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Abstract 

Background 

Caffeine is the most widely used compound that exerts a pharmacological effect 

on the central nervous system and is found most predominantly in coffee.  It has been 

well established that coffee has a beneficial effect on numerous disease states including 

depression. 

A number of prospective and cohort studies have shown the benefit of coffee in 

preventing episodes of depressive symptoms.  Studies indicate that the amount of coffee 

consumed is important with studies showing that moderate intake of caffeinated coffee 

may be beneficial in decreasing the risk of developing symptoms of clinical depression.  

It has however been shown that high consumption of coffee increases the risk of 

depression and suicide.  It appears that caffeine in combination with other constituents 

of coffee may be required to show the antidepressant activity. To date very few studies 

have been undertaken to evaluate components of coffee for their antidepressant effects 

and no studies have been undertaken assessing these compounds in combination with 

caffeine and their subsequent effects on symptoms of depression. 

Over the last 50 years there have been countless proposed hypotheses of 

depression many of which are flawed including the well-accepted monoamine theory of 

depression.  As a result of the shortcomings identified in this theory, numerous newer 

theories of depression have been proposed in recent times.  Evidence strongly supports 

the cytokine-serotonin theory of depression as a possible and plausible explanation for 
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the pathophysiology of depression.  This theory involves numerous components 

including increased inflammation, dysregulation of tryptophan catabolism, resulting in 

the accumulation of the neuroactive compounds known as the kynurenine metabolites 

and an alteration in the serotonergic system.  Due to the complex, heterogeneous nature 

of depression, this theory may provide a better explanation of the pathophysiology of 

depression and as a result, this study will evaluate the effects of caffeine and caffeine in 

combination with other constituents of coffee on the various parameters outlined above. 

Hypothesis and aims 

It is hypothesised that caffeinated coffee, along with key bioactive coffee 

constituents will be beneficial in behaviours and biomarkers of depression in in vivo and 

in vitro models of depression and inflammation.  

There were three aims of the study.  The primary aim of this study was to assess 

the effects of caffeinated coffee, decaffeinated coffee and caffeine on behaviours and 

biomarkers associated with depression in an in vivo inflammatory model of depression.  

Although traditionally in vitro assays are performed prior to in vivo assays, in this study 

this is not the case.  This is due to the need to establish the differences in antidepressant-

like activities associated with the consumption of caffeine, caffeinated coffee and 

decaffeinated coffee in order to investigate the compounds causing the possible activity.  

The secondary aim of this study was to investigate if any key bioactive coffee 

constituents are lost during the decaffeination process using quantitative HPLC analysis 

in order to identify possible compounds contributing to the antidepressant effects of 
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caffeinated coffee.  The third aim of this study was to develop a surrogate microglial-

like and a surrogate neuronal-like in vitro cell-based model and subsequently evaluate 

the effects of key bioactive coffee constituents, alone and in combination with caffeine, 

on inflammatory markers and cell death mechanisms. 

Methods 

The aims of this study were evaluated using a number of different methods.  The 

first aim was evaluated using an in vivo mouse model of neuroinflammation where the 

effects of pre-treatment with caffeine, caffeinated coffee and decaffeinated coffee in 

LPS-exposed mice was assessed with regards to behaviour, tryptophan catabolism and 

markers of inflammation. 

The second aim of this study was achieved through the development of HPLC 

methods to quantify the key bioactive coffee constituents.  Various brand, bean and 

roast matched caffeinated and decaffeinated coffee samples were analysed using the 

developed HPLC methods and differences in constituents identified. 

The tertiary aim of this study was achieved through the development of two 

surrogate cell models.  The first, a surrogate microglial cell model and the second a 

surrogate neuronal cell model.  Subsequently, the effects of key bioactive coffee 

constituents on the parameters of inflammation in the interferon stimulated surrogate 

microglial cell was assessed along with the neurotoxicity of key bioactive coffee 

constituents in the developed surrogate models. 
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Results and discussion 

This study showed caffeinated coffee and caffeine to have positive effects on 

behaviour in animals in the in vivo neuroinflammatory model of depression.  

Furthermore, several of the inflammatory biomarkers associated with depression were 

also modulated in a positive manner by caffeine and caffeinated coffee.  Caffeinated 

coffee was however shown to have more pronounced effects than that of caffeine alone.  

The differences in caffeinated coffee and decaffeinated coffee then showed that ferulic 

acid, one of the key bioactive coffee constituents to be decreased in decaffeinated coffee 

suggesting that it is lost through the decaffeination process.  Successful development of 

two in vitro surrogate cell-based models were then developed representing a microglial-

like and a neuronal-like cell.  These models were then used to evaluate the effects of 

coffee constituents on parameters of inflammation in microglial-like cells and 

neurotoxicity in neuronal-like cells.  Coffee constituents alone appeared to produce 

greater reductions in indoleamine 2,3-dioxygenase (IDO) activity after interferon 

stimulus in comparison to the constituents used in combination with 100 µM of 

caffeine.  Furthermore, several coffee constituents were shown to be neurotoxic at high 

concentrations which may indicate a potential mechanism by which coffee exerts its 

negative mood effects. 

Conclusion 

In conclusion, this study highlighted the antidepressant nature of caffeine and 

caffeinated coffee in an in vivo model of inflammatory depression.  This evidence 

provides support to the causal link between caffeine and caffeinated coffee consumption 

and antidepressant effects.  Furthermore, it was shown that ferulic acid, an important 
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bioactive coffee constituent is lost during the decaffeination process.  Investigations, 

using an in vitro cell-based model, have shown that key bioactive coffee constituents 

may in fact elicit their activities via an anti-inflammatory pathway and through the 

modulation of IDO activity.  Furthermore, the dose dependent negative mood effects 

associated with coffee may be as a result of certain coffee constituents displaying 

neurotoxic properties.  This study highlights the need for further high quality studies, 

and in particular, a randomised controlled trial assessing the effects of caffeine and 

caffeinated coffee consumption on depression. 
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Chapter One - Literature review  

1.1 Introduction 

Coffee is a beverage with one of the highest consumption rates in the world with 

an estimated 16.3 million cups of coffee consumed in Australia alone each day [1, 2].  

Extensive studies have been undertaken to assess the biological effects of coffee and its 

constituents, with numerous health benefits noted including antidepressant activities [3-

5].  The antidepressant effect of coffee consumption is of particular interest, as very few 

studies have investigated these effects with regards to the individual constituents of 

coffee.  To date there have been a limited number of in vivo and epidemiological studies 

assessing the effects of coffee and its key bioactive constituents on depression [3, 4, 6-

10].      

 

An inverse correlation between the consumption of caffeinated coffee and 

depressive symptoms has been shown in a number of large retrospective and 

prospective human epidemiological studies [3-8, 11, 12]. Interestingly, no association 

between caffeine consumption alone and antidepressant activity [3] has been shown, 

suggesting that a combination of caffeine and other bioactive constituents of coffee is 

required for antidepressant activity.  Numerous constituents of coffee have been 

investigated for their biological effects and have been identified to possess 

antidepressant and anti-inflammatory properties, although the concentrations tested are 

much higher than those seen in coffee.  Additionally, no studies have assessed the 

effects of the decaffeination process on the loss of other bioactive coffee constituents to 

date.  Due to these factors, the differences in the bioactive constituent concentrations in 

caffeinated and decaffeinated coffee will be explored.  Furthermore, given the study 
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limitations identified in the human epidemiological studies, the relationship of caffeine 

in combination with other constituents of coffee will be evaluated, both in vivo and in 

vitro, for their anti-inflammatory and antidepressant effects in inflammatory models of 

depression.  

 

Over the last 50 years there have been countless proposed hypotheses of 

depression, the first of which being the monoamine theory of depression.  The 

monoamine theory of depression is the most widely accepted hypothesis of depression.  

The central theme of the theory is the proposed decrease in the central monoamine 

neurotransmitters serotonin (5-HT), noradrenaline (NA) and dopamine (DA) [13].  

However, a major limiting factor for this theory is that changes in the monoamine level 

at the synapse occurs within hours of the first dose of an antidepressant medication 

being given, whereas the antidepressant effects take weeks of continuous therapy to be 

observed [14].  This subsequently led to the adaptation of the monoamine theory of 

depression to suggest that the initial increase in the synaptic monoamine levels leads to 

an adaptive response.  The acute increase in monoamine levels serves to desensitize the 

inhibitory auto- and hetero-receptors, resulting in increased monoaminergic 

transmission that, time wise, would coincide with the appearance of antidepressant 

effects [14].  There are still numerous flaws with this theory of depression but it does 

highlight the importance of 5-HT and NA in the aetiology of depression.  

 

As a result of the shortcomings identified in the monoamine theory of 

depression, numerous newer theories of depression have been proposed in recent times.  

The hypothesis that has the most evidence to support it is the cytokine-serotonin theory 
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of depression [15].  This theory involves numerous components including an increase in 

inflammation, dysregulation of tryptophan (Trp) catabolism, resulting in the 

accumulation of the neuroactive compounds known as the kynurenine metabolites 

(KMs) and an alteration in the serotonergic system [15].  Due to the complex, 

heterogeneous nature of depression, this theory may provide a better explanation of the 

pathophysiology of depression.  The proposed role of each of the components of the 

theory, that is inflammation, Trp catabolism and alteration to the serotonergic system, in 

the pathophysiology of depression will be further explored in greater detail below.  

Furthermore, the effects of coffee and its key bioactive constituents have on these 

components will also be explored below. 

 

As outlined above, coffee has been shown, through a number of large studies to 

exert antidepressant activities, of which it appears caffeine to be an essential component 

of.  This project aims to investigate the combination of caffeine with other constituents 

of coffee in an in vitro model of interferon (IFN) induced inflammation and an in vivo 

model of inflammatory depression for their antidepressant-like activities.  Furthermore, 

their effects on parameters associated with the neuroinflammatory hypotheses of 

depression including anti-inflammatory and Trp catabolism-altering properties will also 

be evaluated. 
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1.2 The antidepressant effects of coffee and its constituents in depression 

1.2.1 Coffee  

Coffee is a beverage with one of the highest consumption rates worldwide [1] 

and contains caffeine, the most widely used psychoactive substance [16].  Coffee is well 

known to have beneficial effects on a number of disease states including type 2 diabetes 

mellitus, Parkinson’s disease, liver disease [17], decreased risk of stroke [18], 

Alzheimer’s disease [19] and depression [3-5]. 

 

Human studies 

A number of prospective studies have shown a positive association between the 

consumption of coffee and the prevention of episodes of depressive symptoms.  Cross-

sectional studies have evaluated the association between caffeine, caffeinated coffee and 

decaffeinated coffee consumption and the relative risk of depression.   

 

An inverse correlation between the consumption of coffee and the risk of 

developing depression has been shown [3, 4, 7].   Studies, with male participants, 

showed a decrease in the risk of depression with moderate consumption by up to 70% in 

comparison to non-drinkers [3, 4, 7]. No association between caffeine alone or 

consumption of decaffeinated coffee and the incidence of depression was observed 

indicating that caffeine in combination with other constituents of coffee may be key in 

the modulation of biomarkers associated with depression [3].  A smaller study following 

approximately 500 Japanese men, showed a risk reduction of up to 40% which may be 
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attributed to either a smaller sample size or ethnicity differences of the two sample 

populations [11].   

 

Coffee also has beneficial effects in specific patient groups including diabetes.  

A recent cross-sectional study evaluating the antidepressant effects of coffee in a type 2 

diabetic population has shown a strong inverse correlation between coffee consumption 

(≥ 3 cups per day) and symptoms of depression (p = 0.023) [8].  This study highlights 

the possible antidepressant effects of coffee in a group of known unhealthy individuals 

however further studies are required to fully investigate if these effects are due to 

caffeinated or decaffeinated coffee and whether coffee provides prevention or treatment 

of depressive symptoms.  

 

Given the nature of cross-sectional studies and their short duration of time, in 

many cases only one time point, limitations exist with regard to the sequence of 

exposure and disease state and as a result, it is very difficult to infer causality from this 

type of study [20].  In addition to this, there are limitations with controlling for 

confounding factors such as the effects of social interactions.  This highlights the need 

to undertake studies that account for and limit the social interaction component.   

 

Numerous prospective cohort studies have evaluated the potential antidepressant 

effects of coffee and have similarly found a strong inverse correlation between coffee 

consumption and the risk of clinical depression [4, 12].  In addition, one large study, 

following over 300,000 older Americans aged 50 to 71 years, found matching 
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correlations between caffeinated and decaffeinated coffee consumption and the risk of 

depression suggesting the involvement of other coffee constituents to be evaluated [12].  

In contrast to earlier cross-sectional studies, given the large study population, 

advantages of following individuals over time provides justification for further large 

studies to investigate the impact of decaffeinated coffee on depression. 

 

A recent systematic review has compiled and analysed the results of the 

observational studies assessing the correlation between the risk of depression and coffee 

consumption [6].  A total of 11 observational studies were compiled, with a total of 330, 

677 and 38, 223 participants in coffee-depression and caffeine-depression analysis 

respectively [6].  The analysis showed that both caffeine and coffee were significantly 

associated with a decreased risk of depression (relative risk of 0.721 and 0.757 

respectively).  After further dose-response analysis, the association between coffee and 

depression was linear and the risk of depression decreased by 8% for each cup of coffee 

consumed per day [6].  In contrast, a non-linear association was found between caffeine 

consumption and depression.  The optimal consumption range of 68 mg per day to 509 

mg per day was found in this analysis [6].  The combined results in this meta-analysis 

provide new insight into the antidepressant effects of caffeine and coffee and further 

justify the need for high quality controlled studies.  

 

Whilst some coffee consumption appears likely to reduce depression, it is 

important to recognise that extremely high rates of coffee consumption are correlated 

with an increased risk of negative mood behaviours and acute health risks associated 

with depression.  Numerous large cohort studies have shown a J-shaped correlation 
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between coffee consumption and suicide, with a risk reduction of up to 70% in 

moderate consumers of coffee [4, 5, 21].  It has, however, been shown that heavy 

consumers of coffee are at higher risk of suicide [21, 22], with people consuming more 

than 8 cups of coffee per day at an up to 60% higher risk of suicide [22].  Another 

important factor to consider with the consumption of coffee is its effect on anxiety, 

another common multifactorial, complex mental health disorder, commonly found to 

coexist with depression [23].   Coffee has been well reported to cause symptoms of 

anxiety, a common multifactorial, complex mental health disorder, commonly found to 

coexist with depression [23].  Coffee has been well reported to cause symptoms of 

anxiety particularly when consumed excessively or in people with a pre-existing anxiety 

disorders [24-26] and this has been attributed to the caffeine content of the beverage 

[27, 28].    Given the co-morbid nature of the two disorders [29], it is imperative that 

appropriate amounts of coffee are consumed by individuals.  These studies highlight the 

particular importance of the consumption of appropriate quantities of coffee as 

extremely high rates of coffee consumption are correlated with an increased risk of 

negative mood behaviours.  

 

The data from the epidemiological studies strongly suggests that coffee 

possesses antidepressant-like effects.  The evidence presented above suggests that 

combinations of caffeine plus other constituents of coffee, rather than single 

constituents alone, may be required to show the antidepressant-like activity of 

caffeinated coffee. It could however be argued that, a psychosocial effect may be the 

reason for antidepressant-like activity given the evidence to suggest the association 

between social contact and risk of depression [30].  This suggests that further high 

quality studies to evaluate the observed effects are appropriate.  Studies also highlight 
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the importance of consumption of appropriate quantities of coffee to avoid the 

associated negative mood effects.    Coffee has a number of other biologically active 

constituents that may play a role in the proposed antidepressant effects and will be 

outlined below.   

