
ABSTRACT 

JORDAN, CHAD CODY. The Effects of Aromatic Alcohols on LPS and IFN-γ Induced 

Inflammation in RAW 264.7 Macrophage Cells. (Under the direction of Dr. Gabriel Keith 

Harris.) 

 

Chronic inflammation can lead to a number of adverse physiological conditions 

including cancer, neurological disorders, and auto-immune diseases. Diet has been 

recognized as a risk factor in the development of chronic inflammatory conditions, especially 

those developing in the digestive tract, including inflammatory bowel disease, ulcerative 

colitis, Crohn’s disease, and colon cancer. The aromatic alcohols (AOHs) tyrosol (TY), 

tryptophol (TRY), and 2-phenylethanol (2PE) are byproducts of amino acid metabolism in 

yeast and lactic acid bacteria, and have been shown to exhibit both anti-oxidant and anti-

inflammatory capabilities. Since yeast and lactic acid bacteria are each necessary for the 

production of many fermented foods and beverages, these aromatic alcohols are part of a 

complex mixture of potentially bioactive dietary components for many consumers. 

 The objective of this study was to examine the effects of AOHs on inflammation. 

Inflammatory markers were quantified in lipopolysaccharide (LPS) and interferon-gamma 

(IFN-γ) induced RAW 264.7 macrophage cells at 18 and 30 hours post induction and 

treatment with AOHs. The markers of inflammation examined included cyclooxygenase-2 

(COX-2), prostaglandin E2 synthase (PGE2S), prostaglandin E2 (PGE2), inducible nitric oxide 

synthase (iNOS), and nitric oxide (NO). The effects of AOHs on apoptosis were also 

investigated by examining cysteine-aspartic acid protease-3 (Caspase-3) activity. At 18 hours 

post induction, TY, TRY, and 2PE significantly inhibited PGE2 production. At 30 hours post 

induction, PGE2 production continued to be inhibited by TY and TRY, while 2PE showed no 

significant effect.  Reductions in COX-2 and PGE2S were not observed after treatment with 



TY, TRY, or 2PE; indicating that reductions in PGE2 were not a result of COX-2 or PGE2S 

enzyme expression. At 18 and 30 hours post induction, NO production was significantly 

reduced by TRY. Reductions in iNOS expression were not exhibited by any of the AOHs. 

Significant levels of Caspase-3 were not observed, despite visual evidence that the cells were 

undergoing apoptosis. 

 These findings show that AOHs exhibit anti-inflammatory activity in vitro by 

inhibiting LPS and IFN-γ induced PGE2 and NO formation. The mechanism by which this 

occurs has yet to be elucidated. Further research is needed to better understand how PGE2 

and NO are being inhibited and how the anti-inflammatory capacity of AOHs may be 

affected in whole foods. 
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1.1 Introduction 

 

 During times of stress, injury, or illness, the body will naturally respond in an effort 

to resolve the stimulus, resulting in some level of what is commonly referred to as 

inflammation. This action of the immune system is vital in the body’s ability to survive the 

myriad of invading microbes and physiological stresses that it encounters over the course of a 

lifetime. However, this is only true when the period of inflammation is acute, lasting for only 

a short enough time to successfully resolve whatever affront the immune system may be up 

against. When the short bouts of heightened immune response are allowed to stretch on 

unchecked, the inflammation moves from acute to chronic, and chronic inflammation can 

lead to the onset of many chronic diseases. Some chronic inflammatory diseases that can 

result include cancer, rheumatoid arthritis, cardiovascular disease, and Crohn’s disease. The 

often severe negative effects of chronic inflammatory diseases raise the question of what 

causes these conditions and how chronic inflammatory processes can be slowed and 

potentially stopped (26). 

 Environmental factors, including diet, activity level, and other lifestyle choices are 

continually being implicated in their role as variables contributing to the onset of chronic 

disease. In light of this, dietary factors, such as the consumption of antioxidants and 

phytonutrients, have garnered increased interest as parts of the diet that may play a beneficial 

role in the fight against chronic inflammatory diseases. Research is continually being 

performed to elucidate the potential health benefits of foods and their components (207). 
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 Several foods that are often associated with health benefits include fermented 

beverages and foods, such as wine and yogurt, which are fermented by yeast and lactic acid 

bacteria, respectively. Wine is often touted for its positive health benefits, partially due to the 

presence of antioxidants like resveratrol and anthocyanins (133). Yogurt is also commonly 

viewed as having a positive impact on health due to the presence of probiotic bacteria (130). 

Present in both of these food products are the aromatic alcohols tyrosol, tryptophol, and 2-

phenylethanol, which are formed by both yeast and lactic acid bacteria during the 

fermentation process (123, 184). Both tyrosol and tryptophol have been shown to exhibit 

antioxidant activity and tyrosol in particular has been investigated for its potential health 

benefits, including anti-inflammatory activity (10, 66, 123). 

 Further research into these aromatic alcohols is needed in order to determine the 

extent to which they can modulate inflammatory processes. If aromatic alcohols are 

successful modulators of inflammation, a diet high in fermented food products containing 

aromatic alcohols may act to lessen the onset or propagation of chronic inflammatory 

conditions, especially in the digestive tract. Elucidating exactly how they might interact with 

the inflammatory cascade could potentially shed more light on how fermented foods and 

beverages may act to lessen inflammation. More research is required to characterize which 

fermented foods contain significant levels of aromatic alcohols and what concentration of 

aromatic alcohols can actually be considered significant. 
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1.2 Inflammation Overview 

Inflammation is a physiological condition that can be visually associated with redness 

and swelling but can also coincide with pain and inability to function (101). Acute 

inflammation can be beneficial in that it acts as a primary immune response to potential 

infection or injury. However, chronic inflammation is implicated in diseases, such as asthma, 

cancer, cardiovascular disease (26), and cystic fibrosis (119). Both steroidal and non-

steroidal anti-inflammatory drugs (SAIDs and NSAIDs) are successfully used in the 

treatment of acute inflammation but the adequate treatment of chronic inflammation and the 

resulting diseases continues to be an evasive goal. The lack of success in treating chronic 

inflammatory processes has resulted in the continued search for and development of novel 

anti-inflammatory compounds. Mechanistically, the treatment of inflammatory diseases can 

be approached through the inhibition of enzymes in the arachidonic acid (AA) pathway. 

1.2.1 Arachidonic Acid Mediated Inflammation 

 The AA pathway (Figure 1.1) begins with the release of AA itself from the cellular 

membrane, which is catalyzed by phospholipase A2 (PLA2). After release from the 

phospholipid bilayer by PLA2, AA can act as a second messenger molecule, becoming the 

substrate for the production of a wide array of signaling molecules. Cyclooxygenase (COX) 

is an enzyme that is integral to the production of thromboxanes (TXs) and prostaglandins 

(PGs), including PGI2, PGE2, PGF2α, and PGD2. It is known to exist in two primary forms 

(COX-1 and COX-2) and at least one additional variant (COX-3) (170). COX-1 is the 

constitutive form of the enzyme and is continuously expressed throughout the body in many 
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cell types in order to maintain baseline levels of PGs and TXs, which are necessary for 

regulatory biochemical reactions. 

 

 

 
Figure 1.1 The Arachidonic Acid Pathway 

 

 

 

1.2.1.1 Cyclooxygenase-2 Pathway 

COX-2 is the inducible form of the enzyme and can be induced by various molecules 

including cytokines and lipopolysaccharide (LPS) (24, 95). COX-2 is expressed at a higher 

rate during inflammatory processes in cells integral to immune response and inflammation, 

including macrophages and neutrophils (143). Once these cells have been induced, resulting 

in inflammation, the COX-2 pathway also results in the production of PGs, some of which 
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(namely PGE2) are implicated as a cause of pain and swelling (31). COX-2 inhibition is often 

a sought after mechanism of anti-inflammatory drugs because the over expression of COX-2 

and the resulting PGs is indicative of many inflammatory diseases, including cancer (131, 

195, 199). 

1.2.1.2 COX-2: Implicated in Inflammatory Diseases 

 The COX enzyme alters the chemical structure of AA in two distinct ways. First, 

COX inserts two O2 molecules into the carbon skeleton of AA, resulting in PGG2. 

Immediately following this step, COX catalyzes a two-electron reduction that results in the 

formation of PGH2. From this point, PGH2 immediately serves as the substrate for a number 

of synthases that can produce all of the aforementioned prostanoids (175). 

PGs, prostacyclins (PGIs), and TXs are all variants of a class of compounds called 

prostanoids, all of which are synthesized by COX enzymes and produced in large amounts 

during inflammation through the action of COX-2, specifically. These prostanoids include 

the PGs, PGD, PGE, and PGF. PGE2 is one of the most abundant prostanoids synthesized in 

this pathway (73, 165). 

 Increased levels of COX-2 have also been positively correlated with the 

tumorigenesis and metastasis of cancer. It has been shown in rat intestinal epithelial cells that 

overexpression of COX-2 can cause a phenotypic change in the cells, characterized by a 

resistance to apoptosis and increased probability of tumor development (186). Human colon 

cancer cells (Caco-2) also exhibited an increased potential to metastasize as COX-2 levels 

were elevated (187). In the case of some colon cancers, COX inhibition by NSAIDS has been 
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shown to cause colon polyps to be reduced in size or disappear completely. In some cases, 

NSAIDS have been shown to even have a chemopreventive effect on existing colon polyps 

(43, 157, 166, 183). 

 Angiogenesis is an important facet of tumor growth and development. PGs and other 

angiogenesis-promoting factors are up-regulated in colon cancer (187). COX inhibitors have 

been shown to reduce blood vessel growth in tumors (172). The PGs to be specifically 

implicated as promoters of angiogenesis are PGE2 and PGE1. However, 15-deoxy-Δ
12, 14

-

PGJ2 exhibits anti-angiogenesis activity by facilitating endothelial cell apoptosis (14). So, in 

the case of controlling or targeting angiogenesis, the relative levels of the products of COX 

and other prostaglandin synthases are more relevant than COX itself (146). 

1.2.1.3 Prostaglandin E2: Significance in Inflammatory Diseases 

PGE2, being the most abundant and widespread PG in the body, is present in many 

different tissue types and is integral to a wide range of physiological responses that are both 

concentration and location dependent (57, 76, 157). PGE2 plays a key part in regulating 

normal physiological functions, such as body temperature, bone health, blood vessel 

function, reproduction, and gastrointestinal function (39, 56). 

However, of all the prostanoids in the COX pathway, PGE2 is most associated with 

carcinogenesis. PGE2 has been implicated as a promoter of several different carcinogenic 

factors including the development of oncogenes (67), promoting angiogenesis (149), and the 

growth (23) and spread of tumors (48). As such, high levels of PGE2 are strongly correlated 

with many types of cancer (148). 



8 

 

 

 

 

 

1.2.1.4 PGE2 Synthase Inhibition: Advantages and Challenges 

 PGE2 synthesis is catalyzed by the action of a class of enzymes called PGE2 synthases 

(PGE2S). To date, three distinct PGE2Ss have been identified including microsomal PGE2S-1 

(mPGE2S-1) (89), cytosolic PGE2S (cPGE2S) (180), and microsomal PGE2S-2 (mPGE2S-2) 

(179). Of the three forms, only mPGE2S-1 is considered to be inducible, while the other 

forms are constitutively expressed. As such, mPGE2S-1 has been shown to play an important 

role in the promotion of inflammatory response and the development of inflammatory 

diseases (161). 

 Since mPGE2S-1 plays such an integral role in the progression of inflammatory 

processes, it is a natural target for anti-inflammatory drugs. However, no successful 

mPGE2S-1 inhibitors have been developed to date. This is partly due to species differences 

between rodent and human sources of mPGE2S-1, often making animal models difficult to 

translate into human clinical trials (106, 206). 

One argument for developing mPGE2S-1 inhibitors is that, being further downstream 

in the COX pathway, inhibiting mPGE2S-1 may result in fewer side effects when compared 

to NSAIDs or COX-2 specific inhibitors. For example, in COX-2 knockout mice, 

cardiovascular and renal complications began to arise with age, while mPGE2S-1 knockout 

mice did not encounter any physiological dysfunctions under normal conditions. Inhibiting 

mPGE2S-1 also redirects more of the PGH2 into prostacyclin formation, which may be 

beneficial for cardiovascular health (198). 
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However, animal studies have also provided evidence for some complications arising 

from mPGE2S-1 inhibition. While inhibiting mPGE2S-1 appears to protect against 

atherosclerosis, it may, conversely, increase the risk of hypertension (49). mPGE2S-1 also 

appears to play a role in recovering from heart attack (35).Despite the complexity of 

targeting mPGE2S-1, evidence continues to emerge in support of using mPGE2S-1 inhibition 

as an effective means of addressing inflammatory diseases, including cancer (154) and 

neurological disorders (100). 

