ), interleukins IL-6, IL-1ß, type I interferons IFN-Ŭ/Ç, chemokines, 

reactive oxygen species (ROS), reactive nitrogen species (RNS), prostaglandins (including 

prostaglandin E2 (PGE2)), and proteases.  The excessive production of these pro-

inflammatory mediators has been referred to as the ñcytokine stormò (reviewed by (1)).  The 

importance of TNF-Ŭ in IAV-mediated pathology was shown in TNF-Ŭ receptor deficient 

(TNFR1-/-) mice infected with H5N1, which displayed reduced morbidity compared to wild 

type mice (2).  In addition, triple knockout TNFR1-/- TNFR2-/- IL1RI-/- mice infected with 

highly pathogenic H5N1 displayed significantly reduced morbidity and mortality, lung 

inflammation, and macrophage and neutrophil recruitment compared to wild type mice (3).  

Furthermore, Walsh et al. demonstrated that by suppressing the cytokine storm, viral 

replication was controlled and mice were significantly protected from mortality after 

infection with the pandemic H1N1 2009 IAV (4). 

Similarly to IAV, Ebola virus (EBOV) can cause excessive activation of the innate 

immune response resulting in a cytokine storm (5).  EBOV initially infects and replicates 

within macrophages, but can also infect DCs, hepatocytes, endothelial cells and fibroblasts 
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(6).   EBOV-infected human monocyte-derived macrophages produce TNF-Ŭ, IL-6, IL-1ß, 

CCL2, CCL3, and CCL5 (7, 8).  These chemokines recruit additional monocytes for EBOV 

to possibly infect and replicate within (9).  In addition, EBOV-infected monocytes express 

tissue factor (TF), which triggers disseminated intravascular coagulation (DIC) (10).  

Macrophage-mediated DIC combined with hypotension due to increased vascular 

permeability ultimately leads to multiple organ failure and death in ~50% of EBOV infected 

individuals (11). 

Another example of virus-induced immunopathology is the liver damage caused by 

hepatitis B virus (HBV) infection.  HBV infects hepatocytes leading to acute and chronic 

necroinflammation and mononuclear cell infiltrate (12).  If chronic inflammation is left 

untreated, liver cirrhosis or hepatocellular carcinoma can develop (12).  HBV infection has 

been shown to activate TLR2 and melanoma differentiation-associated gene 5 (MDA5) 

signaling to promote cytokine production (13, 14).   DCs process and present HBV antigen to 

CD4+ T helper (TH) and CD8+ cytotoxic T lymphocytes (CTLs) in the lymph nodes (15).  

HBV-specific CTLs recruited from the lymph nodes enter the liver to kill HBV-infected 

hepatocytes through Fas/Fas ligand interactions and by releasing the cytotoxic mediators, 

granzyme B and perforin (16, 17).  CTLs have been shown to contribute significantly to the 

liver injury associated with HBV infection (18).  However, CTL-mediated killing of 

hepatocytes leads to recruitment of neutrophils, macrophages, and NK cells, which augment 

liver damage (19).  Liver-resident macrophages (known as Kupffer cells) secrete TNF-Ŭ, IL-

6, IL-1ß, and CXCL8, which promote recruitment of NK and NKT cells to the liver to clear 

HBV-infected cells, but also cause liver damage (20, 21). 
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Another group of viruses that cause chronic infections are the herpesviruses, 

including herpes simplex virus type 1 and 2 (HSV-1 and HSV-2).  HSV-1 and HSV-2 

establish latent infections in the cell bodies of the trigeminal or dorsal root ganglion to avoid 

detection and clearance by the immune system.  Upon reactivation, HSV virions travel down 

neuronal axons from which they bud to infect neighboring epithelial cells and initiate lesion 

formation.  HSV infections may result in keratitis, which can lead to permanent blindness, or 

encephalitis, which may result in death or permanent brain damage (22).  HSV-mediated 

inflammation in the brain has been linked to TLR2 signaling in microglial cells, which 

release ROS that cause radical-induced tissue damage (23).  HSV also activates plasmacytoid 

DCs (pDCs) to secrete IFN-Ŭ/Ç and upregulate costimulatory molecules by signaling through 

TLR9 (24). NK cells and HSV-specific CTLs  are recruited to the site of infection by CXCL9 

and CXCL10 to destroy HSV-infected cells, which promotes viral clearance, but also 

contributes to the overall tissue damage (25).  The importance of the immune response in 

driving HSV-mediated inflammation was further demonstrated in HSV-infected mice when 

administration of IL-10, an anti-inflammatory cytokine, inhibited corneal inflammation (26). 

Bacteria-Induced Immunopathology 

Bacterial infections are also well-known causes of immunopathology.  Helicobacter 

pylori is a gram-negative bacteria that can cause chronic inflammation in the gastrointestinal 

(GI) tract and is associated with an increased risk of developing peptic ulcer disease or 

gastric cancer (27).  Mucosal tissue from H. pylori-infected patients produced elevated levels 

of TNF-Ŭ, IL-1ß, and IL-8 compared to uninfected individuals (28).  GI epithelial cells, 

macrophages, and DCs infected by H. pylori  signal through TLR2 and TLR4 to stimulate 

secretion of IL-1ß, IL-6 and IL-8 (29).  Neutrophils, monocytes, and mast cells are recruited 
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to the site of H. pylori infection (30, 31).  Activated macrophages and neutrophils produce 

ROS and RNS which can cause DNA damage and increase the likelihood of developing 

gastric cancer (32). 