 

1.2.2 Individual constituents of coffee 

Coffee contains numerous biologically active constituents from a number of 

classes of natural products including polyphenols and alkaloids.  The alkaloids found in 

coffee include caffeine, the most abundant active compound found in brewed coffee and 

has been shown to have possible anti-inflammatory and immunosuppressant effects 

[31].  A number of the constituents found in coffee belong to the polyphenol class of 

natural compounds which broadly categorises compounds comprising of tannins, 

flavanols, flavonals, flavones, anthocyanins, proanthocyanidins, phenolic acids, 

hydroxybenzoic acids and hydroxycinnaminic acids [32].  Polyphenols have been 

shown to have numerous biological effects including beneficial effects on 

cardiovascular and metabolic disorders, inflammation and cancer, oxidative stress, 

cerebral ischaemia, obesity and functioning of the brain.  With specific regards to the 

brain, polyphenols have been shown to prevent neuroinflammation [33],  along with 

possessing antioxidant properties and the ability to modulate neurotransmitter levels 

such as 5-HT and NA [32].  All three of these factors have been implicated in the 

pathophysiology of depression indicating that polyphenols may play an important role 

in the antidepressant-like activity of coffee.  However, as evidenced by the 

epidemiological studies, caffeine appears to be an important co-factor in the 

antidepressant-like activity [3, 4, 12]. 
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Caffeine 

Caffeine, a methylxanthine (figure 1), is the most widely used compound that 

exerts a pharmacological effect on the central nervous system (CNS) [1].  There are a 

number of sources of caffeine most commonly consumed in coffee, tea, energy drinks, 

soft drinks and chocolate [1].  Caffeine is a well-known antagonist of adenosine 

receptors and a phosphodiesterase 3 (PDE3) inhibitor [31].  Antagonism of the 

adenosine A2A receptors (A2AR) by caffeine has been shown to produce antidepressant-

like activities in in vivo animal models of depression [34].  Furthermore, as a result of 

these pharmacological effects, caffeine has been shown to increase alertness and anxiety 

[35] and have potential anti-inflammatory and immunosuppressant effects [31].  

Numerous parameters of the neuroinflammatory hypotheses of depression are affected 

by caffeine including Trp catabolism, inflammation and oxidative stress and will be 

further discussed below. 

 

 

Figure 1 - Chemical structure of caffeine [29]  

 

There is suggestive data that caffeine, an adenosine antagonist, may act via 

adenosine receptors to elicit its antidepressant-like effects [34].  Studies have shown 
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caffeine to be both preventative and therapeutic in its antidepressant action in a chronic 

mild stress animal model of depression [34].  It was shown that these actions were 

mediated through the antagonistic action of caffeine at adenosine A2ARs.  Furthermore, 

in vivo animal studies have shown that animals administered either adenosine or an 

agonist at adenosine receptors display depressive-like behaviour [36].  It is hypothesised 

these changes are via changes in the dopaminergic system [36].   

 

One aspect of the theory of depression currently being investigated is the role of 

the catabolism of Trp, in particular the role of the KMs, in the pathophysiology of 

depression.  The first metabolite of the kynurenine pathway (KP), kynurenine (KYN), 

has been implicated in caffeine-induced anxiety.  Fifteen patients received a single 2 g 

dose of caffeine and a statistically significant increase in anxiety was noted at 30 to 60 

min post-ingestion.  This corresponded to a statistically significant increase in plasma 

KYN levels [37]. 

 

Although depression and anxiety are two separate mental health disorders, the 

effect of caffeine on KYN levels is critical.  Increased KYN levels are associated with 

increased rates of depression [38] therefore high-dose caffeine ingestion is proposed to 

be associated with possible depressive symptoms. However, studies assessing the 

effects of the consumption of normal caffeine concentrations on KYN levels, either in 

vivo or in vitro have yet to be undertaken. Increased KYN levels are a key component of 

the neuroinflammatory hypotheses of depression [13, 15, 38].   
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In vivo animal studies have been undertaken to assess the antidepressant effects 

of caffeine.  It was found that chronic caffeine administration (8 mg/kg/day), in a 

chronic unpredictable stress mouse model, produced a positive response not only on 

symptoms of depression but also on hippocampal 5-HT and DA levels comparable to 

the tricyclic antidepressant control desimipramine (10 mg/kg/day) [39].  

 

The synergistic effects of caffeine in combination with bupropion or the 

serotonin noradrenaline re-uptake inhibitor (SNRI) duloxetine have been evaluated in an 

in vivo animal model of depression.  It was found that the combination of caffeine with 

duloxetine had higher levels of the neurotransmitters NA, DA and 5-HT and less 

observed depressive symptoms than either compound alone [40].  This indicates the 

relevance of the antidepressant-like effects of caffeine.   

 

Studies have evaluated the effects of caffeine and its major metabolites on 

parameters associated with inflammation.  Caffeine and one of its major metabolites, 

paraxanthine, have been shown to inhibit the production of tumour necrosis factor alpha 

(TNF-α) in lipopolysaccharide (LPS) stimulated human whole blood [41], another 

commonly used model to evaluate the anti-inflammatory effects of compounds.  TNF-α 

has been shown to be an important biomarker of depression in humans in addition to its 

role in the regulation of Trp catabolism [38, 42-45].    This effect was found to be 

mediated through the cyclic AMP (cAMP)/protein kinase A pathway [41] which has 

also been implicated in the pathophysiology of depression [46].  Accelerated 

degradation of cAMP has been shown in depressed patients [46] but caffeine and one of 

its other major metabolites, theophylline has been shown to inhibit its degradation [47].  



 
 

64 

This further implicates caffeine and its metabolites as compounds with antidepressant-

like activities. 

 

Caffeine is a well-documented antioxidant with comparable activity to 

glutathione, a potent endogenous antioxidant that protects against cellular damage 

caused by free radicals and peroxides [48].  Studies have shown that caffeine and its 

metabolites theobromine and xanthine, protect against the production of free radicals, 

such as hydroxyl radical (·OH), peroxyl radical (ROO·) and singlet oxygen (
1
O2) 

resulting in decreased lipid peroxidation in vitro [48, 49]. Additional studies have 

shown that coffee preparations that contained higher concentrations of caffeine 

displayed higher levels of antioxidant activity [50].  Given the current hypotheses of 

depression and the proposed role of free radicals, the results of this study may provide, 

at least in part, an explanation of the possible correlations observed in the human studies 

outlined earlier.  In addition to depression, there is evidence to suggest that oxidative 

stress plays an important role in the pathophysiology of anxiety [51] indicating the 

importance of the consumption of appropriate coffee levels to avoid negative mood 

effects. 

 

Caffeine has been shown to have both beneficial and non-beneficial effects with 

regard to the aspects of the current neuroinflammatory hypothesis of depression.  The 

non-beneficial effects however appear to be related to high concentrations of caffeine 

indicating a possible concentration-dependent effect.  Given the epidemiological data, it 

is warranted that further studies are undertaken assessing the effects of caffeine in 

combination with other coffee constituents on parameters associated with depression.   
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Chlorogenic acid 

Chlorogenic acid (CGA) (figure 2) is a polyphenol found in numerous natural 

products and foods including coffee [52].  It is the second most abundant component of 

brewed coffee, after caffeine, and has been shown to possess numerous biological 

effects including antimutagenic, antiviral, anticarcinogenic [53-55], anti-inflammatory, 

antioxidant, neuroprotective and neurotrophic activity [52].  This compound has been 

shown to have a variety of positive effects on inflammation consistent with those 

outlined in the neuroinflammatory hypotheses of depression and with the effects of 

current antidepressant therapies. 

 

 

Figure 2 - Chemical structure of chlorogenic acid [56]  

 

As outlined earlier, neuroinflammation plays a key role in the regulation of Trp 

catabolism and the health and survival of neurons.  CGA has been shown to reduce the 

production of a number of pro-inflammatory mediators in macrophage cells [52] and 

Staphylococcus exotoxin stimulated human peripheral blood mononuclear cells 

(PMBC), a model of inflammation [57].  Amongst these include TNF-α, interleukin 
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(IL)-1β, IL-6 and IFN-γ [52], all of which have been shown to be important biomarkers 

of depression in humans in addition to their role in the regulation of Trp catabolism [38, 

42-45, 58-60].  These pro-inflammatory cytokines have an important role in the 

neuroinflammatory response in the CNS.   

 

The effects of pre-treatment of LPS-stimulated microglial cells with CGA, in a 

well-accepted cell-based neuroinflammatory model, found CGA resulted in the 

concentration-dependent reduction in numerous pro-inflammatory mediators [52].  

Nitrite, a general marker of inflammation and TNF-α are shown to be increased in 

depressed patients [61], however CGA was shown to decrease these markers of 

inflammation in LPS-stimulated cells [52]. Furthermore, NF-κB, the transcription factor 

responsible for regulating immune response and for the activation of microglial cells 

under inflammatory conditions, was also shown to be decreased by CGA [52, 62].  This 

in turn results in an imbalance in the Th1/Th2 immune response to the pro-

inflammatory side thereby creating the environment for neuroinflammation resulting in 

neuronal damage and death.  

 

CGA has been shown to decrease numerous other inflammatory markers in 

hepatic cells.  These include toll-like receptor 4 (TLR4), shown to be important in LPS-

stimulated microglial induced neuroinflammation, a common neuroinflammatory cell 

model, [56] and the decrease in the nuclear translocation of NF-κB [63].  Although 

these studies were not undertaken in cell lines involved in neuroinflammation and 

depression the results still further strengthen the evidence towards CGA possessing anti-
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inflammatory properties and possible antidepressant properties as seen in the cohort 

studies outlined above.  

 

The anti-inflammatory effects of CGA are concentration-dependent in nature.  

At high dose (7 mg/kg), CGA has been shown to have the opposite effects on the 

inflammatory mediators IL-6 and TNF-α [64], which may in turn increase the risk of the 

development of depressive symptoms. 

 

The inhibition of acetylcholinesterase (AChE) and butyrylcholinesterase (BChE) 

is a widely accepted treatment of Alzheimer’s disease but has been implicated as a 

possible mechanism of antidepressant activity.  This inhibition results in increased 

acetylcholine in the synaptic cleft and as a result, enhanced communication between 

neurons occurs, temporarily improving symptoms of Alzheimer’s disease [65].  An 

often over-looked use of AChE inhibitors is in their use for depression.  Galantamine, a 

selective, rapidly-reversible AChE inhibitor has been shown to improve the mood of 

some depressed patients and decreases manic episodes in bipolar depression patients 

[66].  It has been proposed that galantamine improves these symptoms by reversing the 

cholinergic dysfunction involving a decrease in choline acetyltransferase activity and a 

decrease in nicotinic and muscarinic receptor expression [66].  These results differ from 

the proposed Cholinergic-Adrenergic theory of depression [67] thereby casting doubt 

upon parts of it.   CGA (0 to 12 μg/mL) has been shown to inhibit AChE and BChE in a 

concentration-dependent manner [68].  This suggests that CGA and possibly coffee may 

be able to improve not only the symptoms of Alzheimer’s disease but also improve 

symptoms of depression or mania through the inhibition of AChE and BChE and/or a 
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possible decrease in nicotinic and muscarinic receptors.  There has been postulation that 

the neuroprotective KM, kynurenic acid (KA), may have antidepressant activities.  KA 

has been shown to have antagonistic effects on α7nAChR [69], which are found on 

numerous cells including inflammatory cells and play an important role in the 

cholinergic anti-inflammatory pathway [70].  This suggests that KA, at least in part, 

exerts it antidepressant-like activities via this mechanism.  In further support of the role 

of nicotinic receptors in depression, a number of currently marketed antidepressants 

including the TCAs imipramine, desimipramine and clomipramine, and the SSRI 

fluoxetine have been shown to have antagonistic effects at nicotinic receptors [71-73] 

indicating that their antidepressant activity, may in part, be due to this effect.  Nicotine 

has been shown in numerous studies to be associated with symptoms of depression and 

has been reviewed extensively by Bertrand  [74].  Smoking tobacco, a major source of 

nicotine, has been shown to have bidirectional effects, and as a result, the mechanistic 

effects in depression are poorly understood [74].  This again highlights the need for 

further studies into the role of nicotine and nicotinic receptors in the pathophysiology of 

depression. 

 

CGA has been shown to have antioxidant properties, however these are 

significantly less than that of its metabolite and another major constituent of coffee, 

caffeic acid [75] and as a result the focus of studies has been on the latter.  

 

This evidence indicates that CGA may be an important anti-inflammatory 

constituent of coffee at certain concentrations.  Additionally, due to its CNS effects, it 
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may play a part in decreasing depressive symptoms but to date there is insufficient 

evidence to confirm this effect. 

 

Ferulic acid 

Ferulic acid (FA), 4-hydroxy-3-methoxy-cinnamic acid, is a polyphenol (figure 

3) [76] that has been shown to have antidepressant, antioxidant and anti-inflammatory 

effects, all critical components of the neuroinflammatory hypotheses of depression. 

 

 

Figure 3 - Chemical structure of ferulic acid [77]  

 

FA has been shown to be comparable to a high dose of the TCA, imipramine 

with regards to antidepressant activity [9] [9, 76]. FA was evaluated for its 

antidepressant activities in reserpine-treated mice in two well-accepted animal models 

of despair – the tail suspension test (TST) and forced swim test (FST) models [76].  

Reserpine, an anti-hypertensive agent acting through the depletion of monoamines [78] 

was found to cause profound symptoms of depression upon administration [76]. The 

results indicate that FA has a beneficial effect on reserpine-induced depression.  It was 

found that FA induced a significant decrease in immobility time in both the TST and the 
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FST models, in a concentration-dependent manner, suggesting FA has antidepressant 

activity comparable to a 10 mg/kg dose of imipramine [76] or the SNRI, milnacipran 

[79].  FA, in much lower doses, (0.01, 0.1, 1 and 10 mg/kg) was again found to decrease 

the immobility time in both the TST and FST, again indicating antidepressant activity 

[9].   In addition to this, the effect of FA on 5-HT levels in various regions in the brain 

was evaluated.  It was found that FA had similar effects on 5-HT levels in both the 

frontal cortex and hippocampus, increasing levels comparably to a 10 mg/kg dose of 

imipramine [76].  This evidence clearly shows the antidepressant benefits of FA and 

shows support towards the current hypothesis of depression with strong evidence on the 

anti-inflammatory and effects on monoamine levels.  The effects of FA on the 

catabolism of Trp have to date, not been investigated but would be beneficial for future 

studies. 

 

The synergistic effects of FA in combination with antidepressants have been 

evaluated by assessing the immobility time in the TST.  It was found that FA in 

combination with the SSRI antidepressants fluoxetine, paroxetine and sertraline resulted 

in decreased immobility times suggesting a synergistic effect between FA and the 

respective antidepressants [9].  Another possible avenue of synergism with FA is with 

caffeine.  As outlined in the cohort studies above, overwhelming evidence exists for 

caffeine in combination with another constituent of coffee to be responsible for the 

antidepressant effects of coffee.  The effects of synergism of FA with caffeine also 

appears to be a more rational approach due to the relatively high concentrations of this 

compound needed to exert the antidepressant effects and the relatively low 

concentrations of 142.8 µg/mL present in coffee [80].  
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FA has been shown to have numerous effects on inflammation.   In the frontal 

cortex region of the brain, 80 mg/kg of FA decreased IL-1β production and 40 and 80 

mg/kg decreased IL-1β and TNF-α production in the hippocampus [76].  Both IL-1β 

and TNF-α, as outlined earlier, are important biomarkers of depression [43, 44, 58, 59] 

and play an important role in the catabolism of Trp [81] highlighting the possible 

importance of FA in the antidepressant-like effects of coffee.  FA (20, 40 and 80 mg/kg) 

also decreased the p65 subunit of NF-κB in a dose-dependent manner in both regions of 

the brain in reserpine-treated mice.  These results are comparable to imipramine (10 

mg/kg) in its anti-inflammatory effects [76].  They are also comparable to current 

antidepressant therapies as outlined earlier. 