1.2.1.5 Lipoxygenases: Role in Inflammatory Processes 

Lipoxygenases (LOX) are another class of enzymes in the AA pathway that produce 

hydroxy acids and leukotrienes (LTs). LOX enzymes are involved in a wide array of 

functions, and as such come in a variety of forms. 15-LOX is responsible for synthesizing 

15-hydroxyeicosatetraenoic acid (15-HETE), which is heavily involved in the suppression of 

inflammation, while 5-LOX and 12-LOX are both involved in the synthesis of pro-

inflammatory mediators. 5-LOX catalyzes the production of 5(S)-hydroxy-6, 8, 11, 14-

eicosatetraenoic acid (5-HETE), which is then converted to 5-oxo-6, 8, 11, 14-

eicosatetraenoic acid (5-oxo-ETE) to serve as a pro-inflammatory molecule by acting as a 

chemoattractant. LTs are implicated in a number of inflammatory processes including 

inflammatory bowel disease, Crohn’s disease, and rheumatoid arthritis, while the 5-LOX 

pathway itself has been implicated in the onset of various forms of cancer (99, 164, 203). 

 Downstream products of the COX and LOX pathways are of particular interest in 

cancer prevention and treatment because of the increased expression of COX-2 and LOX in a 
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number of cancers. Elevated levels of COX-2 expression have been found specifically in 

lung (1), breast (86), prostate (74), pancreatic (136), gastric (190), and colon cancer (110). 

Heightened levels of 12-LOX have also been associated with prostate (74), lung (21), breast 

(140), and pancreatic (42) cancer. Links between increased levels of COX-2 and LOX and 

tumor angiogenesis (145, 187) have drawn attention to the possibility of treating or 

preventing these cancers with compounds that either inhibit COX and LOX or interfere with 

their downstream products (146). 

 Further evidence to support this method of cancer prevention is found in the 

correlation between the overexpression of different LOXs and the presence of a wide variety 

of cancers. To further complicate matters, the type of cancer that may develop is dependent 

on which LOX is being overexpressed. Increased levels of 5-LOX have been linked to a 

number of critical factors leading to the development of colon cancer (201). 5-LOX may 

contribute to the onset of cancer by playing a role in tumor growth itself or by altering the 

local environment of the tumor. Inhibition of 5-LOX in tumor cells can effectively initiate 

apoptosis and prevent metastasis (162, 167). 

 However, 12-LOX overexpression is positively correlated with the onset of prostate 

cancer in humans (59) and contributes to tumor cell proliferation differently than 5-LOX. It 

is believed that 12-LOX may contribute to tumor cell survival by inhibiting kinases such as 

Akt and MAPKs, and playing a key role in NF-κB expression (151). 

 In contrast to 5-LOX and 12-LOX, the presence of 15-LOX-2 (one of two 15-LOX 

isoforms) is anti-tumorigenic. 15-LOX-2 is present at decreased levels in both breast and 
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colon cancers (91, 168). The presence of 15-LOX-2 has been shown to be anti-tumorigenic in 

prostate cancer by interrupting tumor cell cycle and promoting age-related cell damage (13, 

178). In concert with these findings, high expression levels of 15-LOX-2 are found in healthy 

prostates while expression is markedly lower in cancerous prostates (163). These examples 

serve to show the complexity of attempting to treat or prevent cancer through LOX 

modulation, as type of LOX is highly correlated to the cancer in question. 

1.2.2 Non-Arachidonic Acid Mediated Inflammation: iNOS Pathway 

1.2.2.1 NO Synthesis, Physiological and Pathological Roles 

Nitric oxide (NO) is another molecule of particular interest in inflammatory 

processes. NO is a common signaling molecule necessary for normal physiological function 

but is also implicated in the onset and propagation of chronic disease. It is synthesized by 

nitric oxide synthase (NOS), of which there are several forms including endothelial (eNOS), 

neuronal (nNOS), and inducible nitric oxide synthase (iNOS). Much like COX-1, the 

endothelial and neuronal forms are constitutively expressed and are necessary for the 

production of NO under homeostatic conditions (137, 141). As their names suggest, the 

endothelial and neuronal forms were first found in endothelial cells and neurons, but are 

actually present in a wide variety of tissues. Both of the constitutive forms are dependent on 

calcium for their function, unlike iNOS (52, 111). Particular interest has been given to the 

constitutive forms for their role in cardiac and vascular function. 

The function of NO and which isoform of NOS is responsible for its synthesis is 

specific to tissue and organ type. Endothelial NO is largely responsible for vascular tone, 

http://www.ncbi.nlm.nih.gov/pubmed?term=F%C3%A9l%C3%A9tou%20M%5BAuthor%5D&cauthor=true&cauthor_uid=10072712
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blood vessel dilation, and is active in blood pressure control (4). There is also evidence that 

eNOS plays a key role in airway epithelium. The functions of NO in the airway include 

suppression of bacterial growth and airway relaxation (62). eNOS expression is actually 

decreased during airway inflammation, which is counterintuitive, given the integral role of 

NO in many inflammatory conditions (55). eNOS has also been demonstrated to play an 

integral role in both the male and female reproductive organs as well as kidney tubular 

function (191, 210). 

Much like eNOS, nNOS is also tissue specific in its function. nNOS also plays a 

vascular protective role and can compensate for the reduced NO producing ability of eNOS 

during inflammatory conditions in order to maintain homeostasis (138). It plays an important 

role in fast twitch muscle function and was found to be deficient in dystrophin deficient 

muscles, a pattern consistent with dystrophin deficient muscular dystrophy (19). 

Alternatively, the inhibition of nNOS was successful in reducing factors strongly correlated 

with the onset of Parkinson’s disease, demonstrating that treating neurological disease is not 

as easy as simply preserving or attenuating nNOS expression (75). 

However, iNOS is more analogous to COX-2 in that it is up-regulated during 

inflammation. While small amounts of NO are necessary for normal function, overexpression 

of NO by iNOS has been implicated in inflammation, making iNOS a popular target when 

attempting to modulate inflammation (137, 141). 
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NO is produced by NOS through the conversion of L-Arginine to NO and L-

Citrulline via a series of oxidation reactions, with NADPH acting as the cofactor that 

provides the source of oxygen by which L-Arginine is oxidized (88, 94) (Figure 1.2). 

 

 

 
Figure 1.2 Production of NO by NOS 

 

 

 

The initiation of NO production via iNOS can be stimulated by LPS and IFN-γ, resulting in 

the activation of NF-κB and subsequently the transcription of iNOS (82). 

NO is involved in other immunological mechanisms, including the targeting of cells 

for macrophage engulfment (189) as well as apoptosis of macrophages themselves (4). 

However, the prolonged presence of high NO concentrations can have deleterious effects on 

human health and lead to the incidence of a number of chronic inflammatory diseases. 
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Excessively high and prolonged levels of NO have been shown to cause neuron damage, 

increase the risk of cardiovascular disease, cause damage to DNA, and promote 

tumorigenesis (7, 63, 110). 

1.2.2.2 Macrophages as Mediators of Inflammation and the Role of NO 

NO production plays an important role in host defense against invading pathogens 

and inflammatory signaling; a role carried out in large part by macrophages. The mediators 

of signaling during immune response consist of phagocytic cells such as macrophages and 

natural killer cells or other cells such as mast cells or basophils that are also releasers of 

signaling molecules (36). Macrophages are a “frontline defender” in the body’s fight against 

injury, infection, and disease. As such, they are equipped with the ability to respond to and 

release a number of signaling molecules. As their name suggests, they are also capable of 

directly engulfing pathogens and cellular debris (125).  

The majority of macrophages or monocytes that are flowing in the blood stream or 

confined to local tissue go throughout their life cycle without seeing activation. Macrophages 

can be stimulated to activation or even primed for activation, making them more sensitive to 

immunological insult without the release of pro-inflammatory cytokines, which is consistent 

with an activated macrophage (132). 

Macrophages can be activated by a variety of stimuli, including IFN-γ, tumor necrosis 

factor alpha (TNFα), and lipopolysaccharide (LPS) (a gram negative bacterial cell wall 

component classified as a microbe associated molecular pattern (MAMP)) (5). When these 

signaling molecules come into contact with macrophages, they are bound to membrane-
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bound proteins called toll-like receptors (TLRs). In the case of LPS, the binding occurs to 

TLR4. This binding begins a signaling cascade that includes nuclear factor kappa B (NF-κB) 

activation and subsequent activation of inflammatory pathways including AA metabolism, 

COX-2 pathway, and NO synthesis by iNOS (79) (Figure 1.3). This would be considered 

classical type 1 macrophage activation (120). 

 

 

 

Figure 1.3 Role of NF-κB in NO production 

 

 

 

Macrophages detect these signaling molecules and MAMPs through what are 

generally classified as pattern recognition receptors (PRRs). Among these signaling 

molecules, or macrophage-activating factors (MAFs), is IFN-γ. IFN-γ serves to activate a 
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resting macrophage into an inflammatory macrophage, where it can then respond to 

infection, injury or disease. Among many other effects, IFN-γ enables macrophages to form 

higher amounts of NO for the purpose of killing foreign microbes (29, 138). 

While not the focus of this paper, an alternative type 2 macrophage activation also 

exists, relying on different signaling molecules from those in type 1 activation to initiate the 

response. The two molecules that begin type 2 macrophage activation are IL-4 and IL-13. 

Type 2 macrophage activation is also correlated with an increased recruitment of antigen 

presenting cells along with the upregulation of mannosyl receptor and MHC class II for the 

facilitation of both the uptake and presentation of antigens (124).  

1.2.2.3 The Role of NO in Apoptosis as a Resolving Mechanism of Inflammation 

Apoptosis, or programmed cell death, can be initiated extrinsically or intrinsically 

(Figure 1.4). Extrinsic initiation involves the binding of apoptosis inducing ligands to death 

receptors that allow for the activation of caspase-8 (69). Intrinsically induced apoptosis 

occurs as a result of mitochondrial permeability caused by DNA damage or insufficient ATP. 

Cytochrome C is then released from the mitochondrion, which results in caspase-9 activation. 

Both caspase-8 and caspase-9 catalyze the conversion of pro-caspase-3 to active caspase-3, 

which is the terminal caspase in apoptosis (71). 
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Figure 1.4 Initiation of apoptosis 

 

 

 

Beyond the killing of invading microbes, NO can regulate a number of other 

functions within the macrophage. Primarily, it can cause apoptosis of the macrophage itself; 

causing the inflammatory response to lessen or resolve. Resolution of inflammation occurs 

through a number of mechanisms, including the presence of anti-inflammatory signaling 

molecules and other molecules that inhibit inflammatory mediators, such as reactive oxygen 

and nitrogen species (63, 113). Apoptosis of macrophages is the terminal process in the 

cessation of their roles in inflammatory responses and is therefore an area of interest in 

resolving mechanisms of inflammation (3). In fact, inducing apoptosis has already been 

identified as an effective method in resolving inflammation and preventing the onset of 
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chronic inflammatory conditions (181). NO has a well-researched and established role in the 

induction of apoptosis, where it facilitates activation of caspase-9 and caspase-3 through the 

release of cytochrome-c from the mitochondrion (82, 84, 106). 

However, Hotelano et al. (2000) showed that apoptosis can continue, and even be up-

regulated despite effective inhibition of NO in RAW 264.7 macrophage cells. This is 

believed to be a result of cyclopentenone PGs that increase in concentration late in the 

inflammatory cycle leading to the production of reactive oxygen intermediates (ROIs) and 

ultimately peroxynitrite. Peroxynitrite is the product of reaction between NO and O2- that 

plays a role in the induction of apoptosis separate from the mechanism previously described 

for NO (83). 

1.3 Treating Inflammation 

NSAIDs, such as aspirin, began to emerge as treatment for acute inflammatory 

conditions due to their ability to inhibit COX, reducing the production of prostaglandins and 

the physiological responses they impose (53). However, NSAIDs are also associated with 

negative side effects including stomach ulcer and even loss of kidney function (10). 

Conversely, drugs that are specific targets of COX-2 have also been linked to unwanted 

effects like cardiovascular risk, including cardiac arrest (98). While this has drawn much 

attention to the AA pathway and enzymes like COX and LOX, the treatment of chronic 

inflammatory diseases with NSAIDs has been largely unsuccessful to this point (206). These 

circumstances further drive the need for continual drug discovery efforts in an attempt to 

effectively treat inflammatory diseases with a lessened risk of negative side effects (67). 
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The search for effective ways to treat chronic inflammation and diseases resulting 

from chronic inflammation continues to turn toward dietary components. Specifically, dietary 

phenolics that are known for their anti-inflammatory capabilities are becoming the focus of 

new research into treating inflammatory diseases (206). A large push toward naturally 

occurring solutions occurred between 1983 and 1994, where 12 out of 40 new anti-

inflammatory drugs were sourced from natural products (26). 