Sepsis is a life-threatening systemic inflammatory response caused by the entrance of 

a pathogen into the bloodstream.  Bacterial infections are the most common cause of sepsis, 

although severe viral and fungal infections can also result in sepsis.  During sepsis, 

macrophages in the liver and spleen become activated through PRR signaling to secrete pro-

inflammatory cytokines and chemokines such as TNF-Ŭ, IL-6 and IL-1ß (33).  Systemic 

TNF-Ŭ release causes vasodilation and increased vascular permeability resulting in 

hypotension and shock (34).  TNF-Ŭ also causes expression of TF on endothelial cells 

leading to DIC, which can result in multiple organ failure and death (35, 36). 

Mycobacterium tuberculosis (Mtb) is the pathogen responsible for causing 

tuberculosis.  Tuberculosis is characterized by pulmonary inflammation with granuloma 

formations (referred to as ñtuberclesò) consisting of infected macrophages surrounded by B 

cells and CD4+ and CD8+ T cells to contain the spread of Mtb (37).   Alveolar macrophages 

phagocytose Mtb, but Mtb can prevent fusion of phagosomes with lysosomes to avoid 

destruction (38).  Mtb replicates within the cytosol of alveolar macrophages after escaping 

the phagosome (39).  Intracellular NLRs, such as NOD-1, NOD-2, and NLRP3 detect Mtb 

and stimulate TNF-Ŭ, IL-6, IL-1ß, IL-12, IL-23, and IFN-g production, which contribute to 

lung inflammation (40, 41).  For example, although TNF-Ŭ is required for host control of 

Mtb, excessive TNF-Ŭ levels increase lung inflammation and worsen lung pathology (42).  

Mtb also activates TLR2 signaling to induce cytokine production and apoptosis in 

macrophages, which is important for caseation of the granuloma, where necrotic tissue forms 
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a dry mass (43, 44).  Chemokines recruit additional monocyte-derived macrophages and 

DCs, as well as CD4+ and CD8+ T cells, which aid in Mtb clearance, but also contribute to 

lung inflammation and damage (reviewed by (45)). 

Staphylococcus aureus is a common cause of skin, respiratory and joint infections 

occurring mostly in immunocompromised individuals.   At the site of infection, epithelial 

cells and macrophages signal through PRRs including TLR2 and NLRP3 to produce TNF-Ŭ, 

IL-6, IL-1ß, IL-8, and CCL2 initiating inflammation and neutrophil recruitment (46, 47).  In 

addition, S. aureus produces superantigens such as S. aureus enterotoxin B (SEB), which 

non-specifically activates T cells by binding to MHC class II on APCs and the Vß chain of 

the T cell receptor (TCR) stimulating T cell proliferation and cytokine production (48).  The 

resulting inflammation can lead to extensive tissue damage at the site of infection such as 

dermatitis, pneumonia, arthritis, and in the case of sepsis, even death.  The immunopathology 

caused by S. aureus infection is demonstrated by decreased lung damage in S. aureus-

infected intercellular adhesion molecue-1 (ICAM-1)-deficient mice (49).  ICAM-1 is an 

important adhesion molecule for migration of leukocytes to the site of infection. 

Hypersensitivity Reactions 

In contrast to the beneficial role of the immune response in clearing pathogenic 

infections, the immune response elicited by hypersensitivity reactions causes tissue damage 

unnecessarily.  Atopic dermatitis (AD) is a chronic inflammatory skin disease that is 

increasing in prevalence (50).  Pruritis, or itching of the skin, followed by mechanical injury 

and release of pro-inflammatory cytokines is an initial trigger for inflammation in AD (51).  

These events reduce skin barrier integrity, which are usually compromised in AD patients 

due to genetic factors, allowing entry of the skin microbiota to the epidermis and activation 
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of local keratinocytes, macrophages, mast cells, and skin-resident DCs, known as Langerhans 

cells (52).  T cells and eosinophils are recruited to the epidermis and further contribute to 

inflammation and tissue damage (53).  Activated keratinocytes produce the cytokine thymic 

stromal lymphopoietin (TSLP) in a calcium-dependent manner (54).  TSLP skews additional 

cytokine production by DCs and T cells towards a TH2 response characterized by IL-4, IL-5, 

and IL-12 (55).  IL-4 promotes B cell immunoglobulin (Ig) class-switching to IgE.  

Consistent with this cytokine environment, AD patients have been shown to have elevated 

levels of serum IgE, which increases the likelihood of developing allergen-specific IgE 

antibodies (53).  In addition, AD patients have elevated levels of IgE specific for 

staphylococcal superantigens such as SEB (56).  IgE binds to the high affinity IgE receptor, 

FceRI, expressed on tissue-resident mast cells and bloodborne basophils.  Upon crosslinking 

of IgE-bound FceRI by multivalent antigen, mast cells degranulate within minutes releasing 

inflammatory mediators including proteases, cytokines, and histamine.  Mast cells are well-

known to contribute to the immediate reaction and subsequent lesional inflammation and itch 

sensations experienced by AD patients (reviewed by (57)).  