 

FA has been shown to induce proliferation of neural stem cells (NSCs) and 

neural progenitor cells (NPCs), both of which are precursors to neurons and glia in the 

foetal and adult CNS [79].  This suggests that FA may be particularly important in the 

treatment or prevention of depression as two major causes/effects of depression, stress 

and increased cortisol production, have been shown to reduce NSC/NPC proliferation 

[82].  Studies to assess the effects that FA have on cortisol levels in vivo, however, are 

yet to be completed. Additionally, an increase in NF-κB has been shown to be involved 

in both the onset of depression and the decrease in proliferation of NSCs and NPCs 

indicating a possible additional mechanism of antidepressant action of FA, although 

studies to confirm this have yet to be undertaken [61].  
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Numerous studies have assessed FA for antioxidant properties.  FA has been 

shown to inhibit lipid peroxidation in rat brain homogenates but was 1000-fold lower in 

activity than caffeic acid, another important biologically active constituent of coffee 

[83].  In a neuronal cell model, FA was shown to provide antioxidant protection against 

hydroxyl and peroxyl radical exposure [84].  These results are of particular importance 

in depression given the cell line these results were observed in and the proposed 

relevance to depression.  

 

There have been numerous studies undertaken assessing the antidepressant and 

anti-inflammatory effects of FA.  To date, FA has been shown to have antidepressant 

action, but at much higher concentrations than those seen in coffee.  This indicates that 

FA, in combination with caffeine, may possibly be the combination of compounds 

required to exert the antidepressant effects observed with caffeinated coffee 

consumption.   

 

Caffeic acid 

Caffeic acid (CA) is a phenolic compound, belonging to the hydroxycinnaminic 

acids (HCAs) group of compounds (figure 4) [85].  It possesses potent antioxidant, anti-

inflammatory and free radical scavenging properties [19, 86, 87] in addition to 

neuroprotective properties [86], all important aspects of the neuroinflammatory 

hypotheses of depression.  Additionally, its derivative, caffeic acid phenethyl ester 

(CAPE), possesses many similar biological activities including antioxidant, antiviral, 

anti-inflammatory and immunomodulatory properties [77].  Specifically, CA suppresses 

the activation of NF-κB, which is important in the onset of depressive symptoms [61]. 
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Figure 4 - Chemical structure of caffeic acid [88]  

 

CA possesses antidepressant-like and anxiolytic-like activity [89-91].  Animal 

studies have demonstrated that CA reduces the duration of immobility and freezing in 

three well accepted models of depression, the FST, OFT and elevated-plus maze tests 

[89]. In addition to this, it is thought that the antidepressant and anxiolytic activity may 

be attributed to indirect modulation of the α1A-adrenoceptor system [91]. 

 

The anti-inflammatory properties of CA and its derivatives have been shown in 

a number of studies.  CA (10 µg/mL) significantly decreases nitrite concentration, 

produced in response to inflammatory stimuli, in LPS-stimulated Raw 264.7 

macrophage cells [91].    Additionally, CA has an inhibitory effect on LPS-induced NF-

κB activity and on the phosphorylation of JNK1/2 and p38 MAPK, signalling molecules 

involved in inflammation, in the same cell line [91].  The JNK1/2 and p38 MAPK 

signalling pathways have been shown to be redox sensitive [92, 93], indicating that the 

anti-inflammatory-like effects may in fact be due to, at least in part, the antioxidant 

properties of CA.   Inhibitory effects of CAPE (1 µM) have been demonstrated towards 

the synthesis of the pro-inflammatory leukotrienes produced from the 5-lipoxygenase 

pathway, including leukotriene B4 (LTB4) by 85% in human leucocytes, indicating 
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potent anti-inflammatory properties [94].  Taking into consideration that inflammation 

is a major regulatory factor of numerous possible components of depression, CA and its 

derivatives have a potential use as an antidepressant agent.    

 

As described earlier, AChE and BChE are beneficial to symptoms of depression.  

In addition to CGA, CA is an inhibitor of both of these enzymes (0 to 12 μg/mL), in a 

concentration-dependent manner.  However, CA is a more potent inhibitor of these 

enzymes than CGA [68], suggesting that it has a significant effect on improving the 

symptoms of depression. 

 

CA, in a concentration-dependent manner, protects against lipid peroxidation in 

rat brain after exposure to 15 mM quinolinic acid (QA) [68], a catabolic product from 

Trp, which is implicated in the pathophysiology of depression due to its biosynthesis 

through the KP.  Additionally, CA (5 to 10 mg/kg oral) significantly attenuated 

increased lipid peroxidation and nitrite concentration and restored superoxide dismutase 

and catalase activity in response to intrastriatal injection of 300 nM QA [86].  QA is a 

KM and a known neurotoxin, primarily exerting its toxicity through N-methyl-D-

aspartate (NMDA) receptor agonism, resulting in excitotoxicity [95].  It does however 

produce its secondary toxicity effects through the production of free radicals [95].  Both 

the KP and oxidative stress are implicated in the neuroinflammatory theories of 

depression, and the possible protective effects of CA.  
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CA has potent antioxidant properties that are greater in antioxidant activity than 

many other important constituents of coffee including CGA and FA [96].  It was proved 

that the antioxidant activities of CA are similar to or better than that of α-tocopherol, a 

form of vitamin E and potent antioxidant, using a variety of tests including the 

Rancimat test, the 2,2-diphenyl-1-picrylhydrazyl radical (DPPH) scavenging activity of 

each molecule and the ferric thiocyanate method [88, 97]. CA scavenges hydrogen 

peroxide [98], superoxide and lipid peroxides  [99], all implicated in the 

pathophysiology of depression [100, 101]. 

 

CA and its derivatives have been widely studied for their biological effects.  

Numerous studies have shown these compounds to possess antidepressant, anti-

inflammatory, antioxidant and neuroprotective properties, all of which are important 

aspects of the neuroinflammatory hypotheses of depression.    

 

Pyrogallic acid 

Pyrogallic acid (PA), a benzenetriol, polyphenol (figure 5), is another common 

component of coffee [102].  Studies have shown PA to possess anti-inflammatory, 

antioxidant and prooxidant activity [103], and antimicrobial activity [104]. 
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Figure 5 – Chemical structure of pyrogallic acid [105] 

 

PA, at micromolar concentrations, has been shown to decrease the transcription 

of the inflammatory genes ICAM-1, IL-8, GRO-α, GRO-γ and IL-6 in respiratory cells 

isolated from a cystic fibrosis patient (IB3-1 cells) and subsequently stimulated with 

Pseudomonas aeruginosa PAO1.  In addition, multiplex assays showed a decrease in 

both IL-6 and IL-8 protein expression further confirming the anti-inflammatory activity 

of PA [106]. 

 

 The antioxidant properties of PA occur in a concentration-dependent manner.  

One study has shown that at lower concentrations of PA (40 to 200 μM) decreased H2O2 

levels in comparison to untreated cells.  Conversely, at higher concentrations (400 μM), 

intracellular H2O2 levels were markedly increased [103].  

 

Studies have shown PA to be a non-competitive inhibitor catechol-O-methyl-

transferase (COMT), an enzyme responsible for the metabolism of DA and NA [107, 

108].  Given the proposed roles of DA and NA in depression, PA may provide an 

improvement in symptoms via this mechanism. 
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 PA has been shown to cause a range of toxicities including oxidative damage, 

mutagenesis, carcinogenesis and hepatotoxicity.  In addition, it has been shown to 

impair immune responses, including the suppression of proliferation of lymphocytes.  

The degree of toxicity experienced is due to many factors including age and gender, 

nutritional status, food habit and obesity, diseases of the gastrointestinal tract, 

interaction of PA with other drugs, route, dose and duration of exposure, kidney 

dysfunction/failure, lifestyle factors including alcohol consumption and smoking and 

environmental factors including chemical exposure [108].  

 

PA exhibits hepatotoxic and mutagenic effects, primarily due to its potential to 

generate free radicals [108, 109].  Upadhyay et al suggested that 183 genes (150 

upregulated and 33 down-regulated), either directly or indirectly related to 

hepatotoxicity, were altered after exposure to PA [108]. 

 

 To date there have been no studies undertaken to assess the effects of PA on Trp 

catabolism. 

 

PA has been shown to possess both concentration-dependent antioxidant and 

anti-inflammatory properties.  In addition, it has been shown to have COMT inhibitory 

effects, therefore potentially important CNS effects.  Given this data, further studies 

assessing its effects in depression are warranted.  Further studies assessing the toxicity 

profile of this compound may be of benefit to assess if toxicity is concentration-

dependent.   
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Trigonelline 

Trigonelline, 1-Methylpyridinium-3-carboxylate (figure 6), is a zwitterionic 

alkaloid found in a number of plant species and foods including coffee [110]. There 

have been very few studies on the biological effects of this compound, but most 

noteworthy is its hypoglycaemic effects [110]. 

 

 

Figure 6 - Chemical structure of trigonelline [111] 

 

A study assessing the effects of trigonelline on the oxidative status of the 

pancreas in a diabetic rat model found that a 50 mg/kg oral dose returned oxidative 

parameters back to non-diabetic control levels.  Specifically, trigonelline reversed 

increased malondialdehyde (MDA) levels seen in the diabetic rat controls, indicating 

that lipid peroxidation was decreased.  In addition, trigonelline dosing resulted in the 

increase of SOD and catalase activities as well as glutathione in the pancreatic tissue, 

compared to diabetic control rats [112]. 
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Specifically, with regards to the effects in the CNS, one study, using SK-N-SH 

neuroblastoma cells, a dopaminergic cell-line routinely used in neuron studies, found 

that trigonelline, isolated from raw coffee beans, promoted neurite outgrowth that was, 

in part, axonal suggesting possible enhancement of synaptic function [113].  This effect 

has not been studied in human primary neurons therefore the clinical significance of this 

occurrence is unknown and requires further evaluation.  Additionally, the ability of 

trigonelline to cross the blood brain barrier to reach the neurons is yet to be determined. 

 

The effect of trigonelline on Trp catabolism has yet to be determined. 

 

Trigonelline has been shown to have many protective effects including 

antioxidant, and neuroprotective properties [110, 112, 113].  The neuroprotective effects 

are of particular interest and warrant further investigation into their possible role in the 

antidepressant activity seen with coffee consumption. 

 

 Coffee and a number of its constituents have been shown to have a number of 

positive effects on behaviours and biomarkers of depression as highlighted in the 

epidemiological in vitro and in vivo studies above.  The newer inflammatory hypotheses 

of depression will be discussed below and highlight the potential mechanisms by which 

they may exert their antidepressant effects and provide details of where further 

investigation is warranted. 
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1.3 Depression 

1.3.1 What is depression? 

Depression is a complex, heterogeneous disorder and to date, the aetiology is yet 

to be fully elucidated [114].  It is a multifactorial psychiatric disorder that involves a 

disturbance in emotional, cognitive, immune, autonomic and endocrine functions [115].  

Depression is a leading cause of morbidity with approximately 5% of the world’s 

population diagnosed with a mood disorder, including depression, dysthymia and 

bipolar affective disorder [116, 117].  Furthermore, it has been reported that depression 

has a lifetime prevalence in excess of 15% [60] and is twice as likely to occur in 

females as males [13].   

 

Depression has been identified as the fourth leading cause of burden among all 

diseases, accounting for 3.7% of disability-adjusted life years (DALYs) and 10.7% of 

years lived with disability (YLDs) [118].  This profound effect is due to the highly 

recurrent nature of depression, as high as 80% recurrence, and the relatively low rates, 

less than 60%, of remission achieved with currently marketed antidepressant 

medications [60].  

 

Based on a study investigating the global burden of depressive disorders 

undertaken by the World Health Organisation (WHO), the need, firstly, to develop and 

adapt interventions for reducing the disability associated with depression and secondly, 

to develop effective strategies to shorten episodes of depression and prevent their 

reoccurrence has been identified [118].  As a result of the identified burden, depression 
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has been identified a priority health area [118].  This study proposes to explore the 

effects of key bioactive coffee constituents, which may have an alternative mechanism 

to traditional antidepressant therapies, in the hope of decreasing the resistant, recurrent 

nature of depression. 

 

Numerous hypotheses of depression have been presented over the last 50 years 

in an attempt to explain the aetiology and pathophysiology of depression and will be 

outlined further below [15, 116, 119, 120].   

 

1.3.2 Pathophysiology and theories of depression 

The first proposed theory of depression, the monoamine theory of depression, 

was based on the observed depressive effects of reserpine, an anti-hypertensive agent 

acting by the depletion of catecholamines [78].  The central theme of this theory is the 

proposed decrease in the central monoamine neurotransmitters 5-HT, NA and DA [13] 

which are responsible for neurotransmission and indirect control of mood in major 

depressive disorder [121] .  However, a major limiting factor for this theory is that 

correction of the monoamine levels at the synapse occurs within hours of the first dose 

of an antidepressant medication being given, whereas the antidepressant effects take 

weeks of continuous therapy to be observed [14].  This subsequently led to the 

adaptation of the monoamine theory of depression to suggest that the initial increase in 

the synaptic monoamine levels leads to an adaptive response.  The acute increase in 

monoamine levels serves to desensitize the inhibitory auto- and hetero-receptors, 

resulting in increased monoaminergic transmission that, time-wise, would coincide with 

the appearance of antidepressant effects [14].   However, a number of shortcomings 
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have been identified with this theory and as a result, there has been an emergence of 

numerous theories of depression have been proposed in recent times.  The current 

hypotheses of interest are multifactorial and in addition to the principles of the 

monoamine theory of depression, involve an increase in neuroinflammation, oxidative 

stress and the dysregulation of Trp catabolism [15, 38, 42, 58-60, 122, 123].  Alteration 

to Trp catabolism results in the accumulation of the neuroactive compounds known as 

the KMs and an alteration in the serotonergic system as seen in figure 7 [13, 15, 38].   

Each of the components of the neuroinflammatory theories of depression will be 

explained in further detail below.      

 

 

Figure 7 – The neuroinflammatory hypotheses of depression and the action of 

antidepressant medications [124] 
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1.4 Neuroinflammatory theories of depression 

A number of neuroinflammatory hypotheses of depression have been proposed 

and are outlined below. 

 

1.4.1 The cytokine hypothesis of depression 

The cytokine hypothesis of depression, also known as the monocyte-T-

lymphocyte theory of depression was first described in 1995 by Maes et al [123].  This 

theory is based on the evaluation of evidence suggesting the role of activation of 

peripheral blood monocytes and T lymphocytes in the pathophysiology of major 

depression [123]. 

 

It is hypothesised that major depression is accompanied by an immune response 

and an abnormal production of cytokines [123].  Additionally, the authors suggest that 

HPA-axis hyperactivity and abnormalities in the monocytic and T-lymphocytic cell 

production play an important role in the pathophysiology of depression [123].  They do 

however state that there is no evidence for a causal relationship between abnormalities 

in the monocytic and T-lymphocytic cell productions in major depression and further 

studies are required to investigate this possibility [123]. 