1.4 Dietary Treatments 

The onset of one third of potentially preventable cancers can be attributed to dietary 

factors (2). Dietary phenolics, of which fruits, vegetables, and beverages such as wine are 

well known sources, are now accepted as an attributing factor to the protective effects of 

some diets (70, 132). The potential health benefits of a diet rich in phenolics has been 

considered in a variety of specific diets found throughout the world, including the 

Mediterranean diet. The Mediterranean diet includes, among other dietary components, olive 

oil as a primary fat source and wine as a commonly consumed beverage (97, 184). Following 

this diet has been associated with a reduced risk of developing conditions that are strongly 

tied to chronic inflammation such as cancer and cardiovascular disease (32, 104). While 

dietary recommendations exist for some of the better known antioxidants, phenolic 

compounds are beginning to emerge as potential candidates of significant dietary antioxidant 

capability. However, more research is needed before daily recommendations can be 

determined. 
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1.5 Aromatic Alcohols 

A number of dietary phenolic compounds have been examined for their health 

benefits, including lycopene, quercetin (33), and resveratrol (93). However, the list of 

compounds with potential for benefiting human health will undoubtedly grow as research in 

this discipline continues. Included in this list are three unique alcohols that this review will 

classify as aromatic alcohols (AOH). The three aromatic alcohols of interest are tyrosol (TY), 

tryptophol (TRY), and 2-phenylethanol (2PE) (Figure 1.5). AOHs are formed during the 

fermentation of  

 

 

 

Figure 1.5 Structure of Aromatic alcohols 
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foods and beverages by yeast and lactic acid bacteria (LAB). In the case of beer and wine 

fermentations, amino acids in the starting material serve as the primary nitrogen source for 

the yeast, and AOHs are a resulting product of the metabolism of the aromatic amino acids, 

tyrosine, tryptophan, and phenylalanine (8). These alcohols, in addition to their 

corresponding fusel acids, play a large role in the flavor characteristics of fermented 

beverages (77, 195,196). Volatile compounds play a vital role in the flavor profile and 

maturation of beer, specifically (46). 

1.5.1 AOH Production by Yeast: The Ehrlich Pathway 

Saccharomyces cerevisiae can utilize nitrogen from multiple sources, including 

amino acid metabolism. However, the α-keto acid that remains after the amide group enters 

central nitrogen metabolism must be processed differently depending on which amino acid 

was used as the nitrogen source. Both the branched chain and aromatic amino acids result in 

an α-keto acid that cannot be entered into central carbon metabolism and must be catabolized 

through the Ehrlich pathway instead (Figure 1.6). The corresponding α-keto acid is 

decarboxylated into its fusel aldehyde form before being subsequently reduced to a fusel 

alcohol (including AOHs) or oxidized to a fusel acid. The redox state of the cell is a 

determining factor to whether the result of this pathway is the acid or alcohol. 



22 

 

 

 

 

 

 
Figure 1.6 Steps of the Ehrlich Pathway 

 

 

 

The first step in the Ehrlich pathway is a transamination of the amino acid itself. This 

step has been shown to be facilitated by four different enzymes. Two of the enzymes, Twt1p 

and Twt2p, are localized to the mitochondria and cytosol, respectively. The two enzymes 

have opposing expression patterns, with Twt1p being active in transamination during the 

exponential phase of yeast growth while Twt2p is up-regulated during stationary phase (46, 

102). Two more enzymes, Aro8p and Aro9p, were initially thought to be solely responsible 

for the transamination of aromatic amino acids (191), but each of these enzymes was later 

shown to have substrate specificity beyond the aromatic amino acids alone. 
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 Following transamination, the resulting α-keto acid undergoes a decarboxylation 

reaction in the second step of the Ehrlich pathway. This portion of the pathway is thought to 

be catalyzed primarily by pyruvate decarboxylases, although sequencing of the yeast genome 

also reveals at least two other decarboxylases that may be responsible for this step of the 

pathway (37, 40, 195). It is at this point that the catabolism of amino acids begins to differ 

between yeast and LAB. To this point both yeast and LAB will have produced a fusel 

aldehyde following the transamination and decarboxylation reactions. However, the resulting 

aldehyde will be used differently from this point depending on whether the reaction is being 

performed by yeast or LAB. The catabolism of amino acids will also vary within different 

species of LAB (173). 

 Finally, the catabolism of amino acids to AOHs or fusel acids occurs in a reduction or 

oxidation step, respectively. Under most culture conditions, the AOH is the most favored end 

product in this pathway. Boer et al. (2007) have shown that this may be due to the fact that 

the formation of fusel acids takes a significant toll on energy resources, which may be 

inhibitory (14). 

 The precise method by which AOHs are exported from the cell remains unknown. No 

membrane transporters have been identified to date; however, there is evidence to suggest 

that a passive diffusion through the cell membrane may be the mechanism of action (116). In 

the case of fusel acids, the expression of PDR12, a gene which encodes for a membrane 

transporter responsible for the export of other weak organic acids like benzoate and sorbate 

(80), is up-regulated when leucine, methionine, or phenylalanine is the only nitrogen source 
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(14). This indicates that this same membrane transporter is responsible for exporting fusel 

acids from the cell as well. There is currently no indication as to whether or not any other 

membrane transporters are involved in the release of fusel acids into the culture medium. 

1.5.2 AOH Production by Lactic Acid Bacteria 

Much like yeast, lactic acid bacteria are also capable of forming AOHs through a 

series of reactions similar to the Ehrlich pathway. One of the roles of this pathway in LAB is 

the synthesis of substrates necessary for the production of fatty acids and sterols. This is 

achieved through the further conversion of the AOHs or fusel acids into thioesters via 

esterases or acyltransferases (193). Similar to the effects of AOHs in fermented beverages, 

many of these molecules produced by LAB in varying concentrations contribute to the flavor 

profile of fermented foods such as cheese and other dairy products (15). 

To further mirror the production of AOHs in yeast, LAB have been shown to employ 

specific aminotransferases in the conversion from amino acid to α-keto acid (154). While 

chemical conversions do occur, this proves that LAB do enzymatically convert the aromatic 

amino acids to the corresponding α-keto acid. Using genetic knockout strains deficient in the 

identified aromatic aminotransferases has also revealed the existence of additional 

aminotransferases capable of catabolizing the aromatic amino acids. This indicates that there 

are multiple aminotransferases capable of facilitating this process or potentially enzymes 

with a wider range of substrate specificity (89, 155). 

 In addition to the transamination step, decarboxylation of the α-keto acids to 

aldehydes has also been characterized in LAB. Several different strains of LAB, including 
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Carnobacterium piscicola, Lactobacillus casei, L. lactis maltigenes and wild type L. lactis, 

have been shown to produce enough of these aldehydes resulting from the branched chain α-

keto acids to cause malty flavors in food products (5, 104, 173, 188). However, most LAB 

fermentations do not result in a high enough concentration of these aldehydes to make an 

impact on flavor. This is a strong indication that these aldehydes are quickly converted 

further into the corresponding organic acid or alcohol. 

3-methylbutanal is an aldehyde found only in a few strains of LAB, while the 

subsequent oxidative product, 3-methylbutyric acid, is found in higher concentrations and is 

more widely produced by LAB (108, 209). While this example highlights the oxidation of an 

aldehyde in branched chain amino acid catabolism as opposed to the reduction of an aromatic 

aldehyde to an AOH, it serves to illustrate the fact that aldehyde dehydrogenases and alcohol 

dehydrogenases are active in the oxidation or reduction of aldehydes to organic acids and 

alcohols. 

 The alcohol dehydrogenases necessary for production of AOHs are found in many 

strains of LAB. Yet, the activity of these enzymes appears to be fairly low, considering the 

significant concentrations of aldehydes remaining in LAB fermentations. Therefore, the final 

concentration of AOHs in LAB fermented products may remain relatively low due to low 

enzyme activity, despite the reaction itself favoring the formation of the alcohols (147, 188). 

 One way in which the ultimate production of AOHs by LAB may be reduced is 

through an alternate enzymatic pathway that circumvents the decarboxylation and subsequent 

dehydrogenation steps in this pathway. Many LAB are capable of using a keto acid 
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dehydrogenase enzyme complex that converts an α-keto acid directly to an organic acid, 

without the formation of an aldehyde, as previously described (181, 209). This particular 

pathway has not been fully elucidated but has been shown to be employed by lactococci, 

propionibacteria, and micrococci (59, 208). This mechanism may contribute to lower 

concentrations of AOHs in LAB fermented food products. The metabolites that are 

ultimately produced and their respective concentrations are strain specific (59). 

1.5.3 Biological Role of AOHs 

The biological role of higher alcohols in general, including AOHs, is not entirely 

understood but research has shown that these alcohols may play a role as quorum sensing 

molecules. For example, isoamyl alcohol, which is derived from leucine via the Ehrlich 

pathway, has been shown to cause pseudohyphal growth in S. cerevisiae (40, 96). Similarly, 

2PE alters morphogenesis, causes invasive growth, and in Candida albicans and Candida 

dubliniensis contributes to the formation of biofilms (20, 129). 

Quorum sensing is a method employed by many microorganisms in order to monitor 

and respond to local cell density. This is typically achieved through the export of small 

molecules, which would include TRY and 2PE in the case of S. cerevisiae quorum sensing. 

Since the concentration of these molecules increases with cell population, they can act as a 

marker of population density (8, 58, 204). In turn, the primary response during a quorum 

sensing event in fungi, including yeast, is the transition to filamentous or pseudohyphal 

phenotypes (144). 
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The reason cell density plays such an integral role in the synthesis of these molecules 

can be largely attributed to TRY. TRY increases the expression of the aminotransferases 

ARO9 and ARO10, which are necessary for the synthesis of both TRY and 2PE. Therefore, 

the rate at which these molecules are produced will increase exponentially as cell density 

increases. These alcohols are produced during low nitrogen conditions. The synthesis of 

these molecules overlaps with the nitrogen sensing pathway in such a way that the presence 

of ammonia represses the expression of ARO9 and ARO10, subsequently lowering the levels 

of TRY and 2PE being produced (20). 

As was previously alluded to, AOHs appear to act across a range of yeast species. 

Additionally, the ability of AOHs to act as quorum sensing molecules may be species 

specific and rely heavily on the relative concentration of the alcohols and the order of 

exposure to the yeast cell. All three of the AOHs are believed to be quorum sensing 

molecules in the yeast Debaryomyces hansenii since their maximum concentrations occur 

near the end of the exponential phase (202). Evidence of TY as a quorum sensing molecule 

has been proven in C. albicans, where it has stimulated pseudohyphal growth. This stimulus 

of mycelium-like growth has also been observed in S. cerevisiae as a result of TRY and 2PE 

addition. 2PE has also been characterized as a stimulator of invasive growth in S. cerevisiae, 

which was up-regulated even further with the addition of TRY. However, the addition of 

TRY alone did not result in this behavior, indicating that sequence of exposure to AOHs may 

result in different cellular behavior (20). Production of AOHs in D. hansenii will fluctuate 

based on environmental conditions, such as pH and NaCl concentration. Further evidence of 
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AOHs fulfilling this role is observed changes in sliding motility and adhesion of D. hansenii 

with the additions of AOHs. The production of all three AOHs was increased when the 

fermentations were supplemented with tyrosine, phenylalanine, and tryptophan (69), 

providing further proof that the yeast make direct use of the Ehrlich pathway to produce 

AOHs for the purpose of quorum sensing. 

1.5.4 Genetic Regulation of AOH Formation 

While the method by which aromatic alcohols are formed is well characterized, the 

molecular processes by which yeast can sense these molecules remains unknown. What is 

known is that treatment of S. cerevisiae with TRY and 2PE results in a signaling cascade 

involving the up-regulation of cAMP-dependent PKA subunit Tpk2p, FLO11, transcription 

factor Flo8p, and the product of Flo11, FLO11p, which is a cell surface 

glycosylphosphatidylinositol that is integral in the filamentous behavior of yeast (20, 53). 

This signaling cascade hinges on the up-regulation of transcription factor ARO80 by TRY, 

resulting in the further expression of aromatic aminotransferases (Aro8, Aro9, and Aro10), 

pyruvate decarboxylases (Pdc1, Pdc5, and Pdc6), and alcohol dehydrogenases (Adh) 

responsible for the transamination, decarboxylation, and oxidation/reduction steps previously 

described in the Ehrlich pathway (204) (Figure 1.7). 
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Figure 1.7 Gene regulation in quorum sensing 

 

 

 

1.5.5 Dietary Sources of AOHs 

1.5.5.1 Fermented Beverages 

Since yeast metabolism is a major source of AOHs, fermented beverages such as 

wine and beer are a natural source for such phenolic compounds. However, many variables 

including grape variety, geographical region, and strain of yeast can result in a wide range of 

AOH concentrations. Differences in grape variety, climate, and geography can all affect the 

makeup of a yeast community in wine growing regions (128, 153). Different strains and 

communities of yeast will result in varying levels of AOH production (184). In addition to S. 
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cerevisiae, other strains of Saccharomyes may be present in fermentations that employ 

spontaneous inoculation. These strains include S. bayanus, S. paradoxus, and S. uvarum (37, 

142, 171). Tosi et al. found that Amarone grape wine fermented by S. cerevisiae contained an 

average 2PE concentration of 42.53 ± 2.86 mg/L while the same wine fermented by S. 

uvarum contained an average 2PE concentration of 232.70 ± 6.04 mg/L (184), demonstrating 

the impact that yeast strain can have on AOH concentration. 