AD often precedes development of other allergic diseases such as asthma, allergic 

rhinitis, and food allergies, a phenomenon termed the ñatopic marchò (58).  Asthma is 

characterized by chronic inflammation of the airways and can lead to airway 

hyperresponsiveness and severe bronchoconstriction.  Allergic rhinitis causes nasal 

congestion, excess mucus production, itching and rhinorrhea.  Food allergies cause swelling 

of oral tissue, diarrhea, vomiting, and in severe cases anaphylaxis.   Mast cells, eosinophils, 

and TH2 cells drive allergic inflammation in patients with these IgE-mediated diseases (59, 

60).  IL-4, IL-5, and IL-13 recruit eosinophils to the lungs, nasal cavity, or GI tract of atopic 
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patients where eosinophils release cytotoxic molecules such as eosinophil peroxidase (EPO) 

and major basic protein (MBP) that contribute to tissue damage (61, 62).  Additionally, IL-4 

and IL-13 promote Ig class-switching to IgE, increasing the likelihood of developing type I 

hypersensitivities to inhaled allergens (63).  Allergen-specific IgE can bind FceRI on lung-

resident mast cells.  Upon re-exposure to the allergen, mast cells degranulate to release 

preformed mediators such as histamine, chymase and tryptase, and also initiate de novo 

synthesis of leukotrienes (LTs), prostaglandins (PGs), cytokines, and chemokines (64, 65). 

Allergic contact dermatitis (ACD) is a delayed type IV hypersensitivity reaction 

caused by exposure to contact allergens, such as urushiol oil (from the poison ivy plant) or 

small metal ions including nickel (66).  ACD is characterized by pruritic, painful skin 

lesions.  Contact allergens causing ACD cross the skin barrier, react with self-proteins 

forming haptenated self-proteins.  Macrophages, mast cells, and DCs can be activated 

directly or indirectly by contact allergens through TLR2, TLR4, and NLRP3 signaling to 

stimulate ROS, cytokine, and chemokine production (66).  Haptenated self-proteins are 

processed and presented on MHC molecules by Langerhans cells (67).  Effector CD4+ T cells 

secrete cytokines, such as IFN-g, to activate macrophages and recruit circulating neutrophils 

and monocytes to the site of contact allergen exposure (68).  CTLs destroy cells displaying 

haptenated self-proteins by releasing cytotoxic effector molecules further contributing to 

tissue damage (69). 

Autoimmune Diseases 

Autoimmune diseases are caused by immune responses against self-molecules 

resulting in severe, life-threatening immunopathologies.  Type 1 diabetes mellitus is a 

common autoimmune disease mediated by self-reactive CTLs.  Peptides from insulin are 
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processed and presented on MHC class I molecules by ß-cells of pancreatic islets, and 

autoreactive CD8+ T cells target those cells for destruction (70).  It has recently been 

proposed that changes in the microenvironment of pancreatic islet tissue could predispose ß-

cells to CTL destruction.  Alterations to the extracellular matrix, such as increased 

hyaluronan build up, might serve as an initial signal to recruit monocyte-derived 

macrophages and DCs to pancreatic islets and increase the likelihood of ß-cell destruction by 

autoreactive CTLs (71). 

Systemic lupus erythematosus (SLE) is an autoimmune disease caused by the 

production of autoantibodies specific for self-antigens such as the ribonucleoprotein complex 

containing Ro and La, DNA, and the nucleosome subunits of chromatin (72).  Upon release 

of self-antigens from dead or dying cells, autoantibodies form immune complexes, direct 

complement activation and recruit IgG receptor (FcgR)-expressing phagocytic or lytic cells 

leading to further tissue damage and release of additional self-antigens (73).  Immune 

complexes can become deposited in the kidneys, joints, skin, respiratory tract, and along 

blood vessel walls causing skin rashes, arthritis, glomerulonephritis, cardiovascular disease, 

and potentially death (74). 

Another prevalent autoimmune disease, rheumatoid arthritis (RA), is characterized by 

chronic inflammation and pain of the joint synovium eventually leading to cartilage and bone 

damage.  It is now recognized that seropositive RA patients (patients with antibodies 

associated with development of RA) are seropositive well before disease onsets.  These 

findings suggest that an initial event, such as lung or intestinal inflammation, triggers 

production of these antibodies, including rheumatoid factor (RF) and antibodies to 

citrollenated protein antigens (ACPA), well before bone and joint destruction occur (75).  



11 

 

TH1 and TH17 cells within the synovium produce IFN-g  and IL-17 to activate macrophages, 

endothelial cells, and fibroblasts to secrete TNF-Ŭ, IL-1ß, IL-6, IL-12 and IL-23 which are 

present in the inflamed synovium of RA patients (76).  Additionally, synovial macrophages 

and fibroblasts release matrix metalloproteases and receptor activator of nuclear factor kB 

(NF-kB) ligand (RANKL) causing tissue destruction and osteoclast activation, respectively 

(77, 78). 

Inflammatory bowel disease (IBD) includes ulcerative colitis (UC) and Crohnôs 

disease (CD), which are caused by immune responses elicited by the normal gut microbiota.  