 

1.4.2 The inflammatory and neurodegenerative hypothesis of depression 

Maes et al proposed a number of theories of depression involving inflammation 

and neurodegeneration including “The inflammatory and neurodegenerative hypothesis 

of depression” [42].  The central theme of this hypothesis is multifactorial and includes 
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changes to the secretion of glucocorticoids, free radical formation, Trp catabolite 

(TRYCAT) production, pro-inflammatory cytokine release and omega 3 

polyunsaturated fatty acid (ω3 PUFA) production [60]. The evidence presented in this 

theory with regards to the inflammatory and Trp components provides a plausible 

explanation and suggests that anti-inflammatory compounds may be able to counteract 

the enhanced neurodegeneration and decreased neurogenesis witnessed [60]. 

 

1.4.3 The cytokine-serotonin theory of depression 

The cytokine-serotonin theory of depression involves a complex interaction of 

inflammation and altered Trp catabolism [15].  According to this hypothesis, multiple 

components are involved in the pathophysiology of depression including 

neuroinflammation, the increased production of the neuroactive KMs and dysregulation 

of 5-HT production resulting from a cytokine-serotonin interaction through the enzyme 

indoleamine 2, 3-dioxygenase (IDO) [15].  It is hypothesised that medical illnesses and 

chronic psychological stress, which result in increased pro-inflammatory cytokine 

levels, ultimately lead to the pathophysiology of depression [15]. 

 

This theory suggests psychological stress influences depressed mood initially 

through increased Trp demand resulting in depletion [15].  Once psychological stress 

becomes chronic, an increase in pro-inflammatory cytokines and onset of sickness 

behaviour is observed [15].  This is hypothesised to occur due to the pro-inflammatory 

cytokines up-regulating IDO and subsequently increasing levels of the neuroactive KMs 

and precipitating an imbalance between neurotoxic and neuroprotective KMs [15].  This 

imbalance favours towards the “neurotoxic arm” resulting in production of the 
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neurotoxic metabolites such as 3-hydroxykynurenine (3-HK), 3-hydroxyanthranilic acid 

(3-HA) and QA [15].  The neurotoxic KMs are then thought to cause 

neurodegeneration, which in turn is proposed to disturb the coping mechanisms of the 

brain and results in major depression or treatment-resistant depression [122].  

Additionally, pro-inflammatory cytokine-induced dysregulation of the serotonergic 

system is also, at least in part, due to the upregulation of IDO, one of the enzymes 

responsible for the metabolism of 5-HT [15].  Additionally, the role of physical stress 

and medical illness is also thought to be a causative factor in the development of 

depressive symptoms, once again due to the increase in pro-inflammatory cytokines 

observed and the subsequent effects as described above [15]. 

 

The authors of this hypothesis of depression, after analysing the evidence 

available, suggest that this hypothesis is a plausible and a more complete theory in 

comparison to the well-accepted monoamine theory of depression.  They do however 

highlight the need for further studies to confirm the involvement of the cytokine-

serotonin interaction and possible resultant neurodegeneration in depression [15].     

 

1.5 Components of neuroinflammatory theories of depression 

Central to the neuroinflammatory hypotheses of depression, as outlined above, 

are neuroinflammation, dysregulation of Trp catabolism and monoamine levels and 

oxidative stress and will be discussed further below.  
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1.5.1 Neuroinflammation and theories of depression 

Neuroinflammation is a relatively new term used to describe chronic, CNS 

specific, inflammation-like glial responses.  These responses do not produce the normal 

characteristics of inflammation in the periphery but however, promote the occurrence of 

neurodegenerative effects including dystrophic neurite growth, plaque formation and tau 

phosphorylation [33].  Neurons, in particular, are extremely vulnerable to this process 

and hence neurodegeneration occurs [125]. 

 

Studies have shown the innate immune system in the CNS as a possible factor in 

the onset of numerous neurodegenerative diseases.  This form of immune activation 

lacks the prominent features of the adaptive immune response but results in activation 

of microglia and astrocytes ultimately resulting in neuroinflammation [33].  Recently, 

neuroinflammation has been suggested to play an important role in a range of 

neurological disorders including depression and depressive symptoms [126] and has 

become a central theme to the numerous new theories of depression outlined above. 

 

Genetic polymorphisms of cytokine genes may indirectly affect IDO activity 

through the altered production of cytokines.  Of particular interest in depression are the 

polymorphisms resulting in overexpression of these cytokine genes particularly the 

IFNG (+874) [127] and the TNF-alpha (-308A/G) genes which ultimately results in the 

increase production of the pro-inflammatory cytokines IFN-γ and TNF-α respectively 

[116].  In particular, it has been shown that high expressers of the TNF-alpha (-308A/G) 

gene are more likely to be depressed [119].   
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1.5.2 Monoamines and the neuroinflammatory hypotheses of depression 

The current theories of neuroinflammatory depression suggest, as previous 

theories have, that a dysfunction in the serotonergic system is important in the 

pathophysiology of depression.  As outlined earlier, 5-HT is thought to desensitize the 

inhibitory auto- and hetero-receptors, resulting in increased monoaminergic 

transmission [14].   There are numerous proposed mechanisms by which dysfunction to 

the serotonergic system may occur including a predomination of Trp catabolism through 

the KP and 5-HT depletion.  Studies have shown that under inflammatory conditions, up 

to 99% of Trp is catabolised through IDO thereby potentially resulting in less 5-HT 

biosynthesis [122].  To further compound this, one of the metabolic pathways of 

serotonin is through IDO [128].  Therefore, under inflammatory conditions, 5-HT 

depletion is likely to be accelerated [122].  

 

1.5.3 Oxidative stress and the neuroinflammatory hypotheses of depression 

Oxidative stress is an important component of “The inflammatory and 

neurodegenerative hypothesis of depression” [42]. It is proposed its involvement is due 

to the brain and CNS being particularly sensitive to oxidative stress due to its 

inadequate antioxidant defense systems that ultimately results in neurodegeneration 

[42].  Studies in humans demonstrate that imbalances in the production of free radicals 

and the antioxidant defenses are present in depression [129]. 

 

1.6 Conclusion 

Depression is a complex, heterogeneous disorder with a complex aetiology that 

is yet to be fully elucidated.  Given the prevalence and high rates of morbidity and 
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mortality associated with depression, it is imperative that a greater understanding of the 

pathophysiology and aetiology is sought to enable better treatment options.  To date 

numerous studies have demonstrated beneficial effects on depression with the 

consumption of coffee and with a number of constituents of coffee.  Various parameters 

associated with the neuroinflammatory hypotheses of depression have been affected 

beneficially in both in vitro and in vivo studies.  A number of these studies have, 

however, shown that the inverse correlation is between caffeinated coffee and not 

decaffeinated coffee or caffeine alone indicating the antidepressant-like activity is likely 

due to a combination of caffeine with one or more biologically active constituents of 

coffee. The aim of this review was to evaluate the evidence for and against the 

antidepressant-like effects observed in numerous cohort studies and the in vitro and in 

vivo effects of specific constituents of coffee and to explore potential mechanisms by 

which this may occur.  This review provides an insight into compounds that may have 

positive effects on numerous components of the neuroinflammatory hypotheses of 

depression highlighting the growing evidence to support the antidepressant-like effects 

of coffee and a number of its key biologically active constituents however further 

elucidation of these effects is needed.  

 

The evidence presented above highlights the importance and relevance of the 

newer neuroinflammatory hypotheses of depression, however, caution must be 

exercised when evaluating the possible effects seen here given the lack of high quality 

studies.  There are a number of gaps in literature identified and the evidence presented 

above highlights the need for further in vitro, in vivo and human studies to assess the 

potential benefits of coffee in depression, a number of which will be addressed in the 

current study.  The first of these is the lack of studies quantifying the differences of 
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bioactive coffee constituents between caffeinated and decaffeinated coffee.  Given the 

results of the human epidemiological studies showing caffeinated coffee to reduce the 

risk of depression whereas decaffeinated coffee appears not to, and the identification of 

bioactive constituents, in addition to caffeine, that are lost is needed.  Furthermore, to 

date there have been no specific in vivo or human studies assessing the causal link 

between caffeinated coffee consumption and symptoms of depression.  This study 

aimed to address this gap in literature using an in vivo model of inflammatory 

depression.  Finally, in vitro studies were used to evaluate the toxic effects of coffee 

constituents on neuronal-like cells along with their effects alone and in combination 

with caffeine in a surrogate microglial model of inflammation.   

 

1.7 Hypothesis 

It is hypothesised that caffeinated coffee, along with key bioactive coffee 

constituents will be beneficial in behaviours and biomarkers of depression in in vivo and 

in vitro models of depression and inflammation.  

 

1.8 Aims and objectives 

The primary aim of this study was to assess the effects of caffeinated coffee, 

decaffeinated coffee and caffeine on behaviours and biomarkers associated with 

depression in an in vivo inflammatory model of depression. 

 

The primary aim of this study will be achieved through the following objectives: 
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 The development of an LPS-induced in vivo mouse model of inflammatory 

depression; and 

 The quantification of plasma and central biomarkers known to be associated 

with depression using HPLC and ELISA analysis. 

 

The secondary aim of this study was to investigate if any key bioactive coffee 

constituents are lost during the decaffeination process using quantitative HPLC analysis 

in order to identify possible compounds contributing to the antidepressant effects of 

caffeinated coffee. 

 

This aim will be achieved through the following objective: 

 The development, optimisation and validation of quantitative HPLC methods for 

six of the key bioactive coffee constituents, caffeine, CA, CGA, FA, PA and 

trigonelline. 

 

The third aim of this study was to develop a surrogate microglial-like and a 

surrogate neuronal-like in vitro cell-based model and subsequently evaluate the effects 

of key bioactive coffee constituents, alone and in combination with caffeine, on 

inflammatory markers and cell death mechanisms. 

 

This aim will be achieved through the following objectives: 
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 The development of an in vitro surrogate microglial cell model; and 

 The development of an in vitro surrogate neuronal cell model; and 

 The evaluation of the effects of key bioactive coffee constituents, alone and in 

combination with caffeine on markers of inflammation, including IDO activity 

and IL-6, IL-1β and TNF-α concentrations, in the developed in vitro microglial 

cell model; and 

 The evaluation of the effects of key bioactive coffee constituents on viability and 

specific cell death pathways, including oxidative stress, apoptosis and necrosis, 

in the developed in vitro neuronal cell model. 

 

1.9 Significance of the study 

Depression is a leading cause of morbidity and mortality in both Australia and 

the world with 6.2% of the Australian population diagnosed with a mood disorder [116].  

In addition to the high prevalence, literature shows there is up to a 65% rate of failure 

with current antidepressant therapies [130].  Furthermore, the WHO has identified the 

need for the development of effective strategies to shorten episodes and prevent 

recurrences of depression and as a result, has identified depression as a priority health 

area [118]. 

 

 Recently, increased evidence for both systemic and local CNS inflammation 

playing an important role in the pathophysiology of depression has been presented [15, 

42, 58-60].   In the light of this, the need for more effective antidepressant agents is 

required and targeting neuroinflammation may provide the solution to the problem.  
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Previous hypotheses of depression have focused on the monoamine theory of depression 

however no mechanism by which disturbance of the serotonergic and noradrenergic 

system has yet been discovered.  In addition to this, the regularly occurring non-

response rate is approximately 30% for any given antidepressant drug indicating that the 

monoamine hypothesis may not completely explain the mechanisms of major 

depression [131].  This highlights the need for expansion of ideas with regard to the 

pathophysiology and treatment of depressive illnesses.  The theory that this research 

will focus on, the cytokine-serotonin theory of depression incorporates a number of 

different components including neuroinflammation, disturbances to the balance of the 

KP and serotonergic system and due to the complex, heterogeneous nature of 

depression, may provide a better description of this disease state.  

 

As highlighted above, coffee consumption, in human epidemiological studies, 

has been shown to inversely correlate to a risk reduction in developing depression a 

trend not observed with the consumption of decaffeinated coffee or caffeine alone [3, 4, 

7, 8].  A meta-analysis has however shown caffeine consumption to be beneficial in 

reducing the risk of depression [6], highlighting the need for further investigations into 

the effects.  Furthermore, a number of key bioactive coffee constituents have shown 

some beneficial activities towards a number of the inflammatory parameters proposed to 

be involved in the pathophysiology of depression as outlined above [18, 63, 68, 79, 84, 

87, 113].  To date, however, there is still significant information missing with regards to 

their actions on microglial-like cells and in combination with caffeine.  This study aims 

to fill some of these gaps and provide further details on the actions of these compounds 

on inflammation associated with depression.   



Chapter Two – The antidepressant effects of coffee in an in vivo model of 

neuroinflammatory depression 

 

2.1 Introduction 

As outlined in chapter one, numerous human epidemiological studies have been 

undertaken assessing the relationship between the consumption of coffee and the risk of 

developing depression [3, 4, 6-8, 12].  These studies have identified that the 

consumption of caffeinated coffee but not decaffeinated coffee or caffeine alone 

reduced the risk of depression [3, 4, 6-8, 12].  However, due to the nature of the studies, 

that is cohort and cross-sectional studies, these trends need to be interpreted with 

caution.  These studies do not allow for investigation into the causal relationship 

between caffeinated coffee consumption and depression, rather only allow for an 

association or correlation to be made.  This is due to the inability of these studies to 

control for other influencing factors, such as social interactions, to be taken into 

account.  Due to this, the aim of this study was to use an in vivo mouse model of 

inflammatory depression to evaluate the effects of caffeine, caffeinated coffee and 

decaffeinated coffee on symptoms and biomarkers of depression.  In an animal study, 

many of the confounding factors including social interactions can be controlled for.  

Furthermore, the animals study can provide preliminary evidence to support the need of 

high quality human studies to investigate causality. 

 

In addition to the antidepressant-like activities observed with the consumption of 

coffee, negative effects of coffee consumption must also be monitored.  Caffeine is a 

well-known CNS stimulant which causes anxiety in susceptible individuals [37, 132, 
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133].  Furthermore, the anxiogenic effects of caffeine are dose-dependent [134, 135].  In 

addition to this, chapter one has highlighted the increased risk of suicide at very high 

levels of consumption of coffee [5, 21, 22].  Given these effects, it is imperative that 

these factors are accounted for in an animal model of depression. 

 

2.1.1 Animal models in depression 

Animal studies are useful in providing a model of inflammatory depression.  

There are two documented models of inflammatory depression described in literature to 

date, the LPS model and the Bacillus Calmette–Guérin (BCG) models of inflammatory 

depression [136-141].  Due to financial, product availability and safety considerations, 

the LPS model of inflammatory depression was chosen for the current study. Studies 

have shown that many of the features experienced in human depression are present in 

models of LPS-induced depression.  Such similarities include several behavioural 

similarities such as depression, anhedonia, weight loss and fatigue along with a number 

of biomarkers including plasma catecholamines, central monoamines and plasma 

cytokines such as IL-1β and IL-6 [142].  In addition to the benefits of using animal 

models of depression, a number of limitations are also present.  This is mainly due to 

the heterogeneous nature of depression and the difficulty in determining whether an 

animal has symptoms that constitute a diagnosis of depression in a human.  For 

example, it is almost impossible to ascertain whether the animal has feelings of guilt or 

sadness [143, 144].  There are however a number of strategies to increase the validity of 

animal models, namely, to increase face validity, the predictive validity and the 

construct validity of the model [144].   
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Face validity refers to the extent in which an animal model captures the 

anatomical, biochemical, neurophysiological or behavioural features of depression 

observed in humans [144].  To improve face validity of an animal model it is 

recommended that multiple parameters are assessed and align with what is observed in 

human disease [144].  Predictive validity refers to the extent to which various models 

respond to treatment in a way that corresponds with the effects produced by those same 

treatments in humans [144].  To ensure predictive validity, it is imperative that strong 

positive and negative controls are used in the animal study.  The third and last strategy 

is to ensure construct validity.  Construct validity is obtained by integrating the most 

relevant and observable features associated with the onset and progression of depression 

into the design of an animal model of depression [144].  By incorporating the three 

principles outlined above into the design of an animal study, many of the limitations can 

be overcome and an animal model that better represents human disease can be 

employed in the study of depression.   