An additional variable common among wines is aging, and its effect on AOH 

concentration. As it turns out, aging does not appear to be a concern when determining the 

stability of AOHs in wines. According to a study performed on aging sparkling wines by 

Pozo-Bayón et al., there is no significant drop in the concentration of TY and TRY, or any 

other phenolic compounds, during the aging process. This is largely attributed to the fact that 

sparkling wines have a high concentration of CO2. Since oxidation is a primary mechanism 

by which phenolics are degraded, the reducing atmosphere created by the CO2 prevents the 

loss of AOHs (152). 

1.5.5.2 Lactic Acid Bacteria Fermentations 

While fermented beverages are a common source of AOHs due to the yeast 

fermentation, other food products fermented by LAB may also be a rich source of AOHs. 

The production of TRY by LAB was observed by Maejima et al., while investigating 

functional compounds found in fermented buckwheat sprouts (FBS). Buckwheat (Fagopyrum 

esculentum) sprouts are fermented with LAB and the resulting mash is a commonly 

consumed health food in the Japanese diet. LAB are the only organisms used in the 
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fermentation of FBS, and the research performed by Maejima et al. specifically used L. 

plantarum, L. brevis, L. pentosus, L. lactis subsp. Lactis, and Pediococcus pentosaceus. 

Negligible concentrations of TRY were found in the unfermented buckwheat juice and a 

concentration of 50mg/100g (approximately 0.31 mMoles/100g) of TRY was found in FBS. 

The TRY found in FBS was shown to have a higher antioxidant activity than that of Vitamin 

C when using superoxide dismutase activity for determination (123). 

While FBS are not a common dietary component in Western diets, the strains of LAB 

used in its production are also used in other commonly consumed fermented foods including 

sauerkraut, yogurt, sour cream, and buttermilk (18, 46, 124). While actual concentrations of 

AOHs have yet to be quantified in these foods, the use of these microorganisms in production 

suggests that the presence of AOHs is likely. 

The concentration of AOHs found within foods is highly varied (Table 1.1). Some 

variables that appear to contribute to the variability in concentration are the food system, the 

organism used in fermentation, and the strain of organism used. 
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Table 1.1 Sources and concentrations of AOHs. *= concentration is expressed as 

mg/100g. nt= not tested. (Bevilacqua et al 2004; Maejima et al 2011; Miro-Casas et al 2003; 

Pozo-Bayón 2003; Tosi 2009) 

 

Aromatic Alcohol Concentration (mg/l) 

Source Tyrosol Tryptophol 2-phenylethanol 

Red Wine 1.6-62.18 nt nt 

White Wine 3.8-30.52 0.24-1.54 232.7 

Beer 3.2-7.41 nt nt 

Vermouth 13.7-15.1 nt nt 

Virgin Olive Oil 34.5 nt nt 

Fermented Buckwheat Sprouts nt 50* nt 

 

 

  

1.5.6 Potential Health Benefits of AOHs 

1.5.6.1 Modulating Cellular Redox Signaling as a Mechanism of Action 

 Cell signaling can be mediated by a number of different mechanisms, including the 

cell’s redox potential. This cellular redox signaling is integral to proper signaling in the 

mediation of many cellular actions, such as cell proliferation and death, and physiological 

functions like vasodilation and red blood cell production (44). Redox cell signaling, mediated 

primarily by the presence of ROS and RNS, occurs when proteins whose regulatory functions 

are dependent on redox chemistry are altered. Some of the molecules that can participate in 

redox cell signaling include the ROS superoxide (O2
-
 )and hydrogen peroxide (H2O2) and the 

RNS S-nitrosothiols (RSNO), peroxynitrite (ONOOH), and NO. One of the more common 
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and better studied redox cell signaling reactions involves the breakage or formation of 

disulfide bonds between proteins (25). For instance, this very reaction is catalyzed by the 

presence of RNS and plays an integral role in the target of cells for macrophage engulfment 

(189). 

Because redox reactions are or paramount importance in this form of signaling, it is 

easy to see how molecules with antioxidant potential may play a role in inhibiting or up-

regulating the regulatory mechanisms controlled by cellular redox signaling. One pathway 

that is susceptible to such interference is the NOS pathway. While the constitutive forms 

(eNOS and nNOS) are regulated by intracellular calcium levels, the inducible iNOS is 

regulated to some degree by NF-κB and mitogen-activated protein kinases (MAPKs), both of 

which are redox sensitive (122). 

Apoptosis is another cellular action that appears to be closely correlated with the 

presence of both ROS and RNS. The role of redox potential in apoptosis may change 

depending on cell type, but H2O2 has been shown to induce apoptosis in T lymphocytes. 

However, in other cases it is evident that ROS are not needed for the induction of apoptosis 

itself, but may play a role in cell death once apoptosis has already begun (45). NO can play 

an active role in apoptosis by interfering with the mitochondrial electron transport chain 

causing the release of cytochrome c and effectively initiating caspase-9 induced apoptosis 

(193). NO induced apoptosis has been demonstrated in both normal (28, 51) and cancer (65, 

205) cell types. However, like many other reactions utilizing NO, this effect is concentration 
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specific as low concentrations of NO can actually prevent apoptosis through caspase 

inhibition (102). 

The role that cellular redox signaling and interference by antioxidants plays in 

inflammation is still largely unexplored. However, some findings suggest that interfering 

with cellular redox signaling may have an impact on some inflammatory processes. Redox 

state dependent regulation of COX has been linked to mediation of apoptosis (113) and the 

redox potential of some quinones is responsible for COX inhibition in vitro (112). As 

previously discussed, iNOS is also redox sensitive and its direct product, NO, is itself a RNS. 

Given the evidence, it’s apparent how the relationship between cellular redox signaling 

reactions, the presence of ROS and RNS, and antioxidant concentrations can potentially have 

wide implications on inflammatory responses. 

1.5.6.2 Tyrosol in the Modulation of Oxidative Stress and Inflammation 

In addition to modulating cellular redox signaling, more direct effects of the 

antioxidant capacity of AOHs have also been observed. Olive oil, and specifically TY, have 

been shown to exhibit dose dependent inhibition of low density lipoprotein oxidation, which 

protects cells from oxidized LDL-induced apoptosis and cytotoxicity (66).  

 The anti-inflammatory capacity of TY, alone and in synergy with caffeic acid, was 

demonstrated by Bertelli et al. when a 20μM concentration of TY was successful in 

significantly reducing interleukin (IL)-6 production and a 200μM of tyrosol was successful in 

significantly reducing IL-1β production in LPS-induced peripheral blood mononuclear cells. 

Since IL-6 and IL-1β are up-regulated and play integral roles during the onset of acute 
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inflammation, TY exhibits anti-inflammatory activity by inhibiting the synthesis of these 

cytokines (10). 

1.5.6.3 Bioavailability of Tyrosol 

When the scope of a pharmacological effect is limited to the brush border of the 

intestine, the bioavailability of AOHs may not be of the utmost importance. However, when 

one considers the ability of AOHs to elicit a response throughout the body and impact a 

wider range of systems and diseases, the bioavailability must be considered. 

The bioavailability of TY was determined by Miro Casas et al. in both a single dose 

and continued dosing setting. After a single dose of TY, urinary levels peaked in the first 4 

hours after dosing and returned to baseline levels around 18 hours after administration (134). 

While this proves that TY is bioavailable, an additional study was performed proving that TY 

bioavailability behaves in a dose-dependent manner. After a single dose of 50 ml of olive oil, 

containing approximately 1.72 mg of TY, urinary levels of TY 24 hours post administration 

showed a 16.9 ± 4.8% recovery. However, after a week of consuming 25 ml of olive oil each 

day, containing approximately 0.86 mg of TY, urinary levels of TY a full week after the first 

administration showed a 19.4 ± 12.2% recovery. This evidence suggests that the absorption 

of TY is dose dependent. This research indicates that consuming moderate quantities of wine 

could provide a dose dependent source of TY in higher concentrations than those 

investigated in the research previously described (135). 

These findings provide plausibility to the notion that AOHs (specifically TY in this 

case) can enter the blood stream and be distributed throughout the body. This yields some 
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credence to further investigations on how AOHs may impact other diseases and 

inflammatory processes that may be far removed from the GI tract. However, the 

concentration at which AOHs can be found throughout the body and the concentrations 

necessary to elicit a response would warrant further research. 

1.5.6.4 Wine Extracts High in Tyrosol Show Anti-inflammatory Properties 

 The relationship between disease and chronic inflammation has been emphasized. 

However, relating cause and effect relationships of diseases to a general audience can often 

be challenging. Yet, if one is aware of the fact that such a commonly consumed beverage 

such as wine may convey some kind of health benefit, interest in these areas of research 

could potentially be garnered, especially when relating wine consumption with a disease that 

the general public can identify with, such as tumor growth. 

Wine and its phenolic components have been identified as potential inhibitors of 

tumor growth (29, 77, 93, 127). Damianaki et al. found that common wine phenolics, 

including resveratrol, quercetin, catechin, and epicatechin are successful in decreasing breast 

cancer cell proliferation at only picomolar and nanomolar concentrations by interacting with 

steroid receptors and preventing against the toxic effects of H2O2 and reactive oxygen species 

(ROS) (29). 

Heat Shock Proteins (HSP) are markers of stress in the human body (116). These 

proteins serve a beneficial role in the refolding of damaged proteins after injury and 

facilitating the correct folding of newly synthesized proteins (115). However, if HSP 

expression becomes excessive it may lead to inflammation-related diseases, including cancer 
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(92). In a study performed by Roussou et al., the effects of wine extracts and phenolic 

fractions on HSP in cervical cancer (HeLa) and brain endothelial (BBCE) cells was observed. 

While this research investigated the effects of a wide array of phenolic compounds, TY was 

also investigated. Extracts containing TY were effective in significantly reducing levels of 

Hsp70 and Hsp27. Extracts containing TY were also the most effective at inhibiting the 

growth of HeLa and BBCE cells (158). 

To further add to the evidence that wine phenolics provide anticarcinogenic benefits, 

the inhibition of HSP synthesis may contribute to the induction of apoptosis in tumor cells. 

Hsp70 and Hsp27 both work to prevent cells from undergoing apoptosis (61, 120). Therefore, 

if wine extracts high in TY are among those most effective in inhibiting Hsp70 and Hsp27 

synthesis, then TY may play a role in the onset of apoptotic death of tumor cells (158). 

1.5.6.5 Tyrosol in Disease Intervention: Celiac Disease 

Celiac disease is an additional disease that is garnering more attention in the public 

eye, especially as consumers begin to consider gluten free lifestyles, regardless of whether 

they require such dietary restrictions. Celiac disease is characterized by a debilitating 

intolerance for the wheat protein gluten and one of its components, gliadin, resulting in 

damage to intestinal villi and crypt cells (176). Although the specific molecular mechanisms 

by which celiac disease causes intestinal damage has not been fully elucidated, several 

transcription factors have been implicated in its progression, including nuclear factor-κB 

(NF-κB), signal transducer and activator of transcription-1α (STAT-1α), and interferon 

regulatory factor-1 (IRF-1) (34, 160). What is known is that the function of these 
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transcription factors can be heavily influenced depending on the redox state within the cell, 

making the role of dietary antioxidants a natural subject of research when attempting to find 

treatments for celiac disease and other inflammatory diseases where cellular redox state plays 

an active role (108, 150). Research has shown that the presence of free radicals promotes the 

progression of many inflammatory diseases in the intestine. A reduction in the levels of 

antioxidants such as β-carotene and Vitamins C and E is commonly seen in subjects 

diagnosed with inflammatory bowel diseases (169). 

This is of significance because redox reactions play an important role in cell signaling 

processes. Proteins are often modified through ROS or RNS, commonly through the 

formation or breaking of disulfide bridges (25). Examples of redox reactions in immune 

signaling include positive reinforcement of MAPK synthesis (22) and the inhibition of NF-

κB through S-Nitrosylation by NO (126). 

 TY has been shown to inhibit the expression of pro-inflammatory cytokines 

specifically through the scavenging of free radicals (32). Antioxidants have already been 

shown to reduce the activation of NF-κB, STAT-1α, and IRF-1, which play an integral role 

in inflammatory processes (50, 79, 101). A study performed by De Sefano et al., showed that 

gliadin increased iNOS in macrophages induced with IFN-y through a pathway utilizing each 

of NF-κB, STAT-1α, and IRF-1. This signaling cascade was effectively inhibited through the 

use of natural antioxidants (17). 