Although IBD is not a traditional autoimmune disease since the gut microbiota is not self, for 

the purposes of this review, the immunopathology elicited by this condition will be discussed 

here.  Patients with IBD experience diarrhea, intestinal pain, weight loss, and fever.  Multiple 

factors result in development of IBD including loss of mucosal barrier integrity due to 

genetic or environmental factors, which leads to activation of innate immune cells by the 

intestinal microbiota (79-81).  Researchers have developed a number of knockout mouse 

strains that display IBD-like pathology emphasizing the vast number of genes involved in 

maintaining intestinal homeostasis (reviewed by (82)).  In mouse strains that develop 

spontaneous colitis, crossbreeding with RAG-/-  mice prevents colitis, suggesting that the 

adaptive immune system is essential for development of IBD (83).  In addition, the cytokine 

milieu is critical for mediating the immunopathology of IBD.  Epithelial cells, macrophages, 

DCs, T cells, and more recently, group 3 innate lymphoid cells (ILCs), are important sources 

of cytokines and chemokines within the GI tract.  Regulatory T cells (Treg) and tolerogenic 

DCs are also critical for maintaining intestinal homeostasis by secreting anti-inflammatory 

cytokines such as IL-10 and TGF-ß (84, 85).   The importance of IL-10 and the intestinal 
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microbiota in IBD is particularly apparent in IL-10-/- mice which spontaneously develop 

colitis only when the intestinal microbiota is present (86). 

3. Current Treatment Options 

Due to the prevalence of immunopathologies, some of which were described above, 

medications that suppress immune responses to relieve inflammation and pain have proven 

invaluable to modern medicine.  Glucocorticoids (GCs), or corticosteroids, are some of the 

most commonly used anti-inflammatory medications.  GCs can be administered as a pill, 

topical cream, nasal spray, or inhaler for a wide range of applications.  GCs bind and activate 

glucocorticoid receptors to promote or repress gene expression (reviewed by (87)).  

Hydrocortisone, or cortisol, is a GC produced by the adrenal glands in humans and has since 

been structurally modified to improve its activity (88).  GCs tether to transcription factors 

such as NF-kB p65, activator protein 1 (AP-1), and members of signal transducer and 

activator of transcription (STAT) that promote expression of pro-inflammatory genes in 

numerous cell types (89-91).  Additionally, GCs promote gene expression of anti-

inflammatory genes by binding to glucocorticoid response elements in gene promoter regions 

such as glucocorticoid-induced leucine zipper (GILZ) and IL-10 (92, 93).  Despite the 

success of GCs, there are many serious side effects associated with prolonged use including 

thinning of the skin, hypertension, osteoporosis, and gastric ulcers.  These adverse side 

effects are particularly problematic in cases of chronic inflammation, such as chronic 

infections, skin hypersensitivities, and autoimmune diseases (94).  Additionally, some 

diseases become refractory to GC treatment as is seen with GC-resistant cases of asthma 

(95). 

Non-steroidal anti-inflammatory drugs (NSAIDs) are a class of molecules used to 

treat a variety of inflammatory and pain conditions including headaches, RA, and ankylosing 
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spondylitis.  NSAIDs include non-selective cyclooxygenase (COX) inhibitors and COX-2-

selective inhibitors.  COX enzymes convert arachidonic acid (AA) into PGH2, the common 

precursor for PGE2, PGD2, prostacyclin (PGI2), and thromboxane (TX) A2, which are 

involved in promoting inflammation, blood clotting, and nociception (reviewed by (96)).  At 

sites of inflammation, peripheral sensory neurons are sensitized by PGI2 and PGE2 receptors 

(97, 98).  Inhibition of COX activity dampens PG-mediated vasodilation, smooth muscle 

contraction, immune cell recruitment, and sensory neuron sensitization (reviewed by (99)).  

One of the first NSAIDs discovered was aspirin, which is the active molecule in willow tree 

bark extracts (100).  Aspirin, naproxen and ibuprofen are all non-selective COX inhibitors, 

which have side effects including dyspepsia, gastric ulcers, and gastric bleeding due to 

inhibition of constitutive COX-1 activity in the GI tract.  In contrast, COX-2 is an inducible 

gene and COX-2-selective inhibitors, such as celecoxib, were developed to improve the 

effectiveness and decrease side effects caused by non-selective COX inhibitors.  However, 

studies have revealed that patients taking COX-2-selective inhibitors have an increased risk 

of heart attacks and strokes (101). 

Cromolyn, and related compounds such as nedocromil and lodoxamide, are referred 

to as ñmast cell stabilizers.ò  Cromolyn was developed using synthetic chemistry techniques 

from khellin, the active molecule produced by the medicinal plant Ammi visnaga (102).  

Cromolyn has been used clinically to treat allergic conditions such as asthma, allergic 

rhinitis, and allergic conjunctivitis for over 50 years.  The mechanism of action for cromolyn 

is not clear, although histamine release from rat and human mast cells is inhibited by 

cromolyn treatment (103).  However, other activities may explain its anti-asthmatic and anti-
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allergic effects.  Additionally, its effectiveness and selectivity for stabilizing mast cells in 

mice has been questioned (104).  

Antihistamines are another common treatment for allergy-associated 

immunopathologies due to the importance of histamine in facilitating allergic responses.  