 

2.1.2 Animal model of LPS-induced depression 

As a result, an LPS model of inflammatory depression was used in the current 

study.  This model has been shown in literature to alter many of the parameters seen to 

be altered in the human depressive state.  The first and most obvious is depressive-like 

behaviours [136, 137, 145, 146].  Treatment with LPS in mice produces a biphasic 

change in behaviour.  Initially, sickness behaviour predominates and is at its peak at 6 h 

post-LPS exposure [139].  Subsequently, depressive-like behaviour predominates after 

24 h, suggesting that it is appropriate for studies assessing the antidepressant effects of 

compounds to be measured after 24 h post-LPS exposure [139]. 
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2.1.3 Biomarkers in LPS-induced depression 

IDO activity and the kynurenine pathway 

The LPS model of depression has also been shown to increase an important 

biomarker seen in human subjects with depression namely, IDO activation.  As outlined 

in chapter one, IDO is an important, rate-limiting enzyme in the catabolism of Trp [147] 

under the control of LPS in addition to inflammatory cytokines [138, 147-151].  As 

outlined earlier, IDO is the first enzyme in the KP.  Under inflammatory conditions, the 

concentration of the neurotoxic 3-HK, 3-HA and QA, are increased and the 

neuroprotective KA, is decreased [15].   Figure 8 below outlines the KP compounds and 

enzymes.  These compounds and their actions are discussed in detail below. 
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Figure 8  - The catabolism of tryptophan via the kynurenine pathway [69] 

 

Kynurenic acid 

KA, a quinoline also known as 4-hydroxyquinoline-2-carboxylic acid (figure 9), 

is a neuroprotective Trp catabolite [152].  The main biosynthetic pathway of KA 

involves the enzymatic conversion of KYN through the enzymes kynurenine 

aminotransferase I/II/III (KATI/II/III), with KATII the primary pathway [153].  A 

second, non-enzymatic pathway of KA biosynthesis has also been shown.  This occurs 
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through the non-enzymatic oxidation of KYN and Trp via idole-3-pyruvic acid, a 

reaction increased by oxidative stress [95, 154].  Numerous factors have been identified 

that regulate the formation of KA including KYN levels, the availability of glucose and 

the intracellular concentrations of the enzymatic substrates pyruvate, 2-oxoglurarate and 

oxaloacetate [153].   

 

At physiological concentrations, in the nanomolar range [153, 155], KA has 

been shown to have neuromodulatory effects [156] and numerous effects on various 

receptors.  Although KA is reported to be in the nanomolar range, it is expected to be 

significantly higher at neuronal receptor sites but unfortunately cannot be accurately 

quantified [153]. 

 

 

Figure 9 - Chemical structure of kynurenic acid [157] 

 

KA is produced in the CNS by both neurons and astrocytes and causes effects at 

a number of receptors with varying degrees of affinity.  Astrocytes have been shown to 

decrease KA production in response to the neuronal signal glutamate [158].  KA is 

produced in the CNS, predominantly by astrocytes, and is not able to cross the blood-

brain barrier from the periphery [153].  KA is the only known endogenous antagonist of 
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the NMDA receptor [69] and displays concentration-dependent activities at this receptor 

[152].  The NMDA receptor is a subtype of ionotropic glutamate receptors with NMDA 

selectively binding to the receptor and is involved in memory, an important component 

in the aetiology of neurotoxicity. The most notable effect is its ability to non-

competitively antagonise the GlyB co-agonist site of NMDA receptors [159] at low 

concentrations and to antagonises the actions of QA, another KM that will be discussed 

below [152].  At high concentrations, KA shows higher affinity for the glutamate 

binding site of the NMDA receptor [152].  In addition, KA exerts pharmacological 

actions at a number of other receptors including the α7nAChRs, α-amino-3-hydroxy-

methyl-4-isoxazolepropionic acid (AMPA), kainite and GPR35 receptors [156].  KA 

exerts antagonistic effects at α7nAChR with higher affinity than for NMDARs [69].    

 

It has been found that KA exerts its neuroprotective effects through its 

antagonism of NMDA receptors and as more recently shown through its antioxidant 

action [160].  In support of the latter, a study undertaken by Lugo-Huitron et al has 

shown a number of important neuroprotective effects of KA [161].  This study showed 

that KA has •OH, O2•
-
 and ONOO

- 
scavenging 

 
properties in a concentration-dependent 

manner as well as a protective effect on FeSO4-induced lipid peroxidation in the 

forebrain and cerebellum [161].  This research also showed that KA decreased oxidative 

protein degradation by •OH in a concentration-dependent manner (100 µM, 150 µM and 

500 µM) [161]. It has been postulated that KA exerts its antioxidant effects 

independently of antagonism of the neurotransmitter receptors [161].    
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 Due to the varying effects of KA, the balance in its concentration is important 

[153].  Elevated concentrations of KA may result in cognitive impairment [156] 

whereas low concentrations may result in neurotoxicity and neurodegeneration.  This is 

due to KA’s effects on the neurotransmitters DA and glutamate and its effects on 

cognitive and motor behaviours [153].    Additionally, differences in KA levels have 

been observed in individuals with different mental health conditions.  For example, KA 

levels are decreased in patients with major depression but increased in patients with 

schizophrenia [162].  One possible explanation for the antidepressant activity of KA is 

that NMDA receptor antagonists have been shown to increase 5-HT levels in the brain 

[163].  

 

3-Hydroxykynurenine 

3-HK (figure 10) has been identified as one of the neurotoxic compounds in the 

KP.  It is the first metabolite in the “neurotoxic arm” of the pathway and is synthesised 

from KYN utilising the enzyme KMO [81].  Due to its neurotoxic nature, it has the 

potential for playing a role in the pathophysiology of depression. 

 

 

Figure 10 - Chemical structure of 3-hydroxykynurenine [164] 
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3-HK exerts its neurotoxic effects through its highly redox active nature [95] 

and undergoes spontaneous auto-oxidation, which as a result, generates free radicals 

[69].  It has been proposed that different neuronal populations may be selectively 

affected [165].  In addition to this, the neurotoxic potential has been shown to increase 

with chronic exposure of up to 72 h in a cell-based in vitro assay [165].  In aiding in its 

cytotoxic effects, 3-HK is readily taken up into cells via the neutral amino acid transport 

system via a Na
+
-dependent mechanism [166].  Relatively high concentrations of 3-HK  

(500 to 600 μM) appear to be required to induce toxic effects, as well as a 48 h period of 

exposure required to show death in PC12 phaeochromocytoma cells [166].  

 

 The main cause of death identified with 3-HK exposure was apoptosis and 

additive toxicity with QA, another neurotoxic KM was shown [165]. 3-HK has been 

shown to induce apoptosis that was potentiated by superoxide dismutase (SOD), heme-

like SOD mimetic, manganese (III) tetrakis(4-benzoic acid)porphyrin chloride 

(MnTBAP) and deferoxamine in cerebellar granule cells, indicating free radical 

involvement in the death process [166]. 

 

 Due to the nature of the cytotoxicity induced by 3-HK, mainly through the 

formation of free radicals, and the appearance that the antidepressant effects of 

caffeinated coffee are independent of its antioxidant properties, indicating that 3-HK 

alone may only play a minor role, if any in the pathophysiology of depression.  This 

may differ however when combined with the other neurotoxic metabolites – QA and 3-

HA and as such the effects of components of caffeinated coffee, require further 
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investigation into their protective effects against 3-HK toxicity when exposed to 

neurons alone and in combination. 

 

3-Hydroxyanthranilic acid 

 3-HA, figure 11, is a highly redox active compound that is biosynthesised either 

from the hydrolysis of 3-HK through the enzyme kynureninase (KYNU) or the 

oxidation of anthranilic acid (AA) [152].  3-HA has been identified as neurotoxic KM 

and has shown some similarity in toxic effects as QA, with both agents decreasing the 

activity of choline acetyltransferase [152].  Additionally, like other KMs, 3-HA plays a 

role in immunoregulation [152] and increased levels have been shown to be correlated 

with anxiety and depression in an animal model [131]. 

 

 

Figure 11 - Chemical structure of 3-hydroxyanthranilic acid [167] 

   

As a result of the redox active nature of this compound, it acts as both a free 

radical generator [69, 95] and scavenger [152].  In the presence of copper, 3-HA is a 

generator of the free radicals superoxide and hydrogen peroxide.  Conversely, 3-HA 

also acts as an antioxidant, scavenging peroxyl radicals [152].   
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3-HA has been shown to induce selective apoptosis of TH1 cells, key cells in

immunoregulation, through activation of caspase-8 band the release of cytochrome c 

from mitochondria [81] and formation of free radicals and may play an important role in 

peripheral immunoregulation [152].  3-HA (200 mM) was found to cause significant 

apoptosis of U937 and THP-1, human monocytic cell lines [168]. 

Quinolinic acid 

QA, a pyridine dicarboxylic acid/quinoline (figure 12), is an NMDA receptor 

agonist at the glycine-binding site [131].  QA is synthesised from 3-HA utilising the 

enzyme 3-hydroxyanthranilic acid oxygenase (3-HAAO) [169].  Activated glial cells 

and monocytes/macrophages are the only cell lines that possess the full enzymatic 

pathway for QA synthesis [95]. However, in the presence of inflammation, activated 

monocytes have been found to be the highest producers of quinolinic acid and until 

inflammation has subsided, QA production continues [122].  This highlights the 

importance of QA in the pathophysiology of neuroinflammation and possibly 

depression.   

Figure 12 Chemical structure of quinolinic acid [170] 
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QA has been identified as a neurotoxin and is thought to exert its toxicity 

primarily through its excitotoxic nature, mediated through agonism at NMDA receptors.  

Secondary to its excitotoxic effects, QA is also capable of producing (i) free radicals, 

resulting in oxidative stress [95] and (ii) mitochondrial dysfunction [169].  Studies have 

shown that death associated with QA toxicity is predominantly necrotic in nature [156] 

and additive toxicity is observed when in combination with the neurotoxin 3-HK [165].  

Additionally, the neurotoxic potential of QA, like 3-HK, has been shown to 

significantly increase with chronic exposure (up to 72 h) [165]. 

 

Studies have shown that endogenous concentrations of QA to be present in brain 

tissue in the nanomolar range [156] and in blood at less than 50 nM.   However, it is 

thought that QA levels may be much more concentrated around the cells that synthesise 

it [95] thus potentially have a much more pronounced cytotoxic effect.  In particular, it 

has been shown that some subsets of neurons are particularly sensitive to QA [165], and 

can be killed by maintaining concentrations around 100 nM [95].  QA levels have been 

shown to increase dramatically in response to bacterial endotoxin, for example LPS, 

with concentrations increasing 246-fold in the brain [169].  In addition, inflammatory 

conditions have been shown to increase the concentration of QA in vivo.  Such increases 

have been observed with microbial infections and the resultant immune activation have 

the ability to increase QA levels to potentially toxic levels in both cerebral spinal fluid 

(CSF) and blood [95].   

 

QA has been shown to have a number of effects with regard to oxidative stress 

and free radical formation. It is thought to exert its neurotoxic effects largely through 
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the formation of free radicals thought to be formed through agonism at the NMDA 

receptor [171].  This action results in the opening of a Na
+
 and Ca

2+
 permeable channel, 

initiating a cascade of events beginning with an increase in intracellular Ca
2+ 

[171].  

This in turn results in the activation of nitric oxide synthase (NOS) activity, leading to 

increased nitric oxide (NO) and free radical formation and resultant mitochondrial 

dysfunction and deoxyribonucleic acid (DNA) strand breaks [171].  Additionally, QA 

has been shown to provoke lipid peroxidation and potentiate oxidative stress [156].  The 

oxidative stress caused by the exposure of QA has been shown to have an effect on 

immune function.  It has been shown to induce selective apoptosis of TH1 cells through 

activation of caspase-8 band the release of cytochrome c from mitochondria and 

formation of free radicals [81]. 

 

Pro-inflammatory cytokines 

A number of other pro-inflammatory mediators have been shown to be increased 

in LPS models of depression.  One such study has shown that the concentrations of 

numerous cytokines including IL-1β, IL-6, TNF-α and IFN-γ are raised in the plasma or 

brain after exposure to LPS [146].  These results, however, are time and tissue-

dependent [146].  IL-1β concentrations were increased in the serum of animals taken 

after 2 h but was returned to baseline at the 6 h and 24 h time points [146].  

Furthermore, increases in brain IL-1β concentrations were not observed [146].  IL-6 

concentrations were shown to be significantly increased in plasma 2 h, 6 h and 24 h 

post-LPS exposure however, in the brain, IL-6 concentrations were increased at the 2 h 

and 6 h time points but returned to baseline after 24 h [146].  Similarly, TNF-α 

concentrations were found to be increased in both the plasma and brains of animals at 2 

h and 6 h but returned to baseline after 24 h [146].  IFN-γ showed a slightly different 
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pattern with only detectable concentrations in plasma 6 h post-LPS exposure [146]. 

Conversely, another study has shown central concentrations of IL-1β, IL-6 and TNF-α 

to be significantly raised after 24 h exposure to LPS [172].  This study did however look 

at the cytokine concentrations in specific regions of the brain, including the 

hippocampus and hypothalamus rather than full brain homogenates [172].  

 

Cyclooxygenase-1 and -2 both play a central role in neuroinflammation, 

converting arachidonic acid into numerous prostaglandins and thromboxanes including 

PGE2 [173, 174]. Centrally, both cyclooxygenase-1 and -2 are expressed and have 

differing roles in the inflammatory process [173].  Post-LPS exposure, cyclooxygenase-

2 is induced this result in the production of prostaglandins and thromboxanes, in 

particular PGE2, which both contribute to the continuing inflammation and ultimately 

damage [173, 175].  Cyclooxygenase-2, however, in addition to its production of 

prostaglandins and thromboxanes, is also responsible for anti-inflammatory effects that 

modulate the neuroinflammatory process [173].  Studies have shown that 

cyclooxygenase-2 deletion or inhibition of cyclooxygenase-2 with selective agents such 

as celecoxib increases neuronal damage [173, 176-178].  Furthermore, studies have 

shown cyclooxygenase-1 inhibitors to suppress neuroinflammatory mediators in vitro 

[179].  This suggests that through blocking cyclooxygenase-1, anti-inflammatory effects 

and possible antidepressant-like activities may be observed.  Furthermore, blocking 

LPS-induced increases in cyclooxygenase-2 activity may result in a varied response due 

to decreasing PGE2 production but also blocking the anti-inflammatory effects.   
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A number of bioactive coffee constituents including caffeine, CGA, CA and FA 

have been shown to modulate the cyclooxygenase pathways [180-187].  Caffeine, CGA 

and FA have all been shown to decrease cyclooxygenase-2 activity in various in vitro 

models, including LPS-induced inflammation [180-182, 184-187].   Furthermore, CA, a 

polyphenol, was shown to inhibit 12-O-tetradecanoyl-phorbol-13-acetate induced 

expression of cyclooxygenase-2 in vivo [183].  This suggests that further investigations 

into the effects of coffee are warranted.   