 This finding prompted additional research investigating the effects of additional 

dietary antioxidants, including TY, on inflammation in macrophages induced by gliadin and 
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IFN-y. It was found that TY inhibited the increase of nitrite and COX-2 in a dose dependent 

manner. TY at 2mM was also successful at significantly reducing iNOS and COX-2 

production, believed to be achieved by a reduction of iNOS and COX-2 gene transcription 

due to significantly lowered mRNA levels for each enzyme being observed. Treatment of 

cells with 2mM TY concentrations also resulted in significant decreases in NF-κB and 

STAT-1α. The connection between antioxidant activity and inflammation is further bolstered 

by the fact that tyrosol effectively reduced the accumulation of ROS brought on due to 

treatment with gliadin by nearly 69% (34). 

1.5.6.6 Tryptophol as an Inducer of Apoptosis 

Since the vast majority of research surrounding AOHs has been focused on TY, there 

is little current evidence supporting TRY or 2PE as having any nutraceutical properties. 

However, TRY has been investigated for its ability to initiate apoptosis in leukemia cells, 

which could potentially stifle the cancer’s ability to persist. 

As previously mentioned, apoptosis is a regulated event occurring under normal 

physiological conditions and in disease states (97). Apoptosis can be induced through a 

variety of ways, including tumor necrosis factor-related apoptosis-inducing ligand (TRAIL). 

Death receptors 4 and 5 (DR4 and DR5) are receptors for TRAIL that can result in induction 

of caspase-8 activity through the formation of a death-inducing signaling complex (DISC) 

(200). 

Inagaki et al. showed that TRY can induce apoptosis in U937 leukemia cells by 

facilitating the formation of a DISC composed of DR5 and caspase-8, with subsequent 
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caspase-8 activation. Furthermore, it was found that this activity only occurred in cancerous 

U937 cells but not in healthy peripheral blood lymphocytes (PBLs). This is largely due to the 

fact that the U937 cells express lower levels of a decoy receptor (DcR1) that is responsible 

for the healthy PBLs resistance to induction of apoptosis by TRY. This is a promising result 

in the search for compounds that are cancer specific in action and avoid negatively affecting 

healthy cells in the process (87). 

1.5.6.7 2-phenylethanol 

In addition to being produced by yeast and LAB, 2PE is also found in a variety of 

plant sources. In fact, its most common use is found in the fragrance and food industries due 

to the strong floral aroma that the alcohol possesses (159). Contrary to TY and to some 

degree TRY, there is little to no nutraceutical based research surrounding 2PE. Its remaining 

applications have been demonstrated in molecular biology, where 2PE has been shown to 

exhibit anti-bacterial effects against E. coli and S. aureus by interfering with protein 

synthesis, including DNA and RNA synthesis. This bactericidal action is believed to be 

caused as a result of 2PEs conversion into an aldehyde. While this bactericidal activity has 

been effectively demonstrated, the inhibitory and lethal concentrations required are much 

higher than concentrations of 2PE commonly found in the diet (118). Therefore, this action 

of 2PE has no true relevance to the potential bioactivity of the alcohol within dietary sources 

based on current evidence. 
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1.6 Summary and Conclusions 

Research has shown that many foods containing phenolic compounds may provide a 

beneficial effect on human health; however, isolating molecules of the highest efficacy, 

identifying effective concentrations, and understanding the effects of food systems on 

biological activity are all reasons for the continued investigation of neutraceuticals and 

functional foods. Among AOHs, TY has been shown to successfully inhibit NO and PGE2 

formation in vitro. While anti-inflammatory activity has not been demonstrated in TRY or 

2PE, TRY in particular displays significant antioxidant activity. This makes TRY a potential 

modulator of cellular redox signaling, which may impact inflammation. More research is 

clearly needed to better understand the anti-inflammatory potential of AOHs. 

 While investigating the ability of AOHs to modulate inflammatory processes is 

important, the activity of AOHs in vitro does not necessarily correlate to the action of these 

molecules in a food system. Administering a servings worth of AOHs in a pill or supplement 

could potentially be more effective and more appealing to a consumer who would rather not 

consume a fermented food or beverage. Therefore, it is necessary to better understand the 

potential benefits of AOHs on human health and how those benefits can be made available to 

the consumer. 
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CHAPTER 2: Preliminary Experiments 
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2.1 Introduction  

Preliminary experiments were performed in order to determine concentrations of 

LPS, IFN-γ, and AOHs that would be ideal in the context of this research. When deciding on 

a concentration for LPS and IFN-γ, the primary goal was to find concentrations where PGE2 

and NO concentrations would be at their maximum, indicating a successful induction of 

inflammation. Since inflammatory response can change over time, time after induction was 

also investigated during preliminary experiments. AOH concentrations were investigated for 

their effects on cell viability only. The concentrations of all treatments during the preliminary 

experiments were guided by peer-reviewed literature and, where applicable, the chosen 

concentrations were in agreement with those used throughout the literature. However, the 

chosen AOH concentrations were lower than those found in literature and more 

representative of AOH concentrations that may be found in foods, increasing the potential 

applicability of this work. 

2.2 Determining LPS Concentration 

 LPS was examined at three different concentrations every six hours over the course of 

24 hours. As 1μg/ml is a commonly used concentration in inflammatory research, it served as 

a lower limit for the concentrations tested  (3). With the goal of maximizing inflammatory 

response, two higher concentrations were investigated (5μg/ml and 10μg/ml). As shown in 

Figure 2.1, LPS at 5μg/ml resulted in NO production exceeding that of LPS at 1μg/ml. 

However, LPS at 10μg/ml did not result in significantly higher NO production over LPS at 

5μg/ml. A similar trend can be observed in Figure 2.2, where PGE2 production in response to 
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5μg/ml of LPS is higher than the response to 1μg/ml of LPS. Here, it is also apparent that 12 

hours post-induction with LPS is the time point at which PGE2 concentration is highest under 

these conditions. 

 

 

Figure 2.1 NO2
-
 concentration in response to treatment with LPS at 1, 5, and 10μg/ml at 6, 

12, 18, and 24 hours post induction. 
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Figure 2.2 PGE2 concentration in response to treatment with LPS at 1, 5, and 10μg/ml at 6, 

12, 18, and 24 hours post induction. 

 

 

 

 In accordance with these results, LPS at 5μg/ml was selected for further investigation. 

Additionally, the time points 18 and 24 hours post induction were selected for further 

investigation due to heightened concentrations of PGE2 and NO2
-
, respectively. 

2.3 Examining LPS in Combination with IFN-γ 

 While a concentration for LPS and time points post induction had been selected, 

further experimentation was needed to examine the additive effects of IFN-γ on 

inflammation. Figure 2.3 shows the effects of IFN-γ at 10 and 25U/ml in combination with 

LPS at 5μg/ml at 18 and 24 hours post induction. Both concentrations of IFN-γ were selected 

based on their use in inflammatory based research (1, 2). IFN-γ at 25U/ml showed no 

significant increase in NO production when compared 
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Figure 2.3 NO2
-
 concentration in response to treatment with LPS at 5μg/ml and IFN-γ at 

10U/ml or 25U/ml 18 and 24 hours post induction. 

 

 

 

to cells treated with IFN-γ at 10U/ml. The same can be said when examining PGE2 under the 

same conditions (Figure 2.4). In light of these results, the 10U/ml concentration of IFN-γ was 

selected for use from this point onward. 
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Figure 2.4 PGE2 concentration in response to treatment with LPS at 5μg/ml and IFN-γ at 

10U/ml or 25U/ml 18 and 24 hours post induction. 

 

 

 

2.3.1 Cell Viability after Induction 

Having initially selected concentrations of LPS and IFN-γ at 5μg/ml and 10U/ml 

respectively, the effects of these concentrations on cell viability were investigated using the 

MTT assay. Figure 2.5 shows that the 5μg/ml concentration of LPS resulted in significantly 

lowered cell viability when compared to the Negative Control. Due to these results, the 

concentration of LPS was lowered to 1μg/ml. 

 In addition to examining cell viability using a lower concentration of LPS, the cell 

viability over a period of 30 hours was also investigated. Figure 2.6 shows that RAW 264.7 

cells treated with LPS at 1μg/ml and IFN-γ at 10U/ml underwent no significant reductions in 

cell viability up to 30 hours post treatment. In light of this finding, 1μg/ml of LPS and 
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10U/ml of IFN-γ was used for induction of inflammation throughout the remainder of this 

research. 

 

 

 

Figure 2.5 Cell viability assay at 30 hours post induction with LPS at 5μg/ml and IFN-γ at 

10U/ml. 
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Figure 2.6 Cell viability assay from 6 to 30 hours post induction with LPS at 1μg/ml and 

IFN-γ at 10U/ml. 

 

 

 

2.4 Determining AOH Concentrations 

 In an effort to determine a single, non-toxic AOH concentration that could be used for 

comparison purposes across the remainder of the study, initial cell viability experiments, 

testing multiple concentrations were done using the MTT assay. Initial concentrations of TY, 

were guided by the existing literature. Similar initial concentrations were chosen for the 

AOHs used in this study, TRY and 2PE. Figure 2.7 shows that with the exception of TY at 

0.5mM, TRY at 0.5mM, and TRY at 1mM, significant reductions in cell viability were 

observed for all concentrations tested. 
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Figure 2.7 Cell viability assay 24 hours post treatment with AOHs. 

 

 

 

 Based on these findings, the experiment was repeated with a concentration range of 

0.1-1.0 mM. Figure 2.8 shows that neither of the AOHs resulted in significantly reduced cell 

viability over a 24 hour period. The highest concentration tested at which all AOHs could be 

treated without significant reductions in cell viability was found to be 1 mM; therefore, 1 

mM concentrations of each AOH were used throughout the remainder of this research. 
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Figure 2.8 Cell viability assay 24 hours post treatment with AOH concentration range of 0.1-

1mM. 

 

 

 

2.5 Conclusions 

 LPS and IFN-γ were found to be effective at stimulating an inflammatory response 

over a period of 24 hours without causing significant reductions in cell viability up to 30 

hours post-induction at concentrations of 1 μg/ml and 10 U/ml, respectively. Each of the 

AOHs were found to cause no significant reductions in cell viability up to 24 hours at 

concentrations up to 1 mM. The selected concentrations of LPS and IFN-γ were consistent 

with those used in inflammatory research. Importantly, the selected concentrations of AOHs 

are within the range of concentrations that may be found in food products, giving this 

research relevancy to consumers of fermented foods and beverages. 
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CHAPTER 3: The Effects of Aromatic Alcohols on COX-2, PGE2 Synthase, and PGE2 

in LPS and IFN-γ Induced RAW 264.7 Macrophage Cells  
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3.1 Abstract 

 Aromatic alcohols (AOHs) are produced by yeast, and potentially by lactic acid 

bacteria, during amino acid metabolism (8, 17). Varying levels of AOHs have been 

quantified in beer, wine, and other fermented foods (2, 25). The AOHs tyrosol (TY), 

tryptophol (TRY), and 2-phenylethanol (2PE) function as signaling molecules in microbes 

and are consumed by humans in fermented products. Since the majority of the immune 

system resides in the intestinal tract, AOH may influence immune signaling. However, the 

anti-inflammatory properties of AOH have not been extensively investigated. This study 

examined the effects of AOH on lipopolysaccharide (LPS) and interferon-γ (IFN-γ) induced 

inflammation 18 and 30 hours post induction in RAW 264.7 mouse macrophage cells.  Cell 

viability, cyclooxygenase-2 (COX-2), prostaglandin E2 synthase (PGE2S), and prostaglandin 

E2 (PGE2) were assessed using the MTT assay, Western blotting, and ELISA, respectively. 

Non-toxic concentrations of TY, TRY and 2PE significantly (p < 0.001) lowered PGE2 levels 

at the 18 hour time point.  At 30 hours, TY and TRY, but not 2PG lowered PGE2 levels.  No 

significant inhibition of COX-2 or PGE2S expression was observed, however, indicating that 

AOHs had no effects on protein expression.  This study indicates that AOH present in 

fermented products have potential anti-inflammatory effects.  

3.2 Introduction 

Environmental factors, including diet, activity level, and other lifestyle choices are 

continually being implicated in their role as variables contributing to the onset of chronic 

disease. The onset of one third of potentially preventable cancers can be attributed to dietary 
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factors (1). In light of this, dietary antioxidants and phytonutrients, have garnered increased 

interest as parts of the diet that may play a beneficial role in the fight against chronic 

inflammatory diseases. Dietary phenolics found in fruit, vegetables, wine, and beer are now 

accepted as a contributing factor to the protective effects of some diets (12, 20). While 

dietary recommendations currently exist for some antioxidants, phenolic compounds are 

continuing to emerge as potential candidates of significant dietary antioxidant capability. 