Histamine is stored preformed in mast cell and basophil granules and is released into the 

tissue upon FceRI crosslinking.  During an allergic response, antihistamines bind the 

histamine H1 receptor to block histamine signaling and reduce vasodilation, vascular 

permeability, smooth muscle contraction, and pruritis (105).  H1 is expressed by a number of 

cell types including neurons, smooth muscle cells, and endothelial cells (106).  First-

generation antihistamines (diphenhydramine) cause drowsiness due to activation of H1 in the 

central nervous system (107).  Second-generation antihistamines (loratadine, fexofenadine, 

and cetirizine) do not easily cross the blood-brain barrier, which results in less drowsiness 

(108).  Antihistamines are commonly used to treat allergic rhinitis, allergic conjunctivitis, 

and chronic urticaria (105, 109).  However, there are many cases in which antihistamines are 

ineffective in preventing allergic inflammation and itch sensations such as in AD (110). 

Targeting the action of specific cytokines, receptors, or costimulatory molecules 

using biopharmaceuticals is another treatment strategy to limit inflammation caused by the 

immune system.  Many biologics have been developed, or are being developed, and several 

will be discussed here.  Anti-TNF-Ŭ therapies have become widespread due to the critical 

role of TNF-Ŭ in promoting inflammation.  Neutralizing monoclonal antibody (mAb) 

therapies (adalimumab and infliximab) and a TNFR fusion protein (etanercept) are used to 

limit inflammation associated with RA, psoriasis, IBD, and ankylosing spondylitis (111-116).  

However, anti-TNF-Ŭ therapies often lead to immunosuppression and an increased risk of 
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developing serious infections (117).  Ustekinumab is a neutralizing mAb that binds IL-12p40 

which is the common subunit to both IL-12 and IL-23.  Ustekinumab is used to treat psoriasis 

and CD (118, 119).  Another cytokine-specific biologic is anakinra, which binds to the IL-1 

receptor to prevent signaling by IL-1.  Anakinra is currently used to treat RA (120).  The 

cytotoxic T lymphocyte antigen 4 (CTLA)-Ig fusion protein, abatacept, blocks costimulatory 

signals from CD80/CD86 on APCs to CD28 on T cells.  Abatacept is currently being tested 

for the treatment of type I diabetes, multiple sclerosis, and vitiligo (Clinical Trials. Org. 

Identifier NCT02281058), and is already used to limit inflammation in patients with RA who 

do not respond well to anti-TNF-Ŭ therapies (121-123).  While most biologics have 

significantly improved treatment outcomes for patients with immunopathological conditions, 

inhibiting a key cytokine or signaling pathway often results in immunosuppression of the 

patient, and biologics are very expensive to produce (124). 

Immunosuppressants are a broad class of therapeutics that inhibit immune responses 

causing inflammation and tissue damage.  Methotrexate is a folate antagonist originally 

developed as a chemotherapeutic agent.  However, at lower concentrations, methotrexate 

inhibits purine metabolism leading to increased amounts of adenosine at inflamed sites, 

which inhibits T cell activation and ICAM-1 expression (125).  Methotrexate is used to treat 

RA, psoriasis, and CD (126-128).  Calcineurin inhibitors, such as tacrolimus (FK506) and 

cyclosporin A, prevent calcineurin activity including dephosphorylation of the nuclear factor 

of activated T cells (NFAT) family of transcription factors.  NFAT is important for 

regulating gene expression in a number of cell types including T cells, macrophages, DCs, 

and mast cells although the role of NFAT in each cell type may vary (129).  Calcineurin 

inhibitors are being used to treat AD, RA, psoriasis, CD, and vitiligo (130-132).  The 



16 

 

sphingosine-1-phosphate receptor (S1PR) antagonist, fingolimod, is another important 

immunosuppressant.  The S1PR helps direct chemotaxis of T cells out of lymph nodes and 

into the bloodstream (133).  Binding of fingolimod to S1PR prevents T cells from exiting the 

lymph node and may also cause endothelial cell tight junctions to tighten and reduce 

permeability of the blood-brain barrier (134).  Fingolimod is used for the treatment of 

multiple sclerosis, which is a T cell-driven autoimmune disease that destroys myelinated 

neurons in the brain (135). 

4. Echinacea  

Traditional Use 

Compounds that prevent inflammation, tissue damage, and pain are constantly sought 

after due the prevalence of immunopathological conditions.  Natural products have proven 

useful for the development of effective therapies such as aspirin, cromolyn, and 

corticosteroids, as described above.  Native Americans used Echinacea spp. (commonly 

known as purple coneflower) to treat a variety of inflammatory conditions including 

toothaches, sore throats, upper respiratory infections (URIs), skin inflammation, wound 

infections, and gastrointestinal disorders (136, 137).  Echinacea purpurea, Echinacea 

angustifolia, and Echinacea pallida are the three species used medicinally.  Echinacea spp. 

are herbs within the Asteraceae family and are indigenous to the Great Plains region of the 

U.S. and Canada.  Originally classified under the genus Rudbeckia by Carl Linnaeus, Conrad 

Moench revised the genus name to Echinacea in 1794 (137). 

In the late 1800ôs, H. C. F. Meyer discovered the use of Echinacea by Native 

Americans and began marketing Echinacea with exaggerated claims of its effectiveness and 

uses (136).  With the help of Dr. John King and the pharmacist John Lloyd, Echinacea 

became one of the most widely used medicines in the early 1900ôs (136).  However, many of 
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the outlandish claims for Echinacea use were discredited and the popularity of Echinacea in 

the U.S. faded.  Echinacea was introduced to Germany in the 1920ôs and research continued 

there until the 1980ôs when interest in natural remedies began to increase in the U.S. again 

(137).  Today, Echinacea extracts (made mostly from E. purpurea or E. angustifolia) are 

commonly used around the world as a dietary supplement, and are prescribed in Germany, to 

prevent or treat URIs such as the common cold or the flu.  It is not clear why the other 

applications of Echinacea used by Native Americans have not continued and have rarely 

been studied in the scientific literature. 