 

Neopterin and biopterin 

Neopterin and biopterin are identified biomarkers associated with inflammation 

and depression [188-190].  Neopterin is formed by macrophages under the control of 

IFN-γ via GTP-cyclohydrolase I [191, 192] and is then converted to biopterin, an 

essential co-factor in neurotransmitter synthesis [192].  Biopterin is a required co-factor 

for tryptophan hydroxylase and tyrosine hydroxylase, both key enzymes in the synthesis 

of 5-HT and DA and NA, respectively [193].  Given the IFN-γ-dependent control of the 

production of neopterin, its concentrations strongly correlate with Trp catabolism as 

measured by IDO [191].  Neopterin concentrations have been found to be raised in 

depressed patients conversely biopterin concentrations were found to be decreased [194-

196], resulting in an increased neopterin to biopterin ratio [189].  Given the role of 

biopterin in neurotransmitter synthesis, it would be expected that decreased monoamine 

synthesis is present in depressed patients, consistent with current theories of depression 

[15, 59, 120].     
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2.1.4 Monoamines in depression  

Further to the components already discussed, it is hypothesised that an alteration 

in the concentrations of monoamines contributes to the pathophysiology of depression 

[78].  This is not a new concept, and formed the basis for the original hypothesis of 

depression [78].  To date, no studies have assessed the effects of caffeine, caffeinated 

coffee and decaffeinated coffee on central monoamine concentrations.   

  

As a result of the evidence outlined above, this study will evaluate the effects of 

caffeine, caffeinated coffee and decaffeinated coffee on the various parameters of 

depression. 

 

2.2 Hypothesis, aims and objectives 

2.2.1 Hypothesis 

The hypothesis of this study was that caffeinated coffee would show 

antidepressant-like effects and decrease pro-inflammatory biomarkers associated with 

depression whereas decaffeinated coffee and caffeine alone would not. 

 

2.2.2 Aims and objectives  

The primary aim of this study was to assess the effects of caffeine, caffeinated 

and decaffeinated coffee on behavioural aspects of depression in an in vivo murine 

model of LPS-induced neuroinflammatory depression. 
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This aim was achieved through the following objectives: 

 The effects of caffeine, caffeinated coffee and decaffeinated coffee on anxiety-

like behaviours was assessed using the open field test; and 

 The effects of caffeine, caffeinated coffee and decaffeinated coffee on 

depressive-like behaviours was assessed using the forced swimming test and the 

tail suspension test. 

 

The secondary aim of this study was to assess the effects of caffeine, caffeinated and 

decaffeinated coffee on pro-inflammatory biomarkers associated with depression in an 

in vivo murine model of LPS-induced neuroinflammatory depression. 

 

This aim was achieved through the following objectives: 

 Plasma biomarkers of inflammation including IDO activity, cortisol 

concentrations and neopterin and biopterin concentrations were quantified using 

HPLC; and 

 Central biomarkers of inflammation including IFN-γ, IL-6, TNF-α, PGE2, 

cortisol and KMs were quantified using either high sensitivity ELISA assay or 

HPLC analysis. 

 

The tertiary aim of this study was to assess the effects of caffeine, caffeinated and 

decaffeinated coffee on central monoamine concentrations in an in vivo murine model 

of LPS-induced neuroinflammatory depression. 
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This aim was achieved through the following objectives: 

 The central monoamines 5-HT, NA and DA concentrations were quantified 

using HPLC. 

 

The final aim of this study was to quantify the concentration of caffeine present in 

the plasma and brains of animals treated with caffeine and caffeinated coffee. 

 

This aim was achieved through the following objective: 

 The plasma and central caffeine concentrations were quantified using HPLC. 

 

2.3 Materials and Methods 

2.3.1 Animals 

 C57BL/6J (male, 8-9 weeks) mice (obtained from Animal Resources Centre, 

WA, Australia) were used in the in vivo animal model of depression according to 

previous protocols [145, 149, 197, 198], with 5 animals per study group.  The sample 

size was calculated using the power calculation outlined below. 

 

2.3.2 Ethical approvals 

 Ethical approval to undertake this was obtained from the Griffith University 

Animal Ethics Committee under the approval "Effect of coffee and its constituents on 
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LPS-induced neuroinflammation and depression in male mice" (GU Ref No: 

PHM/01/15/AEC). 

 

2.3.3 Sample size  

 Power calculations were undertaken, according to previous studies [199] to 

ensure an adequate sample size of the study.  The difference in the outcome was based 

on previous studies [200, 201].  The required minimum sample size needed was found 

to be 5 animals per treatment and control group and as a result, 5 animals per group 

were used in the current study. 

 

2.3.4 Inflammatory stimulus, preparation of inflammatory stimulus and its 

administration 

 LPS from E. coli O111:B4 was used as the inflammatory stimulus at a dose of 

0.83 mg/kg, based on previous studies [136, 145, 202-205], to precipitate depression.  

Stock solutions (1 mg/mL) were prepared in sterile 0.9% saline (Pfizer, West Ryde, 

Australia) and were stored at -20°C.  Working solutions were further diluted in 0.9% 

saline and were made up fresh on the day of the experiment.  LPS was administered to 

the animals via intraperitoneal (i.p.) injection.   

 

2.3.5 Pharmacological agents, preparation of agents and their administration 

 Numerous pharmacological agents were used in this study.  These included the 

positive control imipramine (Sigma Aldrich, MO, USA) and the agents of interest 

caffeine (PCCA, Matraville, Australia), caffeinated coffee and decaffeinated coffee 
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(brand, bean and roast matched, sourced locally).  Stock solutions of imipramine (10 

mg/mL), caffeine (10 mg/mL), caffeinated and decaffeinated coffee stock solutions (140 

mg/mL) were prepared in hot water and were further diluted in water prior to dosing.   

 

2.3.6 Summary of protocol 

The study was carried out in accordance with the details outlined in figure 13 

below.  Briefly, animals were allowed to acclimatize to the animal facility conditions 

for 5 days.  Baseline behavioural studies were undertaken using the open field test to 

assess locomotor activity.  Dosing of saline, imipramine, caffeine, caffeinated coffee 

and decaffeinated coffee began on day 1 of the study and continued daily until day 14 of 

the study.  The open field test, the forced swimming test and the tail suspension test 

were done on days 1, 7 and 14.  After the final dosing and behavioural tests on day 14, 

LPS was administered.  The open field test was then done 6 h post-LPS administration 

and the open field test, forced swimming test and the tail suspension test repeated at day 

15, 24 h after LPS administration.  Animals were then sacrificed via cervical dislocation 

and the plasma and the brains collected and stored at -80°C until further processing. 
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Figure 13 – Flow diagram summarising the animal study protocol 
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Table 1 – Test groups for in vivo animal study 

Group number Control or test group Intervention 

One Vehicle control group Intraperitoneal saline 

injection (0.83 mg/kg) + 

intragastric saline (10 

mL/kg) 

Two Negative control group Intraperitoneal injection of 

pro-inflammatory stimulus 

(LPS) (0.83 mg/kg) + 

intragastric saline (10 

mL/kg) 

Three Positive control group Intraperitoneal injection of 

pro-inflammatory stimulus 

(LPS) (0.83 mg/kg) + 

intragastric imipramine (10 

mg/kg) 

Four Test group – caffeine  Intraperitoneal injection of 

pro-inflammatory stimulus 

(LPS) (0.83 mg/kg) + 

intragastric caffeine (10 

mg/kg) 

Five Test group – caffeinated 

coffee 

Intraperitoneal injection of 

pro-inflammatory stimulus 

(LPS) (0.83 mg/kg) + 

intragastric caffeinated 

coffee (140 mg/kg) 

Six Test group – decaffeinated 

coffee  

Intraperitoneal injection of 

pro-inflammatory stimulus 

(LPS) (0.83 mg/kg) + 

intragastric decaffeinated 

coffee (140 mg/kg) 

 

2.3.7 Behavioural studies 

Numerous behavioural studies were employed to assess the effects of caffeine, 

caffeinated and decaffeinated coffee on depressive-like and anxiety-like behaviours.  
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These studies included the OFT to assess for locomotor activity and the FST and TST to 

assess for despair or depressive-like symptoms.  Each of these tests will be explained in 

further detail below. 

 

Locomotor activity 

The OFT was used in this study to assess the effects of the pharmacological 

compounds of interest on anxiety levels in the animals.  This test was performed 

according to previously described methods [206].   Briefly, The effects of LPS and all 

the pharmacological treatments on locomotor activity (LMA) were assessed in mice 

individually placed into a clean, novel cage similar to the home cage, but devoid of 

bedding or litter. The cage was divided into four virtual quadrants, and LMA was 

measured by counting the number of line crossings and rearings over a 5-min period. 

Counting was done by a well-trained observer [136]. 

 

Forced swimming test 

The FST was employed to study the effect of caffeine, caffeinated coffee and 

decaffeinated coffee on depressive-like behaviour.  The FST involves placing animals in 

a container of water, which is deep enough so that their tails are unable to rest on the 

bottom of the container and is assessed by a lack of struggling or increased immobility 

periods indicating a state of depression [207].  This test was performed according to 

previously described methods [208].   Briefly, the mice were forced to swim 

individually in a glass jar (26 x 18 x 16 cm
2
) containing water at room temperature. The 

height of the water level was adjusted to 15 cm.  After an initial period of vigorous 

activity the animals assume a type of immobile posture. A mouse is said to be immobile 
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when it ceases struggling and make minimal movement of limbs to keep the head above 

water. The total duration of the test was 6 min with the immobility time recorded over 

the last 5 min of the study [208].  

 

Tail suspension test 

The TST, another behavioural test used to assess depressive-like behaviour, was 

also employed in this study.  This test was performed according to previously described 

methods [209-211].  Briefly, a small piece of medical adhesive tape was placed 

approximately 2 cm from the tip of the tail.  A small hole was then punched in the tape 

and the mice were hung individually for a period of 5 min on a hook.  The duration of 

immobility was then measured manually by experienced observers during the final 4 

min of the test. 

 

2.3.8 Quantification of plasma biomarkers 

Numerous plasma biomarkers associated with depression were assessed for 

changes after exposure to LPS and the pharmacological interventions imipramine, 

caffeine, caffeinated coffee and decaffeinated coffee.  Amongst the biomarkers assessed 

included plasma IDO activity, plasma neopterin and biopterin concentrations, plasma 

cortisol concentrations, central KM concentrations, central monoamine concentrations, 

central PGE2 and central pro-inflammatory cytokines IFN-γ, IL-6 and TNF-α.  The 

details of each of the assays will be explained in further detail below. 
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IDO activity 

 Plasma IDO activity was measured through the quantification of plasma Trp and 

KYN concentrations and subsequently the ratio of KYN to Trp present.  Plasma Trp and 

KYN were quantified using HPLC according to the protocol outlined below. 

 

Preparation of standard solutions 

The stock solutions were composed of 10 mM of Trp (Sigma-Aldrich, St Louis, 

MO, USA) and KYN (Sigma-Aldrich, St Louis, MO, USA) in water and were stored at 

-20°C.  All working standards were further diluted in water and prepared fresh on the 

day of analysis. 

 

Apparatus 

The HPLC system used consisted of a Shimadzu CBM-20A Prominence 

communications bus control module, two Shimadzu LC-20AD UFLC liquid 

chromatograph pumps fitted with a solvent mixer, a Shimadzu DGU-20A3 Prominence 

degasser, a Shimadzu SIL-20A HT UFLC Prominence chilled autosampler module, a 

Shimadzu CTO-20AC Prominence column oven, a Shimadzu SPD-M20A Prominence 

Diode array detector and Labsolutions software.  The column used was a Phenomenex 

Gemini (5 μm, 250 x 4.6 mm) reverse phase column (Phenomenex, Lane Cove, 

Australia) fitted with a Phenomenex SecurityGuard guard cartridge (Phenomenex, Lane 

Cove, Australia).     
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Sample preparation 

A previously described trichloroacetic acid (Sigma-Aldrich, St Louis, MO, 

USA) protein precipitation method [10] was used to isolate the analytes of interest.  

Briefly, 25 μL of sample was placed in a tube and diluted with 25 μL of water.  

Subsequently, 10 μL of 100% trichloroacetic acid solution was added to each sample.   

The sample was vortexed for 30 seconds and then centrifuged at 14000 x g for 30 min.  

50 μL of the supernatant was then placed in glass HPLC vials containing small volume 

glass inserts and analysed according to the methods outlined below. 

 

Calibration curve 

Porcine serum (Gibco, Scoresby, Australia) was used for the calibration and 

quality control standards.  Calibration standards, 100 μM to 6.25 μM, were prepared by 

spiking specific volumes of the working solutions to blank plasma and subsequently 

serial dilutions undertaken.  Quality control samples were prepared at three levels of 

concentrations, 7.5 μM, 15 μM and 30 μM. 

 

HPLC method 

The HPLC method utilised in this study was validated according to the 

parameters outlined below.  Briefly, mobile phase A consisted of a 0.1% glacial acetic 

acid (GAC) (Merck, Frenchs Forest, Australia) solution and mobile phase B consisted 

of 100% acetonitrile (ACN) (Scharlau, Barcelona, Spain).  An isocratic method, 

utilising 10% mobile phase B, at 40°C with a flow rate of 1 mL/min and run over 10 

min was used to elute the analytes of interest.  The UV absorbance of the KYN was 
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monitored at 360 nm and the fluorescence of Trp was monitored at excitation 275 nm 

and emission 350 nm based on previously published data [212]. 

 

Validation of methods 

Each method was validated according to the International Conference on 

Harmonisation (ICH) guidelines [213] with respect to specificity, linearity, lower limit 

of detection, lower limit of quantification, accuracy, precision and recovery. 

 

Linearity 

The linearity of the respective methods was evaluated using calibration curves 

prepared according to the methods described above.  The calibration curves were 

constructed using the peak area of the analytes of interest and fitted by least-squares 

linear regression analysis. 

 

Lower limit of detection and lower limit of quantification 

The limits of quantification (signal to noise ratio 10-to-1) and limits of detection 

(signal-to-noise ratio 3-to-1) were determined using successive dilutions of standards of 

the analytes of interest. 

 

 

 



 
 

120 

Precision and accuracy 

The precision of the respective methods was measured according to both intra- 

and inter-day evaluation of triplicate measurements of low, medium and high 

concentration QC standards on one single day for intra-day evaluation and triplicate 

measurements on three consecutive days for inter-day evaluation.  The coefficient of 

variance of the measured concentrations was used to report precision, and was accepted 

if it met the ICH recommendations of less than 10%.  The accuracy of the respective 

methods was determined by comparing the calculated concentration from the standard 

curves to the theoretical concentration.  The limits for the accuracy values were 85 to 

115% of expected, according to the ICH recommendations [213]. 

 

Cortisol 

 Plasma cortisol concentrations were determined using an HPLC method as 

outlined below. 