However, more research is needed before daily recommendations can be determined. 

In light of ongoing research outlining the potential health benefits of phenolic 

compounds, the list of molecules in the human diet that may impact health continues to grow. 

The molecules of interest to this study are the AOHs TY, TRY, and 2PE. AOHs are formed 

during the fermentation of foods and beverages by yeast and lactic acid bacteria (LAB). In 

the case of beer and wine fermentations, amino acids in the wort or must serve as the primary 

nitrogen source for the yeast, and AOHs are a resulting product of the metabolism of the 

aromatic amino acids, tyrosine, tryptophan, and phenylalanine (3). 

In the effort to treat inflammatory diseases, the COX-2 pathway is often targeted, 

because the over expression of COX-2 and the resulting PGs is indicative of many 

inflammatory diseases, including cancer (19, 29, 30). PGE2, the most abundant and 

widespread prostaglandin in the body, is present in many different tissue types and is integral 

to a wide range of physiological responses that are both concentration and location dependent 

(10, 13, 28). However, of all the prostanoids in the COX pathway, PGE2 is most associated 

with carcinogenesis. PGE2 has been implicated as a promoter of several different 
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carcinogenic factors including the induction of oncogenes (11), promoting angiogenesis (24), 

and the growth (5) and metastasis of tumors (9). As such, high levels of PGE2 are strongly 

correlated with many types of cancer (23). 

An additional target within the COX-2 pathway is PGE2S, which catalyzes the 

conversion from PGH2 to PGE2. PGE2S has been shown to play an important role in the 

promotion of inflammatory response and the development of inflammatory diseases (27). 

Despite the complexity of targeting mPGE2S-1, evidence continues to emerge in support of 

using mPGE2S-1 inhibition as an effective means of addressing inflammatory diseases, 

including cancer (26) and neurological disorders (16). 

In this study, murine macrophage cells were used as a model to investigate the effects 

of AOHs on immune signaling. This model can yield valuable results due to the fact that 

macrophages are a “frontline defender” in the body’s fight against injury, infection, and 

disease. As such, they are equipped with the ability to respond to and release a number of 

signaling molecules. When these signaling molecules come into contact with macrophages, a 

signaling cascade occurs that includes nuclear factor kappa B (NF-κB) activation and 

subsequent activation of inflammatory pathways including arachidonic acid metabolites, the 

COX-2 pathway, and ultimately PGE2 production (14). 

While some studies have been performed investigating the anti-oxidant capacity of 

some AOHs (17, 21), no work has been done to investigate the anti-inflammatory capacity of 

these compounds, with the exception of TY (7). For this reason, we examined the effects of 
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three AOHs (TY, TRY, and 2PE) on COX-2 and PGE2S expression, as well as PGE2 

formation in LPS and IFN-γ stimulated RAW 264.7 macrophage cells. 

3.3 Materials and Methods 

3.3.1 Cell Culture 

 RAW 264.7 murine macrophage cells were acquired from American Type Culture 

Collection (ATCC, Manassas, Virginia) and maintained in Dulbecco’s Modified Eagle Medium 

(DMEM) (Invitrogen; Carlsbad, CA) with 5% fetal bovine serum (FBS) and 1% penicillin-

streptomycin-glutamine at 37°C in an atmosphere of 5% CO2. 

3.3.2 Preparation of AOH Standards 

A 1mM solution of TY (Indofine Chemical Company, Inc, Hillsborough, NJ) was 

prepared by dissolving 27.63 mg of TY in 200 ml of 5% media. A 1mM solution of TRY 

(Acros Organics, New Jersey, USA) was prepared by first dissolving 32.24 mg of TRY is 0.6 

ml of ethanol. Volume of the solution was then brought to 200 ml using 5% FBS media. A 1 

mM solution of 2PE (Alfa Aesar®) was prepared by dissolving 24.43 mg of 2PE in 200 ml 

of 5% media. 

3.3.4 Treatment of Cells 

 RAW 264.7 cells were plated at a concentration of 4 × 10
5
 cells/ml in 12 well plates 

and incubated at 37°C and 5% CO2. Once 50% confluency was reached, the spent media was 

removed and refreshed with 5% FBS media containing TY (1mM), TRY (1mM), or 2PE 

(1mM) and LPS (O55:B5, 1 ng/ml, Sigma; St. Louis, MO)  and IFN-γ (10 U/ml, 

eBioscience; San Diego, CA) were added. Cells were then incubated at 37°C and 5% CO2. 
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After 18 and 30 hours, cells were harvested for media and cell lysate samples using a protein 

extraction reagent and protease inhibitors. 

The typical treatment scheme for each experiment was as follows: 

1) Negative Control (cells and media only) 

2) Positive Control (cells, LPS (1 μg/ml), and IFN-γ (10 U/ml)) 

3) TY Control (cells and 1 mM TY) 

4) TRY Control (cells and 1 mM TRY) 

5) 2PE Control (cells and 1 mM 2PE) 

6) TY (1 mM), cells, LPS (1 μg/ml), and IFN-γ (10 U/ml) 

7) TRY (1 mM), cells, LPS (1 μg/ml), and IFN-γ (10 U/ml) 

8) 2PE (1 mM), cells, LPS (1 μg/ml), and IFN-γ (10 U/ml) 

9) Negative Control (cells and media only) 

10) Positive Control (cells, LPS (1 μg/ml), and IFN-γ (10 U/ml)) 

11) TY Control (cells and 1 mM TY) 

12) TRY Control (cells and 1 mM TRY) 

13) 2PE Control (cells and 1 mM 2PE) 

14) TY (1 mM), cells, LPS (1 μg/ml), and IFN-γ (10 U/ml) 

15) TRY (1 mM), cells, LPS (1 μg/ml), and IFN-γ (10 U/ml) 

16) 2PE (1 mM), cells, LPS (1 μg/ml), and IFN-γ (10 U/ml) 

Treatments 1-8 were harvested 18 hours post induction, while treatments 9-16 were  

harvested 30 hours post induction. 
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3.3.5 Cell Viability 

The MTT assay was adapted from the method developed by Mosmann (1983). At 18 

hours post induction, 16 μl of MTT solution (7.8 mg/ml) was added to each treatment well. 

The cells were then incubated at 37°C and 5% CO2 for an additional 2 hours in order to allow 

development of formazan crystals. After the 2 hour incubation, the media was removed from 

each well and the crystals were dissolved in 0.5 ml of acidified isopropanol. Absorbance was 

then read at 620 nm using a Perkin Elmer® Enspire 2300 Multilabel Reader. 

3.3.6 PGE2 ELISA 

PGE2 concentration in the media was determined using a PGE2 EIA kit purchased 

from Caymen Chemical (Ann Arbor, MI). The manufacturer’s instructions were followed 

throughout the procedure. 

3.3.7 COX-2 and PGE2S Western Blot Analysis 

 The protein concentration of each cell lysate sample was determined by BCA protein 

assay (Pierce; Rockford, IL). Samples were adjusted for equal protein concentration and 

prepared for loading using an SDS loading buffer and boiling. SDS-PAGE was run on a 12% 

Tris-Glyceine gel before transferring the proteins to a PVDF membrane using the iBlot® Dry 

Blotting System (Life Technologies ™). 

 The membranes were blocked overnight with a 5% BSA blocking buffer. The 

membrane was incubated in primary COX-2 or PGE2S (polyclonal; murine, host: rabbit; 

Caymen Chemical Company) antibody for 24 hours at 4°C. The membrane was then washed 

in tris buffered saline (TBS) prior to incubation with secondary antibody (anti-rabbit, COX-
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2: alkaline phosphatase linked, PGE2S: horse radish peroxidase linked; Cell Signaling 

Technology, Inc., Danvers, MA) at room temperature for 90 minutes. The membrane was 

washed in TBS-T (1% Tween-20 in TBS) prior to visualization with CDP* Reagent (New 

England BioLabs, Inc.) for COX-2 detection or LumiGLO® Reagent (Cell Signal 

Technology, Inc.) for PGE2S detection. Beta actin was also visualized as an internal control. 

Densitometry was performed using USCAN-IT gel 6.1 software (Silk Scientific, Inc., Orem, 

Utah). 

3.4 Results and Discussion 

3.4.1 Cell Viability Assay  

Figure 3.1 shows the cell viability of RAW 264.7 cells under each treatment 18 hours 

after induction of inflammation with LPS and IFN-γ as a percentage of the Negative Control. 

Cell viability was not adversely affected by any of the treatments at the 18 hour time point. 

While all treatments resulted in a higher absorbance than the Negative Control, only the 2PE 

Control was significantly higher at 125% ± 0.89%. 
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Figure 3.1 Cell viability assay at 18 hours post induction. Different letters indicate 

significant difference (P<0.001). 

 

 

 

Figure 3.2 shows the cell viability of RAW 264.7 cells under each treatment 30 hours 

after induction of inflammation with LPS and IFN-γ as a percentage of the Negative Control. 

Lower viability was observed in all cells treated with LPS and IFN-γ. Initially, this could 

mean that these treatments are resulting in cytotoxicity and cell death at the 30 hour time 

point. However, upon close inspection of the cell morphology for each of these treatments, a 

different conclusion can also be postulated. 
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Figure 3.2 Cell viability assay at 30 hours post induction. Different letters indicate 

significant difference (P<0.001). 

 

 

 

Figure 3.3 shows how cell morphology changes over time under different treatments. 

Regardless of treatment, cell density increases with time. However, the change in shape of 

individual cells over time can yield valuable clues as to what is happening at that time point. 

The Negative Control does not appear to have any noticeable change in cell morphology 

from 18 to 30 hours. However, the progressive change in the shape of cells in the Positive 

Control is worth noting. 

a 
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Figure 3.3 Comparison of Neg Control, Pos Control, TY, and TY + LPS/IFN-γ at 18 and 30 

hours. Treatments containing TY are indicative of cell morphology for all AOHs. 
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 After activation, macrophages will continue to respond to induction of inflammation 

until either the threat is eliminated or the macrophage itself is incapable of continuing its role 

due to signaling that terminates its activation. This results in apoptosis of the macrophage 

which has a characteristic morphology (15). A classical morphology associated with 

apoptosis is blebbing of the plasma membrane, a spreading out of the cell, and finally a loss 

of adherence to any surface (6). 

 Figure 3.3 shows evidence of blebbing under different treatments. No blebbing 

appeared to occur in the Negative Control or any treatments containing only the AOH. 

However, the cells induced for inflammation showed a noticeable change in cell morphology. 

Additionally, blebbing appears to be more extensive after 30 hours, indicating that as 

response to inflammation progresses, blebbing, and by extension apoptosis, becomes more 

common. A cell that is undergoing or has completed apoptosis is less capable or completely 

incapable of reducing the MTT to a formazan crystal. While Figure 3.3 is only an 

observation and not a confirmation of apoptosis, it was concluded that the lowered 

absorbances seen in Figure 2.2 were not a result of cytotoxicity, but a potential result of 

apoptosis occurring in the treatments induced with LPS and IFN-γ. This observation also 

serves as further evidence that the selection of a 30 hour time point was successful in 

targeting a period during inflammatory response that is distinctly different than the 18 hour 

time point. 
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3.4.2 PGE2 ELISA 

 PGE2 ELISA was performed to determine the concentration of PGE2 in the media 18 

and 30 hours post induction. Figure 3.4 shows PGE2 concentrations for each treatment after 

18 hours. While the Positive Control expectedly contained the highest concentration of PGE2, 

neither the Negative Control nor any of the treatments containing AOHs alone showed any 

significant concentration of PGE2. This is significant because it could be possible for the 

AOHs themselves to have pro-inflammatory activity; however that is not the case based on 

these results. 

 

 

 
 

Figure 3.4 PGE2 concentration at 18 hours post induction. Different letters indicate 

significant difference (P<0.001). 
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 When RAW cells were treated with AOHs in combination with LPS and IFN-γ, all 

three of the AOHs were confirmed as inhibitors of PGE2 at 18 hours. TY and TRY were the 

most successful interventions with concentrations of PGE2 at 49.85 ± 15.7 and 17.88 ± 5.8 

pg/ml respectively, compared to the Positive Control, which had a PGE2 concentration of 

653.3 ± 226.12 pg/ml. 2PE was also successful in lowering PGE2 levels to 379.77 ± 90.07 

pg/ml. 

 At 30 hours (Figure 3.5) post induction, both TY and TRY continue to inhibit PGE2 

levels. Compared with the Positive Control at a PGE2 concentration of 1177.86 pg/ml, 

treatment with TY and TRY held PGE2 concentrations low at 121.89 ± 7.8 and 32.45 ± 1.79 

pg/ml, respectively. However, 2PE was no longer capable of inhibiting PGE2 production at 

the 30 hour time point. 