Proposed Activities 

The medicinal effects of Echinacea have been hypothesized to work in several ways.  

First, Echinacea preparations may limit replication of pathogenic viruses or bacteria through 

antimicrobial activities.  For example, the commercial E. purpurea extract Echinaforce® 

displayed virucidal activity against HSV-1, IAV, and respiratory syncytial virus (RSV), but 

not against rhinovirus (RV) or adenovirus (AV) (138).  In another study, three commercially 

available E. purpurea and E. angustifolia extracts displayed varying degrees of activity 

against Streptococcus pyogenes, Haemophilus influenzae, Legionella pneumophila, 

Propionibacterium acne, and Clostridium difficile, but little to no activity against 

Escherichia coli, Psuedomonas aeruginosa, Klebsiella pneumoniae, Mycobacterium 

smegmatis, Bacillus subtilis, Acinetobacter baumanii, and Enterococcus faecalis (139).  

However, tests with an E. purpurea aerial extract in IAV-infected mice suggested there was 

no antiviral activity in vivo (140). 

The most-advertised hypothesis for Echinacea extract activity is that Echinacea 

boosts immune function to prevent or overcome infections.  The immunostimulatory activity 
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of Echinacea extracts has been supported by in vitro studies with a number of cell types 

displaying enhanced cytokine and chemokine production after treatment.  For example, See 

et al. demonstrated that E. purpurea extracts stimulated NK cell function and antibody-

dependent cell-mediated cytotoxicity by human PBMCs in vitro (141).  Additionally, E. 

purpurea dose-dependently stimulated TNF-Ŭ and NO production from RAW 264.7 cells, a 

murine macrophage-like cell line (142).  During the numerous investigations of Echinacea 

immunostimulatory activity, the possible contributions of bacterial and fungal endophytes 

living within Echinacea plants were often not accounted for.  The majority of in vitro 

immunostimulatory activity of Echinacea extracts has since been linked to the presence of 

endophyte-derived PAMPs, such as LPS and lipoproteins (143-145).  It is currently unclear 

what effect, if any, endophytic products from Echinacea extracts may have in vivo.   

More recently, Echinacea extracts have been hypothesized to improve URI patient 

recovery through anti-inflammatory activity.  As discussed previously, the majority of 

symptoms associated with URIs such as IAV are due to excessive inflammatory mediator 

production.  Echinacea treatment may reduce production of cytokines, chemokines, and 

eicosanoids; therefore, alleviating symptoms and preventing lung damage, while still 

allowing viral clearance.  Evidence to support this hypothesis has been shown in vitro where 

E. purpurea extracts inhibited LPS and IAV-stimulated TNF-Ŭ production from RAW 264.7 

cells (143, 146).  In another study, Echinaforce® inhibited IL-6 and IL-8 production from 

IAV, RSV, RV, and AV-infected BEAS-2B cells, a human lung epithelial cell line (138).  In 

addition, low concentrations of an ethanolic E. purpurea extract inhibited IL-2 production 

from stimulated Jurkat cells, a human T cell line (147).  More recently, an ethanolic E. 
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purpurea extract was found to reduce TH2 cytokine levels in the bronchoalveolar lavage fluid 

in a guinea pig model of asthma (148). 

Clinical Trials 

Numerous clinical trials have been performed evaluating the ability of Echinacea 

extracts to prevent or treat URIs, although certain trials have been performed more rigorously 

than others such as those that employed randomized, double-blind, placebo-controlled 

protocols.  The lack of understanding of Echinacea extract activity has likely contributed to 

the contradictory results generated from these trials.  In addition, instances of positive 

clinical trial results cannot be attributed to immunomodulatory properties of Echinacea 

because the appropriate clinical measurements and assays to support these claims were not 

performed (149-151).  For example, Jawad et al. assessed the number and duration of cold 

episodes while also confirming the presence of respiratory viruses in nasal swabs from study 

participants (151).  However, the effect of E. purpurea on the immune response, such as 

serum cytokine levels, prostaglandin levels, and immune cell numbers were not measured.  

The difficult ies in comparing Echinacea clinical trial results were described in a recent 

review (152).  Several key factors were revealed including differences in Echinacea species 

used, portions of the plant extracted (aerial versus roots versus mixtures), the method of 

extraction, combinations with other plant material, dosing protocols, and parameters used to 

evaluate efficacy (152).  In the same study by Jawad et al., the ethanolic extract Echinaforce® 

was used, which consists of aerial (95%) and root (5%) portions (151).  However in another 

study, Taylor et al. used aqueous extracts of the aerial Echinacea portions only (153).  The 

inconsistencies described above highlight the necessity for understanding how Echinacea 
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extracts may benefit patients with URIs so that well-designed clinical trials can be 

performed. 