 

Preparation of standard solutions 

The stock solutions were composed of 1 mg/mL of hydrocortisone (Abcam, 

Melbourne, Australia) in ethanol and were stored at -20°C.  All working standards were 

prepared fresh on the day of analysis. 
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Apparatus 

The HPLC system used was as described in section 2.3.8.  The column used was 

a GraceSmart (5 μm, 250 x 4.6 mm) reverse phase column (Grace Discovery Science, 

Columbia, MD, USA) fitted with a Phenomenex SecurityGuard guard cartridge 

(Phenomenex, Lane Cove, Australia).     

 

Sample preparation 

A trichloroacetic acid protein precipitation method was used to isolate the 

analytes of interest.  Briefly, 25 μL of sample was placed in a tube and diluted with 25 

μL of water.  Subsequently, 10 μL of 100% trichloroacetic acid solution was added to 

each sample.   The sample was vortexed for 30 seconds and then centrifuged at 14000 x 

g for 30 min.  50 μL of the supernatant was then placed in glass HPLC vials containing 

small volume glass inserts and analysed according to the methods outlined below. 

 

Calibration curve 

Porcine serum (Gibco, Scoresby, Australia) was used for the calibration and 

quality control standards.  Calibration standards, 100 μM to 6.25 μM, were prepared by 

spiking specific volumes of the working solutions to blank plasma and subsequently 

serial dilutions undertaken.  Quality control samples were prepared at three levels of 

concentrations, 7.5 μM, 15 μM and 30 μM. 
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HPLC method 

The HPLC method utilised in this study was validated according to the 

parameters outlined below.  Briefly, mobile phase A consisted of a 0.1% GAC (Merck, 

Frenchs Forest, Australia) solution and mobile phase B consisted of ACN (Scharlau, 

Barcelona, Spain).  A gradient method of 0 to 10 min, 1% mobile phase B to 90% 

mobile phase B; 10 to 17 min, 90% to 1%; 17 to 20 min, re-equilibration using 1% 

mobile phase B, at 40°C with a flow rate of 1 mL/min and run over 20 min was used to 

elute cortisol.  The UV absorbance of the cortisol was monitored at 248 nm based on 

previously published data [214]. 

 

Validation of methods 

The HPLC method was validated using the protocol listed in section 2.3.8. 

 

Biopterin/neopterin 

 The HPLC method described below was used to quantify plasma concentrations 

of biopterin and neopterin.  This method was run as previously described [215] and as a 

result, a full method validation was not undertaken. 

 

Sample preparation 

The sample preparation method for neopterin and biopterin was undertaken as 

previously described [215].  Briefly, 25 µL of sample was diluted with 25 µL of PBS 
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and 5 µL of 100% trichloroacetic acid solution added to each tube.  The sample was 

vortexed for 30 seconds and then centrifuged at 14000 x g for 30 min.  50 μL of the 

supernatant was then placed in glass HPLC vials containing small volume glass inserts 

and analysed according to the methods outlined below. 

 

Apparatus 

The HPLC system used was as described in section 2.3.8.  The column used was 

a Phenomenex Gemini (5 μm, 250 x 4.6 mm) reverse phase column (Phenomenex, Lane 

Cove, Australia) fitted with a Phenomenex SecurityGuard guard cartridge 

(Phenomenex, Lane Cove, Australia).     

 

Method 

The HPLC method utilised in this study was a previously described method 

outlined below.  Briefly, mobile phase A consisted of water and mobile phase B 

consisted of 100% ACN (Scharlau, Barcelona, Spain).  An isocratic method, utilising 

1% mobile phase B, at 40°C with a flow rate of 1 mL/min and run over 10 min was 

used to elute the analytes of interest.  The fluorescence of biopterin and neopterin was 

monitored at excitation 353 nm and emission 438 nm based on previously published 

data [215, 216]. 
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2.3.9 Quantification of central inflammatory biomarkers 

Preparation of brain homogenates 

Mouse brain homogenates used for analysis of inflammatory biomarkers were 

prepared according to previously described methods [217].  Briefly, mouse brains were 

halved and weighed.  PBS (Sigma Aldrich, St Louis, MO, USA) containing protease 

inhibitor cocktail (Sigma Aldrich, St Louis, MO, USA) was added in a ratio of 15 μL 

per 1 mg of wet weight brain.  Brains were homogenized using a dounce homogenizer 

on ice and were centrifuged at 13000 x g for 30 min at 4°C.  Aliquots of the resultant 

supernatant was taken and stored at -80°C until further analysis. 

 

Quantification of TNF-α  

The high sensitivity TNF-α mouse ELISA kit (eBioscience, San Diego, USA) 

uses a quantitative sandwich enzyme immunoassay technique, with plates coated in a 

polyclonal antibody specific for mouse TNF-α.  TNF-α present in standards and 

samples is sandwiched by the immobilized antibody and a biotinylated polyclonal 

antibody specific for mouse TNF-α, which is then recognised by a streptavidin-

peroxidase conjugate.  All unbound material is then washed away and a peroxidase 

enzyme substrate is added, the reaction stopped and the intensity of colour measured.  

 

 The TNF-α mouse ELISA kit contains a TNF-α microplate coated with a 

monoclonal antibody, TNF-α standard (mouse), biotinylated mouse TNF-α antibody 

(100x), calibrator diluent, sample diluent, assay buffer concentrate (20x), amplification 

diluent concentrate (2x), amplification reagent I, amplification reagent II, wash buffer 
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concentrate (20x), streptavidin-peroxidase conjugate (SP conjugate), chromagen 

substrate (tetramethylbenzidine) and stop solution (1M phosphoric acid).  This assay 

will be used to assess the effects pharmacological modulators have on TNF-α 

concentration and were performed according to the manufacturer’s instructions. 

 

 Briefly, all reagents, working standards and samples were prepared as per 

instructions.  50 μL of the standard, sample or calibrator diluent in addition to 50 µL of 

sample diluent was added to the relevant wells.  50 μL of biotin conjugate was then 

added to each well and was subsequently incubated for 2 h at room temperature on a 

microplate shaker.  After incubation, the wells were washed 6 times with 200 μL of 

wash buffer and 100 μL of streptavidin-HRP was added to each well and the plates 

incubated for 1 h at room temperature on a microplate shaker.  The plate was again 

washed 6 times with 200 μL of wash buffer and 100 μL of the amplification solution 1 

was added to each well and was incubated for exactly 15 min at room temperature on a 

microplate shaker.  The plate was then washed 6 times with 200 μL of wash buffer and 

100 μL of amplification solution 2 was added followed by incubation for exactly 30 min 

at room temperature on a microplate shaker.   The plate was then washed 6 times with 

200 μL of wash buffer and 100 μL TMB substrate solution was added to each well and 

the plate was incubated at room temperature in the dark for approximately 20 min.  100 

μL of stop solution was then added to each well and the absorbance was read on a 

Tecan Infinite M200 Pro (Tecan, Mannedorf, Switzerland) at a wavelength of 450 nm.  

Sample values were calculated from the standard curve and will be represented as 

picogram per millilitre ± standard deviation. 
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Quantification of IL-6 

The high sensitivity IL-6 mouse ELISA kit (eBioscience, San Diego, USA) uses 

a quantitative sandwich enzyme immunoassay technique, with plates coated in a 

polyclonal antibody specific for mouse IL-6.  IL-6 present in standards and samples is 

sandwiched by the immobilized antibody and a biotinylated polyclonal antibody 

specific for mouse IL-6, which is then recognised by a streptavidin-peroxidase 

conjugate.  All unbound material is then washed away and a peroxidase enzyme 

substrate is added, the reaction stopped and the intensity of colour measured.  

 

 The high sensitivity IL-6 mouse ELISA kit contains a IL-6 microplate coated 

with a monoclonal antibody, IL-6 standard (mouse), biotinylated mouse IL-6 antibody 

(100x), calibrator diluent, sample diluent, assay buffer concentrate (20x), amplification 

diluent concentrate (2x), amplification reagent I, amplification reagent II, wash buffer 

concentrate (20x), streptavidin-peroxidase conjugate (SP conjugate), chromagen 

substrate (tetramethylbenzidine) and stop solution (1 M phosphoric acid).  This assay 

will be used to assess the effects pharmacological modulators have on IL-6 levels and 

were performed according to the manufacturer’s instructions. 

 

 Briefly, all reagents, working standards and samples were prepared as per 

instructions.  50 μL of the standard, sample or calibrator diluent in addition to 50 µL of 

sample diluent was added to the relevant wells.  50 μL of biotin conjugate was then 

added to each well and the plates were subsequently incubated for two h at room 

temperature on a microplate shaker.  After incubation, the wells were washed 6 times 

with 200 μL of wash buffer and 100 μL of streptavidin-HRP was added to each well and 
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the plates incubated for one h at room temperature on a microplate shaker.  The plate 

was again washed 6 times with 200 μL of wash buffer and 100 μL of the amplification 

solution 1 was added to each well followed by incubation for exactly 15 min at room 

temperature on a microplate shaker.  The plate was then washed 6 times with 200 μL of 

wash buffer and 100 μL of amplification solution 2 was added and incubated for exactly 

30 min at room temperature on a microplate shaker.   The plate was then washed 6 times 

with 200 μL of wash buffer and 100 μL TMB substrate solution was added to each well 

and the plates were incubated at room temperature in the dark for approximately 20 

min.  100 μL of stop solution was then added to each well and the absorbance was read 

on a Tecan Infinite M200 Pro (Tecan, Mannedorf, Switzerland) at a wavelength of 450 

nm.  Sample values were calculated from the standard curve and will be represented as 

picogram per millilitre ± standard deviation. 

 

Quantification of IFN-γ 

Central IFN-γ concentrations were measured using the Biosensis Mouse 

Interferon Gamma ELISA kit (Thebarton, Australia).   This assay is a sandwich ELISA 

using Avidin-Biotin-Peroxidase complex (ABC) enzyme and TMB substrate as a means 

to measure the concentration of IFN-γ present in the sample.  The assay was performed 

according to the manufacturer’s recommendations.  Briefly, standards and homogenate 

samples were added to the appropriate wells pre-coated with monoclonal IFN-γ 

antibody and incubated.  Post-incubation a biotinylated mouse IFN-γ polyclonal 

antibody was added to each well and subsequently further incubated.  The enzyme ABC 

was then added to each well and after the appropriate incubation the TMB substrate was 

added to each well and left to develop in the dark.  Subsequently, the TMB stop solution 
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was added to each well and the absorbance of each well read at 450 nm on a Tecan 

Infinite M200 Pro (Tecan, Mannedorf, Switzerland). 

 

Quantification of PGE2 

Central PGE2 was quantified using the PGE2 express EIA (Cayman Chemical, 

Michigan, USA), a competitive EIA.  This assay is based on the competition between 

PGE2 and a PGE2-acetylcholinesterase conjugate for a limited amount of PGE2 

monoclonal antibody.  Given the nature of the assay, there is an inversely proportional 

amount of PGE2 in the sample in comparison to PGE2-AChE conjugate able to bind to 

the monoclonal antibody.  Therefore when Ellman’s reagent, an AChE substrate, is 

added to the wells, the colour intensity observed is inversely proportional to the 

concentration of PGE2 present in the sample. 

 

The PGE2 Express ELISA kit used in this study contained prostaglandin E2 

express ELISA monoclonal antibody, prostaglandin E2 express AChE tracer, 

prostaglandin E2 express ELISA standard, ELISA buffer concentrate (10X), wash buffer 

concentrate (400X), polysorbate 20, goat anti-mouse IgG coated plate, Ellman’s 

reagent, ELISA tracer dye and ELISA antiserum dye. 

 

The assay was performed according to the manufacturer’s instructions with 

samples diluted 1 in 5 using PBS.  Briefly, all buffers and wash solutions were made up 

prior to the commencement of the assay according to the manufacturer’s instructions.  

The appropriate amounts of ELISA buffer, PGE2 express ELISA standard, samples, 
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PGE2 express AChE tracer and PGE2 express monoclonal antibody were added to the 

appropriate wells of the pre-coated ELISA plate and incubated for 60 min at room 

temperature on a plate shaker.  After incubation, the plate was developed by adding the 

appropriate amount of Ellman’s reagent and tracer to the appropriate wells of the plate.  

The plate was then incubated in the dark on a plate shaker until development had 

occurred and the absorbance of each well read at 405 nm on a Tecan Infinite M200 Pro 

(Tecan, Mannedorf, Switzerland). 

 

2.3.10 Quantification of central kynurenine metabolites  

 HPLC methods described below were used to quantify central concentrations of 

the KMs KYN, 3-HK and KA. 

 

Kynurenine and 3-hydroxykynurenine 

KYN and 3-HK were quantified using the HPLC method outlined below. 

 

Apparatus 

 The apparatus used for the HPLC analysis of KYN and 3-HK was that described 

in section 2.3.8.  The column used in this analysis was a Phenomenex Gemini C18 (5  

µM; 250 mm x 4.6 mm) reverse phase column (Phenomenex, Lane Cove, Australia) 

fitted with a Phenomenex SecurityGuard guard cartridge (Phenomenex, Lane Cove, 

Australia). 
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Sample preparation 

Mouse brain homogenates used for analysis of KYN and 3-HK were prepared 

according to previously described methods [218].  Briefly, mouse brains were halved 

and weighed.  Trichloroacetic acid (1.6%) (Sigma Aldrich, St Louis, MO, USA) was 

added in a ratio of 10 μL per 1 mg of wet weight brain.  Brains were homogenized using 

a dounce homogenizer on ice and were centrifuged at 13000 x g for 30 min at 4°C.  

Aliquots of the resultant supernatant was taken and stored at -80°C until further 

analysis. 

 

HPLC method 

The HPLC method used to analyse KYN and 3-HK was that described in section 

2.3.8.  Briefly, an isocratic method run over 10 min using 0.1% GAC (solvent A) and 

ACN (solvent B) (90:10 % v/v) and 10 µL injections of sample was employed to 

quantify KYN and 3-HK.  The UV absorbance was monitored at 360 nm and 

quantification was made after comparison to a 10 point standard curve. 

 

Kynurenic acid 

KA was quantified using the HPLC methods outlined below. 

 

Apparatus 

 The apparatus used for the HPLC analysis of KA was that described in section 

2.3.8.  The column used was a GraceSmart (5 µm, 250 x 4.6 mm) reverse phase column 
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(Grace Discovery Science, Columbia, MD, USA) fitted with a Phenomenex 

SecurityGuard guard cartridge (Phenomenex, Lane Cove, Australia). 

 

Sample preparation 

Mouse brain homogenates used for analysis of KMs were prepared according to 

previously described methods [218].  Briefly, mouse brains were halved and weighed.  

Trichloroacetic acid solution (1.6%) (Sigma Aldrich, St Louis, MO, USA) was added in 

a ratio of 10 μL per 1 mg of wet weight brain.  Brains were homogenized using a 

dounce homogenizer on ice and were centrifuged at 13000 x g for 30 min at 4°C.  

Aliquots of the resultant supernatant was taken and stored at -80°C until further 

analysis. 

 

HPLC method 

The HPLC method used to analyse KA employed an isocratic method run over 

10 min using 0.1% GAC (solvent A) and ACN (solvent B) (90:10 % v/v) and 10 µL 

injections of sample was employed to quantify KA.  The fluorescence of KA was 

monitored at excitation 344 nm and emission 398 nm and quantification was made after 

comparison to a 10 point standard curve. 
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2.3.11 Quantification of monoamines 

 HPLC methods described below and sample preparation methods described in 

section 2.8.3 were used to quantify central concentrations of the monoamines 5-HT, DA 

and NA. 