 

 

 

 



88 

 

 

 

 

 

 
 

Figure 3.5 PGE2 concentration at 30 hours post induction. Different letters indicate 

significant difference (P<0.001). 

 

 

 

The ability to inhibit PGE2 production is a valuable function of an anti-inflammatory 

intervention due to the role of PGE2 in inflammatory processes. PGE2 inhibition is also of 

great value in the treatment of chronic inflammatory diseases such as cancer, inflammatory 

bowel disease, and neurological disorders, which have all been associated with high levels of 

PGE2 (23, 5, 24). 

Since PGE2 is a product of the COX pathway (Figure 3.6), it’s logical to investigate 

whether or not COX-2 inhibition is a potential mechanism by which PGE2 concentrations 

have been modulated. COX is a commonly targeted enzyme in a large number of anti-

inflammatory drugs in use today (19, 29, 30). 
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Figure 3.6 Conversion of arachidonic acid to PGE2. 

 

 

 

3.4.3 COX-2 Western Blot 

At 18 hours post induction, COX-2 was detected by Western blot in all the samples 

that were induced for inflammation (Figure 3.7). Initially, this is an indicator that treatment 

with LPS and IFN-γ is effective in up-regulating COX-2. Additionally, cells in the Negative 

Control treatment group did not produce any detectable levels of COX-2, meaning that a 

clear distinction has been made between the Positive and Negative Controls with regards to 

COX-2 production. 

 Neither of the AOHs by themselves caused the macrophages to produce any 

detectable levels of COX-2. This indicates that AOHs did not exhibit any pro-inflammatory 
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activity through up-regulating of COX-2. It also allows for a direct comparison to be made 

between the Positive Control and the treatments combining AOHs with LPS and IFN-γ. 

 When considering whether or not any of the AOHs were successful at modulating 

COX-2 synthesis, densitometry was used to quantify the effects of treatment combinations 

relative to the positive control (Figure 3.7). Based on these results, it is not apparent that any 

of the AOHs were successful in reducing COX-2 levels at 18 hours post induction. 
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Figure 3.7 COX-2 and Beta Actin Western blots. COX-2 densitometry 18 hours post 

induction is expressed in Arbitrary Units as a percentage of the positive control. Different 

letters indicate significant difference (P<0.001) 

 

 

 

At 30 hours post induction, the pattern appeared to be much the same (Figure 3.8). 

Once again, the Positive Control and the combination treatments were the only treatments to 

show any detectable levels of COX-2.There continued to be no statistically significant 

difference between any of the combination treatments and the Positive Control, indicating 

that neither of the AOHs are COX-2 inhibitors at 30 hours. 
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Figure 3.8 COX-2 and Beta Actin Western blots. COX-2 densitometry 30 hours post 

induction is expressed in Arbitrary Units as a percentage of the positive control. Different 

letters indicate significant difference (P<0.001). 

 

 

 

Based on these experiments, it’s clear that none of the AOHs are COX-2 inhibitors. 

However, PGE2 was inhibited by each of the AOHs at 18 hours and by TY and TRY at 30 

hours, indicating that the COX-2 pathway must be modulated by an alternate mechanism. As 

previously mentioned, PGE2S is an often targeted, yet elusive, enzyme in the effort to treat 

inflammatory processes. Due to being further downstream in the COX-2 pathway (Figure 

3.6), a treatment that can effectively inhibit PGE2S without altering COX may serve to treat 
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inflammation without some of the unwanted side effects that are caused by COX inhibitors 

(4). 

3.4.4 PGE2S Western Blots 

 Since PGE2 concentrations decreased after the treatment of AOHs without inhibiting 

COX-2, it was expected that reduction in PGE2 production might be attributed to PGE2S. 

However, PGE2S reduction was not observed for any of the AOHs at 18 hours post induction 

(Figure 3.9). While PGE2S concentrations appeared to be trending lower, especially for 

induced cells treated with TRY, no statistically significant inhibition of PGE2S was found. 
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Figure 3.9 PGE2S and Beta Actin Western blots. PGE2S densitometry 18 hours post 

induction is expressed in Arbitrary Units as a percentage of the positive control. Different 

letters indicate significant difference (P<0.001). 

 

 

 

At 30 hours post induction (Figure 3.10), a completely different behavior was 

observed, where concentrations of PGE2S appeared to be increased much higher than the 

concentrations found in the Positive Control, especially by 2PE. A general pattern was 

observed, where each of the AOHs resulted in an increasing amount of PGE2S up-regulation, 

with TY being the lowest and 2PE being the highest. This behavior was observed whether or 

not the cells had been induced for inflammation. 
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Figure 3.10 PGE2S and Beta Actin Western blots. PGE2S densitometry 30 hours post 

induction is expressed in Arbitrary Units as a percentage of the positive control. Different 

letters indicate significant difference (P<0.001). 

 

 

 

While this study was able to show that AOHs can inhibit the production of PGE2, the 

mechanism by which PGE2 concentrations were effectively lowered was not elucidated. 

While the presence of COX-2 and PGE2S was investigated, the activity of these enzymes was 

not. Therefore, a plausible explanation for the decrease in PGE2 without a decrease in COX-2 

or PGE2S may lie in the activity of the enzymes themselves; meaning, one or both of the 

enzymes may be present but with lowered activity. A second explanation for the results 

found in this study may be attributed to a direct alteration of PGE2 structure by AOHs. 
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3.5 CONCLUSION 

 Treatment of RAW 264.7 cells with AOHs at non-toxic levels resulted in significant 

decreases in PGE2 concentration at 18 and 30 hours after induction of inflammation. COX-2 

inhibition was not a likely cause for this result, as neither of the AOHs had a significant 

effect on COX-2 expression.  PGE2S inhibition was also found to be an unlikely mechanism 

of action. While PGE2S expression did appear to trend downward at 18 hours post induction 

with the treatment of AOHs, no statistically significant decrease in PGE2S expression was 

observed. A decrease in one or both of COX-2 and PGE2S enzyme activity may be 

responsible for the decrease in PGE2. As such, future work should focus on the activity of 

these enzymes under treatment with AOHs. 
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CHAPTER 4: The Effects of Aromatic Alcohols on iNOS, Nitric Oxide, and Caspase-3 

in LPS and IFN-γ Induced RAW 264.7 Macrophage Cells  
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4.1 Abstract 

 Aromatic alcohols (AOHs) are by-products of amino acid metabolism by yeast (6) 

and lactic acid bacteria (15). AOHs have been found at varying concentrations in fermented 

foods, including beer and wine (2, 20). Since the AOHs tyrosol (TY), tryptophol (TRY), and 

2-phenylethanol (2PE) are consumed by humans in fermented products and the majority of 

the immune system resides in the intestinal tract, potential exists for AOHs to modulate 

immune signaling. Given the anti-oxidant properties of some AOHs , interaction with cellular 

redox signaling is possible (8, 15). However, the anti-inflammatory properties of AOH have 

not been extensively investigated. This study examined the effects of AOH on 

lipopolysaccharide (LPS) and interferon-γ (IFN-γ) induced inflammation 18 and 30 hours 

post induction in RAW 264.7 mouse macrophage cells. Cell viability, nitric oxide (NO), 

inducible nitric oxide synthase (iNOS), and cysteine-aspartic acid protease-3 (Caspase-3) 

were assessed using MTT assay, Griess Reagent, and Western blotting, respectively. At 18 

and 30 hours post induction, NO production was significantly reduced by TRY (P<0.001). 

No significant inhibition of iNOS expression was exhibited by any of the AOHs. The effect 

of AOHs on apoptosis was investigated through Caspase-3 Western blot analysis; however, 

no significant effect on Caspase-3 was observed. TRY showed potential for anti-

inflammatory activity by inhibiting NO production, indicating that TRY consumed in 

fermented foods may have the capacity for anti-inflammatory activity within the human 

digestive tract. 
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4.2 INTRODUCTION 

Environmental factors, including diet, activity level, and other lifestyle choices are 

continually being implicated in their role as variables contributing to the onset of chronic 

disease. The onset of one third of potentially preventable cancers can be attributed to dietary 

factors (1). In light of this, dietary factors, such as the consumption of antioxidants and 

phytonutrients, have garnered increased interest as parts of the diet that may play a beneficial 

role in the fight against chronic inflammatory diseases. Dietary phenolics found in fruit, 

vegetables, wine, and beer are now accepted as a contributing factor to the protective effects 

of some diets (9, 16). While dietary recommendations currently exist for some antioxidants, 

phenolic compounds are continuing to emerge as potential candidates of significant dietary 

antioxidant capability. However, more research is needed before daily recommendations can 

be determined. 

In light of ongoing research outlining the potential health benefits of phenolic 

compounds, the list of molecules in the human diet that may impact health continues to grow. 

The molecules of interest to this study are the AOHs TY, TRY, and 2PE. AOHs are formed 

during the fermentation of foods and beverages by yeast and lactic acid bacteria (LAB). In 

the case of beer and wine fermentations, amino acids in the starting material serve as the 

primary nitrogen source for the yeast, and AOHs are a resulting product of the metabolism of 

the aromatic amino acids, tyrosine, tryptophan, and phenylalanine (3). 

NO is a common signaling molecule necessary for normal physiological function but 

is also implicated in the onset and propagation of chronic disease, making it a molecule of 
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particular interest in inflammatory processes. While small amounts of NO are necessary for 

normal function, overexpression of NO by iNOS has been implicated in inflammation, 

making iNOS a popular target for anti-inflammatories (17, 19). 

The role that cellular redox signaling and interference by antioxidants plays in 

inflammation gives reason to suspect that AOHs may modulate levels of iNOS and NO. 

While the constitutive forms (eNOS and nNOS) are regulated by intracellular calcium levels, 

the inducible iNOS is regulated to some degree by NF-κB and mitogen-activated protein 

kinases (MAPKs), both of which are redox sensitive (14). Apoptosis is an additional cellular 

mechanism that may be altered through the modulation of NO levels and cellular redox 

signaling (7, 22). Interestingly, TRY has been identified as a powerful antioxidant and an 

inducer of apoptosis in U937 leukemia cells (12, 15). These factors provide reason to suspect 

that AOHs may modulate iNOS and NO production, as well as apoptosis. 

This study reports that TRY has the capacity to significantly reduce NO production in 

RAW 264.7 macrophage cells challenged with LPS and IFN-γ. iNOS expression was 

investigated as a possible mechanism for the observed reduction in NO production. The 

effect of AOHs on caspase-3 was also investigated to determine the effect of AOHs on 

apoptosis. 

4.3 MATERIALS AND METHODS 

4.3.1 Cell Culture 

 RAW 264.7 murine macrophage cells were acquired from American Type Culture 

Collection (ATCC, Manassas, Virginia) and maintained in Dulbecco’s Modified Eagle Medium 
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(DMEM) (Invitrogen; Carlsbad, CA) with 5% fetal bovine serum (FBS) and 1% penicillin-

streptomycin-glutamine at 37°C in an atmosphere of 5% CO2. 

4.3.2 Preparation of AOH Standards 

A 1mM solution of TY (Indofine Chemical Company, Inc, Hillsborough, NJ) was 

prepared by dissolving 27.63 mg of TY in 200 ml of 5% media. A 1mM solution of TRY 

(Acros Organics, New Jersey, USA) was prepared by first dissolving 32.24 mg of TRY is 0.6 

ml of ethanol. Volume of the solution was then brought to 200 ml using 5% FBS media. A 1 

mM solution of 2PE (Alfa Aesar®) was prepared by dissolving 24.43 mg of 2PE in 200 ml 

of 5% media. 

4.3.3 Treatment of Cells 

 RAW 264.7 cells were plated at a concentration of 4 × 10
5
 cells/ml in 12 well plates 

and incubated at 37°C and 5% CO2. Once 50% confluency was reached, the spent media was 

removed and refreshed with 5% FBS media containing TY (1mM), TRY (1mM), or 2PE 

(1mM) and LPS (O55:B5, 1 ng/ml, Sigma; St. Louis, MO)  and IFN-γ (10 U/ml, 

eBioscience; San Diego, CA) were added. Cells were then incubated at 37°C and 5% CO2. 

After 18 and 30 hours, cells were harvested for media and cell lysate samples using a protein 

extraction reagent and protease inhibitors. 