Constituent Molecules 

The activity of Echinacea extracts has been attributed to several constituent 

molecules including caffeic acid derivatives (CADs), polysaccharides, glycoproteins, and 

alkylamides (154, 155).  High concentrations of CADs, glycoproteins, and polysaccharides 

are present in aqueous extracts from aerial portions of Echinacea, while alkylamides are 

present at highest concentrations in ethanolic (70-95%) root extracts (156-158).  CADs, such 

as caftaric acid, cichoric acid, and echinacoside, have been shown to have antioxidant 

activity (159, 160). Polysaccharides, including fucogalactoxyloglucan and arabinogalactan, 

were reported to stimulate macrophage cytotoxic and phagocytic activity and increase NO, 

IL-6, and TNF-Ŭ production (154, 161, 162).  Intravenous administration of the glycoprotein-

containing fraction of E. purpurea to mice was found to increase serum TNF-Ŭ and IL-1 

levels and treatment of murine splenocytes in vitro stimulated IFN-Ŭ/Ç production (163).  In 

contrast to these stimulatory effects, alkylamides have been shown to inhibit production of 

cytokines, chemokines, and prostaglandins from stimulated epithelial cells, macrophages, 

and T cells in vitro and will be discussed in more detail below (143, 146, 147). 

Since Echinacea extracts are complex mixtures that potentially contain opposing 

cytokine-stimulatory and cytokine-suppressive molecules, we hypothesized that these 

activities could be separated using chemical separation techniques (143).  We found that 

fractions generated from an ethanolic E. purpurea extract contained cytokine-stimulatory and 

cytokine-suppressive fractions.  We also found that non-alkylamide molecules, or 

unidentified alkylamides, that suppress cytokine production are present in E. purpurea 
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extracts.  The cytokine-suppressive molecule, xanthienopyran, and a new alkylamide, 8,11-

dihydroxy-dodeca-2E,4E,9E-trienoic acid isobutylamide were identified for the first time in 

an E. purpurea extract (143, 164).  Additionally, LPS and likely other PAMPs derived from 

endophytes were linked to the cytokine-stimulatory activity of Echinacea, as extracts made 

from sterilely grown E. purpurea did not stimulate cytokine production (143).  Due to the 

potential for alkylamides and alkylamide-containing Echinacea extracts to limit 

inflammation, we decided to focus our efforts on evaluating these fatty acid-like molecules. 

Alkylamides 

Alkylamides are a class of small, lipophilic molecules produced by several species 

within the Asteraceae, Piperaceae, and Rutaceae families, including Echinacea angustifolia, 

Echinacea purpurea, Echinacea pallida, Acmella oleracea, Heliopsis longipes, Anacyclus 

pyrethrum, Otanthus maritimus, Zanthxylum americanum, and Piper nigrum (reviewed in 

(165)).  Structurally, alkylamides consist of an amide group connected to a fatty acid and a 

head group.  The fatty acid may vary in length, number of unsaturations, hydroxylations 

and/or methylations.  The majority of alkylamides identified in Echinacea contain an 

isobutyl head group, but several contain a methylbutyl group instead.  Alkylamide content 

varies between the three medicinal Echinacea species with E. angustifolia and E. purpurea 

containing significantly higher concentrations compared to E. pallida (157).  Each 

alkylamide appears to have similar biological effects with varying degrees of activity, 

although specific targets or effects may be identified with further research.  It has been 

hypothesized that the anti-inflammatory activity of Echinacea extracts is due to synergistic or 

additive effects of the alkylamides present (166, 167). 
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The reports of anti-inflammatory activity by Echinacea alkylamides are largely based 

on suppression of cytokine production from stimulated macrophages and T cells in vitro.  For 

example, fourteen different alkylamides from Echinacea suppressed LPS-induced NO 

production from RAW 264.7 cells to varying degrees (168).  In addition, we found that the 

alkylamides undeca-2Z,4E-diene-8,10-diynoic acid isobutylamide (A4), dodeca-

2E,4E,8Z,10Z/E-tetraenoic acid isobutylamide (A11a/b), dodeca-2E,4E-dienoic acid 

isobutylamide (A15), and undeca-2E-ene-8,10-dynoic acid isobutylamide (A16) inhibited 

TNF-Ŭ and PGE2 secretion from IAV stimulated RAW 264.7 cells with A15 displaying the 

greatest level of suppression (146).  A15 also suppressed CCL2, CCL3, CCL5, CCL9, and 

G-CSF production after IAV stimulation in the same report.  We also found that TNF-Ŭ 

production was dose-dependently inhibited from LPS-stimulated RAW 264.7 cells treated 

with A15 (143).  In another study, PMA/PHA induced IL-2 production from Jurkat T cells 

was inhibited by A11a/b, A15, and A16, but not CADs (147, 169).  These suppressive effects 

have consistently been found to be unrelated to cytotoxicity at the doses tested (170-172).  

Furthermore, the alkylamide pellitorine from Anacyclus pyrethrum, Piper nigrum, and 

Asarum sieboldii, inhibited release of high mobility group box 1 (HMGB1), TNF-Ŭ, IL-6, IL-

1Ŭ, and IL-1ß, reduced permeability, and decreased adhesion molecule expression from 

stimulated human umbilical vein endothelial cells (173).  In the same study, pellitorine 

administration improved survival in a mouse model of sepsis (173).  Additionally, in a mouse 

model of fulminant hepatitis, A11a/b injected intraperitoneally reduced serum TNF-Ŭ levels 

and hepatocyte damage in the liver (174).  The safety of alkylamides has not been 

investigated extensively; however, no adverse effects from alkylamide administration in vivo 

have been reported (173-175).  
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In a recent structure-activity relationship study, we synthesized structural derivatives 

of A15 with variations in the head group or alkyl chain.  We found that removing the double 

bonds had no significant impact on A15 activity, but that reducing the length of the 

hydrocarbon chain resulted in reduced inhibition of LPS-stimulated TNF-Ŭ production from 

RAW 264.7 cells (172).  In contrast, changes to the isobutylamide head group led to reduced 

inhibitory activity, although significant suppression was still observed (172).  The 

modification of alkylamide structure through relatively simple chemical synthesis methods 

may lead to improvements in their specific activity and effectiveness for suppressing 

cytokine, chemokine, and prostaglandin production. 

The mechanism of alkylamide-mediated cytokine and chemokine suppression has 

been investigated by several groups but remains unresolved.  Raduner et al. demonstrated 

that A11a/b and A15, but not A16, bound the cannabinoid receptor type 2 (CB2) (176).  

However, the suppression of TNF-Ŭ, IL-1ß, and IL-12p70 from LPS-stimulated human 

whole blood by A11a/b, A15, and A16 was mediated through CB2-independent effects (176).  

In another study by Hou et al., A11a/b suppression of LPS-stimulated TNF-Ŭ production 

from RAW 264.7 cells was attributed to JNK-mediated upregulation of heme oxygenase-1 

(174).  Finally, the alkylamide spilanthol (also known as affinin), which is produced by 

Acmella oleracea and Heliopsis longipes, inhibited LPS-stimulated TNF-Ŭ, IL-6, and IL-1ß 

secretion and iNOS and COX-2 expression in RAW 264.7 cells (171).  In these experiments, 

the inhibitory effects were linked to decreased NF-kB DNA binding after a 10 hour pre-

treatment (171). 

In addition to cytokine-suppression, alkylamides have been investigated for the 

tingling and numbing sensations they elicit on sensory neurons in the mouth.  High quality 
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Echinacea extracts induce tingling/numbing effects when applied orally, and this property is 

due to the presence of alkylamides (177).  Additionally, Zanthoxylum plants, which are 

commonly referred to as ñtoothache trees,ò produce alkylamides including hydroxy-Ŭ-

sanshool (sanshool), which elicit numbing, analgesic effects on the oral cavity (178).  

Sanshool and its derivatives were originally shown to activate transient receptor potential 

vanilloid 1 (TRPV1)- and ankyrin 1 (TRPA1)-expressing dorsal root ganglion, but Bautista 

et al. later found that sanshool blocked two-pore domain potassium channels (KCNKs) 3, 9, 

and 18 (175, 179, 180).  In addition, sanshool blocked the excitability of Ad nociceptive 

mechanosensitive sensory neurons by inhibiting voltage-gated sodium channels, with Nav1.7 

being the most strongly inhibited (181).  Spilanthol (mentioned above) is associated with the 

analgesic and antinociceptive effects of Acmella oleracea and Heliopsis longipes.  The 

antinociceptive effect of spilanthol may involve the NO and K+ channel pathways (182).  

Furthermore, pellitorine may inhibit capsaicin-induced pain by blocking calcium movement 

through TRPV1 (183).  Finally, alkylamides have long been known for their insecticidal 

activity, which was determined to be mediated through effects on voltage-gated insect 

sodium channels (184, 185). 

Overall, alkylamides appear to have broad, inhibitory effects on a number of different 

cell types including epithelial cells, endothelial cells, macrophages, mast cells, T cells, and 

neurons.  Numerous biological targets, especially ion channels in neurons, appear to be 

impacted by alkylamides.  However, the disruption of ion channel function by alkylamides in 

immune cells has only recently been explored.  For example, Walker et al. linked the 

cytokine-suppressive effects of pellitorine to the activation of TRPV1 and TRPA1 in LPS-

stimulated U937 macrophages (186).  In addition, we recently reported that A15 blocked 
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increases in intracellular calcium in A23187-stimulated RBL-2H3 mast cells, Jurkat T cells, 

and RAW 264.7 macrophages (170).  Calcium influx is critical for mast cell degranulation 

and T cell activation, but its role is controversial in macrophage cytokine production.  

However, A15 inhibited RBL-2H3 and bone marrow-derived mast cell degranulation, in 

agreement with the observed suppressive effect on calcium mobilization (170).  How do 

alkylamides inhibit movement of ions through ion channels?  Are specific channels targeted 

by different alkylamides?  Can the activity and selectivity of alkylamides be improved 

through structural modifications?  These are important questions that need to be addressed 

moving forward if alkylamides are to be developed for treating inflammation and pain. 

5. Conclusions 

Diseases resulting in immunopathologies continue to impose significant health 

burdens on the human population.  Although treatments have improved significantly over the 

past 60 years, available options are still limited, and many have serious side effects that 

restrict their usage.  Therefore, additional pharmaceutical options are necessary to effectively 

treat inflammation and pain caused by excessive or inappropriate immune responses.  A 

number of commonly used pharmaceuticals on the market today were originally plant-

derived molecules and additional compounds are likely to be discovered from natural 

sources.  Echinacea spp. preparations were often used by Native Americans to treat different 

inflammatory conditions, and although clinical trials investigating Echinacea activity have 

produced contradictory results, molecules with useful anti-inflammatory activities may still 

be identified.  For example, the effects of alkylamides on inflammatory mediator production 

and sensory neuron function may prove to be useful for treating inflammation and pain. 
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