The typical treatment scheme for each experiment was as follows: 

1) Negative Control (cells and media only) 

2) Positive Control (cells, LPS (1 μg/ml), and IFN-γ (10 U/ml)) 

3) TY Control (cells and 1 mM TY) 
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4) TRY Control (cells and 1 mM TRY) 

5) 2PE Control (cells and 1 mM 2PE) 

6) TY (1 mM), cells, LPS (1 μg/ml), and IFN-γ (10 U/ml) 

7) TRY (1 mM), cells, LPS (1 μg/ml), and IFN-γ (10 U/ml) 

8) 2PE (1 mM), cells, LPS (1 μg/ml), and IFN-γ (10 U/ml) 

9) Negative Control (cells and media only) 

10) Positive Control (cells, LPS (1 μg/ml), and IFN-γ (10 U/ml)) 

11) TY Control (cells and 1 mM TY) 

12) TRY Control (cells and 1 mM TRY) 

13) 2PE Control (cells and 1 mM 2PE) 

14) TY (1 mM), cells, LPS (1 μg/ml), and IFN-γ (10 U/ml) 

15) TRY (1 mM), cells, LPS (1 μg/ml), and IFN-γ (10 U/ml) 

16) 2PE (1 mM), cells, LPS (1 μg/ml), and IFN-γ (10 U/ml) 

Treatments 1-8 were harvested 18 hours post induction, while treatments 9-16 were 

harvested 30 hours post induction. 

4.3.4 Cell Viability 

The MTT assay was adapted from the method developed by Mosmann (1983). At 18 

hours post induction, 16 μl of MTT solution (7.8 mg/ml) was added to each treatment well. 

The cells were then incubated at 37°C and 5% CO2 for an additional 2 hours in order to allow 

development of formazan crystals. After the 2 hour incubation, the media was removed from 
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each well and the crystals were dissolved in 0.5 ml of acidified isopropanol. Absorbance was 

then read at 620 nm using a Perkin Elmer® Enspire 2300 Multilabel Reader. 

4.3.5 NO Determination 

 NO production within each treatment was determined by quantifying NO2
-
, which is a 

stable breakdown product of NO. NO2
-
 was quantified using the Griess Reagent System 

(Promega, Madison, WI) by following the manufacturer’s instructions. 

4.3.6 iNOS and Caspase-3 Western Blot Analysis 

 The protein concentration of each cell lysate sample was determined by BCA protein 

assay (Pierce; Rockford, IL). Samples were adjusted for equal protein concentration and 

prepared for loading using an SDS loading buffer and boiling. SDS-PAGE was run on a 12% 

Tris-Glyceine gel before transferring the proteins to a PVDF membrane using the iBlot® Dry 

Blotting System (Life Technologies ™). 

 The membranes were blocked overnight with a 5% BSA blocking buffer. The 

membrane was incubated in primary iNOS or Caspase-3 (polyclonal; murine, host: rabbit; 

Caymen Chemical Company) antibody for 24 hours at 4°C. The membrane was then washed 

in tris buffered saline (TBS) prior to incubation with secondary antibody (anti-rabbit, horse 

radish peroxidase linked; Cell Signaling Technology, Inc., Danvers, MA) at room 

temperature for 90 minutes. The membrane was washed in TBS-T (1% Tween-20 in TBS) 

prior to visualization with LumiGLO® Reagent (Cell Signal Technology, Inc.). Beta actin 

was also visualized as an internal control. Densitometry was performed using USCAN-IT gel 

6.1 software (Silk Scientific, Inc., Orem, Utah). 
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4.4 RESULTS AND DISCUSSION 

4.4.1 Cell Viability Assay  

Figure 4.1 shows the cell viability of RAW 264.7 cells under each treatment 18 hours 

after induction of inflammation with LPS and IFN-γ as a percentage of the Negative Control. 

Cell viability was not adversely affected by any of the treatments at the 18 hour time point. 

While all treatments resulted in a higher absorbance than the Negative Control, only the 2PE 

Control was significantly higher at 125% ± 0.89%. 

 

 

 
 

Figure 4.1 Cell viability assay at 18 hours post induction. Different letters indicate 

significant difference (P<0.001). 

 

 

 

Figure 4.2 shows the cell viability of RAW 264.7 cells under each treatment 30 hours 

after induction of inflammation with LPS and IFN-γ as a percentage of the Negative Control.  
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Lower viability was observed in all cells treated with LPS and IFN-γ. Initially, this could 

mean that these treatments are resulting in cytotoxicity and cell death at the 30 hour time 

point. However, upon close inspection of the cell morphology for each of these treatments, a 

different conclusion can also be postulated. 

 

 

 
 

Figure 4.2 Cell viability assay at 30 hours post induction. Different letters indicate 

significant difference (P<0.001). 

 

 

 

 Figure 4.3 shows how cell morphology changes over time under different treatments. 

Regardless of treatment, cell density increases with time. However, the change in shape of 

individual cells over time can yield valuable clues as to what is happening at that time point. 

The Negative Control does not appear to have any noticeable change in cell morphology 

a 
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from 18 to 30 hours. However, the progressive change in the shape of cells in the Positive 

Control is worth noting. 
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Figure 4.3 Comparison of Neg Control, Pos Control, TY, and TY + LPS/IFN-γ at 18 and 30 

hours. Treatments containing TY are indicative of cell morphology for all AOHs. 
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 After activation, macrophages will continue to respond to induction of inflammation 

until either the threat is eliminated or the macrophage itself is incapable of continuing its role 

due to signaling that terminates its activation. This results in apoptosis of the macrophage 

which has a characteristic morphology (11). A classical morphology associated with 

apoptosis is blebbing of the plasma membrane, a spreading out of the cell, and finally a loss 

of adherence to any surface (4). 

 Figure 4.3 shows how blebbing is evidence of apoptosis under different treatments. 

No blebbing occurs in the Negative Control or any treatments containing only the AOH. 

However, if the cells are induced for inflammation, a noticeable change in cell morphology is 

observed. Additionally, blebbing appears to be more extensive after 30 hours, indicating that 

as response to inflammation progresses, apoptosis becomes more common. A cell that is 

undergoing or has completed apoptosis is less capable or completely incapable of reducing 

the MTT to a formazan crystal. Therefore, it was concluded that the lowered absorbances 

seen in Figure 4.2 were not a result of cytotoxicity, but a result of apoptosis occurring in the 

treatments induced with LPS and IFN-γ. This finding also serves as confirmation that the 

selection of a 30 hour time point was successful in targeting a period during inflammatory 

response that is distinctly different than the 18 hour time point. 

4.4.2 NO Determination 

NO plays a number of physiological roles including those involved in inflammation. 

Therefore, the presence of NO should be expected at baseline levels during homeostasis. 

However, dramatically increased concentrations of NO can be strongly correlated with 
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inflammation, due to the increased production of NO by iNOS (17). In turn, if NO production 

can be quantified and compared between samples, the effects of AOHs on NO and iNOS 

mediated inflammation can be determined. 

 In biological systems, NO reacts with target systems or is quickly broken down into 

NO2
-
 or ONOO

-
. While concentrations of NO can be determined, quantifying a stable 

breakdown product, like NO2
-
, can be more indicative of how NO levels fluctuated over a 

period of time. In these experiments, NO2
-
 was quantified in an effort to determine NO 

production up to 18 and 30 hours post induction. 

 

 

 
 

Figure 4.4  NO2
-
 concentration at 18 hours post induction. Different letters indicate 

significant difference (P<0.001). 
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At both 18 and 30 hours post induction (Figure 4.4 and Figure 4.5), only the 

treatments including LPS and IFN-γ exhibited significantly heightened concentrations of 

NO2
-
. Similar to the results of the PGE2 ELISA, this primary observation serves to show that 

the Negative Control is not producing elevated concentrations of NO when compared to the 

Positive Control. Also gathered from this data, is that the controls for TY, TRY, and 2PE are 

not causing an elevation in NO production by themselves. 

 As expected, NO2
-
 concentrations increased as the experiment progressed in all 

treatments induced for inflammation. In contrast, no significant increase in NO concentration 

was seen from 18 to 30 hours in treatments not including LPS and IFN-γ. Compared to the 

Positive Control, TRY alone showed a significant decrease in NO2
-
 concentration through 

both 18 and 30 hours post induction. This was initially surprising, as it contradicted 

previously published results, which reported that TY at 2mM significantly reduced NO 

production in LPS induced RAW264.7 cells (5). 
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Figure 4.5  NO2
-
 concentration at 30 hours post induction. Different letters indicate 

significant difference (P<0.001). 

 

 

 

4.4.3 iNOS Western Blot 

At both 18 and 30 hours post induction, iNOS was detected by Western blot in all the 

samples that were induced for inflammation (Figure 4.6). Initially, this is an indicator that 

treatment with LPS and IFN-γ is effective in up-regulating iNOS. Additionally, cells in the 

Negative Control treatment group are not producing any detectable levels of iNOS, meaning 

that a clear distinction has been made between the Positive and Negative Controls with 

regards to iNOS production. 

 Neither of the AOHs by themselves caused the macrophages to produce any 

detectable levels of iNOS. This provides sufficient evidence to conclude that AOHs are not 

exhibiting any pro-inflammatory activity through up-regulation of iNOS. It also allows for a 
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direct comparison to be made between the Positive Control and the treatments combining 

AOHs with LPS and IFN-γ. 

 

 

 

 

 
 

Figure 4.6 iNOS and Beta Actin Western blots. iNOS densitometry 18 hours post induction 

is expressed in Arbitrary Units as a percentage of the positive control. Different letters 

indicate significant difference (P<0.001). 

 

 

 

Based on these experiments, it’s clear that none of the AOHs inhibited iNOS 

expression. However, NO concentration was significantly lowered by TRY at 18 and 30 

hours post induction, indicating that the iNOS pathway or the presence of NO itself must be 

modulated by an alternate mechanism. While iNOS expression is not being inhibited, it may 
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be that the enzymatic activity of iNOS is being directly modulated by AOHs. An additional 

explanation for seeing a reduction in NO production without a reduction in iNOS may be 

attributed to antioxidant potential of TRY. iNOS is regulated to some degree by NF-κB and 

mitogen-activated protein kinases (MAPKs), both of which are redox sensitive (14). Since 

iNOS is redox sensitive and NO is a reactive nitrogen species, it is apparent how antioxidant 

concentrations can potentially alter the activity of iNOS or directly interact with NO or its 

breakdown products. 
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Figure 4.7 iNOS and Beta Actin Western blots. iNOS densitometry 30 hours post induction 

is expressed in Arbitrary Units as a percentage of the positive control. Different letters 

indicate significant difference (P<0.001). 
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4.4.4 Caspase-3 Western Blots 

No significant decrease in procaspase-3 levels was observed in any of the treatments 

when compared to the Positive Control at 18 or 30 hours post induction (Figure 4.8 and 4.9). 

While active caspase-3 was visually detectable in some treatments induced for inflammation, 

the results were inconsistent and could not be investigated further using densitometry. This is 

in contrast to morphological images (Figure 4.3) showing characteristic signs of apoptosis 

occurring in treatments including LPS and IFN-γ. 

 

 

 

 

 
 

Figure 4.8 Procaspase-3 and Beta Actin Western blots. Caspase-3 densitometry 18 hours 

post induction is expressed in Arbitrary Units as a percentage of the positive control. 

Different letters indicate significant difference (P<0.001). 
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One possible explanation for the observed results is sample timing. While procaspase-

3 does have some enzymatic activity, it is very low in comparison to the active form (23). 

Therefore, procaspase-3 activity alone could not be responsible for the morphological 

changes observed in the cells. If the treatments had been sampled at a later time point, active 

caspase-3 may have been present in higher concentration, providing a logical bridge between 

the morphological changes of the cells and the onset of apoptosis. 

 An additional cause may be directly linked to NO concentration at the time of 

sampling. NO has previously been mentioned for its pro-apoptotic effects, but it can also 

effectively delay apoptosis through caspase-3 inhibition via S-nitrosation of the Cys-163 

residue of the enzyme (21). Without knowing the exact levels of NO at the time of sampling, 

it is difficult to conclude that this is a direct cause, but the possibility is worth noting. 
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Figure 4.9. Procaspase-3 and Beta Actin Western blots. Caspase-3 densitometry 30 hours 

post induction is expressed in Arbitrary Units as a percentage of the positive control. 

Different letters indicate significant difference (P<0.001). 

 

 

 

NO plays an active role in apoptosis, and correlations between NO and caspase-3 

concentrations can be found in many cases. NO facilitates the release of cytochrome-c from 

the mitochondrion and the subsequent activation of caspase-9 and caspase-3. Therefore, 

inhibiting NO could lead to lowered concentrations of active caspase-3 and reduced apoptotic 

activity (10, 11, 13). In this study, the lowered NO concentrations in the cells treated with 

TRY may be responsible for the lack of active caspase-3, however this does not explain the 

absence of active caspase-3 in the remaining treatment groups. 
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4.5 CONCLUSION 

Aromatic alcohols have been reported to have potential anti-inflammatory activity.  In 

this study, the aromatic alcohol TRY significantly inhibited production of the pro-

inflammatory compound NO in LPS/IFN-gamma induced RAW 264.7 cells at two time 

points, without significantly affecting iNOS expression.  The pro-apoptotic enzyme caspase-

3 has been reported to be associated with NO levels, but no associations between caspase-3 

expression and NO levels were observed in this study.  Future research should further 

examine the mechanisms associated with NO inhibition. 
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