Apparatus 

 The apparatus used for the HPLC analysis of the monoamine 5-HT, DA and NA 

was that described in section 2.3.8 with a GraceSmart C18 (5 µm, 250 x 4.6 mm) 

reverse phase column (Grace Discovery Science, Columbia, MD, USA) fitted with a 

Phenomenex SecurityGuard guard cartridge (Phenomenex, Lane Cove, Australia). 

 

Sample preparation 

Mouse brain homogenates used for analysis of central monoamines were 

prepared according to previously described methods with minor modifications [217].  

Briefly, mouse brains were halved and weighed.  PBS (Sigma Aldrich, St Louis, MO, 

USA) containing protease inhibitor cocktail (Sigma Aldrich, St Louis, MO, USA) was 

added in a ratio of 15 μL per 1 mg of wet weight brain.  Brains were homogenized using 

a dounce homogenizer on ice and were centrifuged at 13000 x g for 30 min at 4°C.  

Aliquots (50 µL) of the resultant supernatant were then taken and 5 µL of 100% 

trichloroacetic acid solution added  
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HPLC method 

The HPLC method utilised in this study was validated according to the 

parameters outlined below.  Briefly, mobile phase A consisted of a 0.1% GAC (Merck, 

Frenchs Forest, Australia) solution and mobile phase B consisted of ACN (Scharlau, 

Barcelona, Spain).  A gradient method of 0 to 10 min, 1% mobile phase B to 90% 

mobile phase B; 10 to 17 min, 90% to 1%; 17 to 20 min, re-equilibration using 1% 

mobile phase B, at 40°C with a flow rate of 1 mL/min and run over 20 min was used to 

elute cortisol.  The fluorescence of 5-HT, DA and NA was monitored at excitation 280 

nm and emission 320 nm. 

 

2.3.12 Quantification of central cortisol 

 HPLC methods described in section 2.3.8 and sample preparation methods 

described in section 2.3.8 were used to quantify central concentrations of cortisol. 

 

2.3.13 Plasma and central concentrations of caffeine  

 Plasma and central caffeine concentrations were quantified using HPLC 

according to the conditions outlined below. 

 

Preparation of standard solutions 

The stock solutions was composed of 2 mM of caffeine, 1,7-dimethylxanthine, 

theophylline and theobromine in water and were stored at -20°C.  All working solutions 

were prepared fresh on the day of analysis. 
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Apparatus 

The HPLC system used was the system described in section 2.3.8.  The column 

used was a GraceSmart (5 μm, 250 x 4.6 mm) reverse phase column (Grace Davison 

Discovery Sciences, Melbourne) fitted with a Phenomenex SecurityGuard guard 

cartridge (Phenomenex, Lane Cove, Australia).     

 

Sample preparation 

A standard methanol protein precipitation method was used to isolate the 

analytes of interest.  Briefly, 100 μL of sample was placed in a tube and 300 μL of 

methanol was added.  The sample was vortexed for 30 seconds and then centrifuged at 

14000 rpm for 30 min.  200 μL of the supernatant was then placed in glass HPLC vials 

and analysed according to the methods outlined below. 

 

Calibration curve 

Blank porcine serum (Gibco, Scoresby, Australia) was used for the calibration 

and quality control standards.  Calibration standards, 100 μM to 6.25 μM, were prepared 

by spiking specific volumes of the working solutions to blank plasma and subsequently 

serial dilutions undertaken.  Quality control samples were prepared at three levels of 

concentrations, 7.5 μM, 15 μM and 30 μM. 

 

HPLC method 

The HPLC method utilised in this study is a previously described method with 

minor alterations [219].  Briefly, mobile phase A consisted of a 25 mM sodium 
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phosphate monobasic buffer adjusted to pH 5.66 with triethylamine and mobile phase B 

consisted of 100% methanol.  An isocratic method, utilising 30% mobile phase B, at 

45°C with a flow rate of 1 mL/min and run over 10 min was used to elute the analytes 

of interest.  The UV absorbance of the analytes of interest was monitored at 272 nm. 

 

Validation of methods 

The method was validated using the methods outlined in section 2.3.8. 

 

2.3.14 Statistical analysis 

One-way or two-way ANOVA with Tukey’s post hoc test (were significance 

was observed) were used in this study and were performed using GraphPad InStat 

version 3.06 (2003) with P < 0.05 (*,#), P < 0.01 (**,##), and P < 0.001 (***,###).  All 

graphs were drawn using Graphpad Prism v6 (San Diego, USA).  Two-way ANOVA 

analysis was used for analysing the behavioural studies over the various time points and 

one-way ANOVA analysis was used for all remaining analyses. 

 

2.4 Results 

2.4.1 The effects of caffeine, caffeinated coffee and decaffeinated coffee on 

behaviour in mice 

Locomotor activity day 1 

 The acute effects of the treatment groups on locomotor activity levels, in the 

absence of LPS, of the animals was tested 60 min post-administration of the first dose 
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using the OFT, as seen in figure 14.  Animals in the vehicle control group had a mean 

number of crossings of 47.8 ± 10.1.  In comparison, animals treated with the positive 

control imipramine (p < 0.05), and the two test groups receiving caffeine (p < 0.001) 

and caffeinated coffee (p < 0.05) all showed signs of increased activity.  The caffeine 

treatment group’s number of crossing increased by almost double and the caffeinated 

coffee group’s number of crossing increased by approximately 30%.  There was no 

observed increase in locomotor activity after treatment with decaffeinated coffee. 
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Figure 14 – The acute effects of caffeine, caffeinated coffee and decaffeinated 

coffee on locomotor activity in C57BL/6J mice measured by the open field test. 

 

Forced swimming test day 1 

The acute effects of the treatment groups on depression levels of the animals, in 

the absence of LPS, was tested 60 min post-administration of the first dose using the 

forced swimming test as seen in figure 15.  The mean immobility time observed in 

animals in the saline group was 170.2 ± 12.0 seconds.  Conversely, animals treated with 

caffeine (p < 0.0001) and caffeinated coffee (p < 0.001) both showed significant 
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decreases in immobility time.  The decreases observed in animals treated with caffeine 

were approximately five-fold lower than saline control and caffeinated coffee 

approximately 30% lower than saline control. 
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Figure 15 – The effects of caffeine, caffeinated coffee and decaffeinated coffee on 

immobility time as measured by the forced swimming test. 

 

Tail suspension test day 1 

The acute effects of the treatment groups on depression levels of the animals, in 

the absence of LPS, was tested 60 min post-administration of the first dose using the tail 

suspension test, as seen in figure 16.  The mean immobility time observed in animals in 

the saline group was 155.2 ± 21.7 seconds.  Conversely, animals treated with 

imipramine (p < 0.05), caffeine (p < 0.001) and caffeinated coffee (p < 0.001) all 

showed signs of decreased immobility time.  The immobility time in both the 

caffeinated coffee and caffeine treated animals was approximately half of that of 
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animals in the saline group and was approximately 30% less than the animals in the 

imipramine treatment group. 
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Figure 16 – The effects of caffeine, caffeinated coffee and decaffeinated coffee on 

immobility time as measured by the tail suspension test. 

 

Locomotor activity  

  The long term effects of caffeine consumption were observed over the 

duration of the study to assess if tolerance was occurring.  It was shown that chronic 

dosing of caffeine did not result in any significant changes in locomotor activity for the 

duration of the study. 

Statistically significant increases in locomotor activity were observed at 

numerous time points in the study using the open field test.  The imipramine treatment 

group at the seven day point showed an increase in locomotor activity in comparison to 

the vehicle control, saline (p < 0.05). The caffeine treatment group showed an increase 

in locomotor activity at all three time points of day 1, day 7 and day 14 (p < 0.0001).  



 
 

139 

Likewise, the caffeinated coffee treatment group showed an increase in locomotor 

activity at all three time points of day 1 (p < 0.05), day 7 (p < 0.001) and day 14 (p < 

0.001) as seen in figure 17 below.  Animals treated with both caffeine and caffeinated 

coffee both showed increases in locomotor activity at all three time points of the study 

that were approximately two-fold higher than animals in the saline control group.  

Furthermore, similar differences were observed between these animals and the animals 

in the imipramine treatment group.  An increase in locomotor activity was observed in 

animals treated with caffeinated coffee over the duration of the study.  An approximate 

10% increase in locomotor activity was observed between day 1 and day 14. 
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Figure 17 – The chronic effects of saline (n = 5), imipramine (n = 5), caffeine (n = 

5), caffeinated coffee (n = 5) and decaffeinated coffee (n = 5) on locomotor activity 

using the open field test. 
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Forced swimming test 

 Statistically significant decreases in immobility time in the forced swimming 

test were observed at numerous time points in the study.  The imipramine treatment 

group at the 7 (p < 0.05) and 14 day (p < 0.01) points showed a decrease in immobility 

time in comparison to the vehicle control, saline. The caffeine treatment group showed a 

decrease in immobility time at all three time points of day 1, day 7 and day 14 (p < 

0.0001).  Likewise, the caffeinated coffee treatment group showed a decrease in 

immobility time at all three time points of day 1, day 7 and day 14 (p < 0.001) as seen in 

figure 18 below.   Animals treated with both caffeine and caffeinated coffee both 

showed decreases in immobility time at all three time points of the study that were 

approximately half that of animals in the saline control group.  Furthermore, similar 

differences were observed between these animals and the animals in the imipramine 

treatment group.  Animals in the caffeinated coffee treatment group showed a 

progressive decrease in immobility time in the FST over the duration of the study.  A 

significant decrease of approximately 40% was observed in these animals on day 14 in 

comparison to day 1 (p < 0.0001).  
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Figure 18 – The chronic effect of saline (n = 5), imipramine (n = 5), caffeine (n = 5), 

caffeinated coffee (n = 5) and decaffeinated coffee (n = 5) on immobility time using 

the forced swimming test. 

 

Tail suspension test 

 Statistically significant decreases in immobility time in the tail suspension test 

were observed at numerous time points in the study.  The imipramine treatment group at 

the day 1 (p < 0.05), 7 (p < 0.05) and 14 (p < 0.01) points showed a decrease in 

immobility time in comparison to the vehicle control, saline. The caffeine treatment 

group showed a decrease in immobility time at all three time points of day 1, day 7 and 

day 14 (p < 0.0001).  Likewise, the caffeinated coffee treatment group showed a 

decrease in immobility time at all three time points of day 1, day 7 and day 14 (p < 

0.001).  Decaffeinated coffee also showed a decrease in immobility time at day 14 (p < 

0.05) as seen in figure 19 below. Animals treated with both caffeine and caffeinated 

coffee both showed decreases in immobility at all three time points of the study that 
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were approximately three-fold lower than animals in the saline control group.  

Furthermore, similar differences were observed between these animals and the animals 

in the imipramine treatment group, however the decrease in immobility time was only 

approximately a two-fold decrease.    Animals in the caffeinated coffee treatment group 

showed a progressive decrease in immobility time in the TST over the duration of the 

study.  A significant decrease of approximately 50% was observed in these animals on 

day 14 in comparison to day 1 (p < 0.05).  
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Figure 19 – The chronic effects of saline (n = 5), imipramine (n = 5), caffeine (n = 

5), caffeinated coffee (n = 5) and decaffeinated coffee (n = 5) on immobility time 

using the tail suspension test. 
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2.4.2 The effects of caffeine, caffeinated coffee and decaffeinated coffee on 

behaviour in LPS-stimulated animals 

Locomotor activity post-LPS  

 A statistically significant decrease, approximately three-fold in magnitude, in 

locomotor activity was observed in the LPS alone treatment group at 6 h post-LPS 

injection.  This decrease in locomotor activity however had returned to that of the saline 

group 24 h post-LPS treatment as seen in figure 20 below. 
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Figure 20 – The effects of LPS (n = 5) on locomotor activity measured using the 

open field test 6 and 24 h post administration in comparison to saline (n = 5). 

 

 Statistically significant increases in locomotor activity were observed in animals 

treated with imipramine at 6 h (p < 0.0001) post-LPS, caffeine treated animals at 6 h (p 

< 0.0001) and 24 h (p < 0.05) post-LPS and caffeinated coffee treated animals at 6 h (p 

< 0.05) and 24 h (p < 0 .0001) post-LPS treatment.  Conversely, decaffeinated coffee 

decreased locomotor activity in treated animals at 6 h (p < 0.05) and 24 h (p < 0.01)  

post-LPS treatment as seen in figure 21.  At 6 h post-LPS exposure, pre-treatment with 
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imipramine, caffeine and caffeinated coffee all approximately doubled the locomotor 

activity of animals in comparison to LPS alone.  After 24 h, caffeine and caffeinated 

coffee pre-treatment increased locomotor activity in comparison to LPS alone by 

approximately double.  Conversely, pre-treatment with decaffeinated coffee results in an 

approximate two fold decrease in locomotor activity in comparison to LPS alone.   
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Figure 21 – The effects of LPS (n =5), imipramine (n = 5), caffeine (n = 5), 

caffeinated coffee (n = 5) and decaffeinated coffee (n = 5) on locomotor activity 

using the open field test 6 and 24 h post-LPS administration. 

 

Forced swimming test post-LPS 

 A statistically significant increase in immobility time was observed in animals 

treated with LPS 24 h post-exposure (p < 0.01).  Statistically significant decreases in 

immobility time were observed in animals pre-treated with imipramine (p < 0.05), 



 
 

145 

caffeine (p < 0.05) and caffeinated coffee (p < 0.001) as seen in figure 22 below.  

Immobility time decreased by approximately half in animals pre-treated with 

imipramine and caffeine and by approximately two thirds in animals pre-treated with 

caffeinated coffee.  Furthermore, pre-treatment with decaffeinated coffee afforded an 

approximate one third decrease in immobility time in comparison to LPS alone. 
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Figure 22 – The effects of saline (n = 5), LPS (n = 5), imipramine (n = 5), caffeine (n 

= 5), caffeinated coffee (n = 5) and decaffeinated coffee (n = 5) on the immobility 

time using the forced swimming test 24 h post-LPS administration. 

 

Tail suspension test post-LPS 

 A statistically significant increase in immobility time was observed in animals 

treated with LPS 24 h post-exposure (p < 0.01).  Statistically significant decreases in 

immobility time were observed in animals pre-treated with imipramine (p < 0.05), 
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caffeine (p < 0.0001) and caffeinated coffee (p < 0.0001) as seen in figure 23 below.  

Decreases in immobility time of approximately 50% were observed in animals pre-

treated with imipramine.  Furthermore, an approximate 60% decrease and 75% decrease 

in immobility time was observed in animals pre-treated with caffeine and caffeinated 

coffee respectively. 
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Figure 23 – The effects of saline (n = 5), LPS (n = 5), imipramine (n = 5), caffeine (n 

= 5), caffeinated coffee (n = 5) and decaffeinated coffee (n = 5) on immobility time 

using the tail suspension test 24 h post-LPS exposure. 

 

Weight loss  

 A statistically significant decrease in weight was seen in all animals receiving 

LPS regardless of their pre-treatment group in comparison to saline as shown in table 2 
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below (p < 0.0001).  Furthermore, there was no significant difference between treatment 

groups in comparison to LPS alone as seen in table 3 below. 

 

Table 2 – Weight loss of animals treated with LPS and LPS in addition to imipramine, 

caffeine, caffeinated coffee and decaffeinated coffee in comparison to the saline control 

Treatment Number Mean ± SD P CI 

Saline 5 0.32 ± 0.26 - - 

LPS 5 -2.40 ± 0.255 

 

<0.0001 -3.099 to -2.349 

Imipramine 5 -2.13 ± 0.12 <0.0001 -2.744 to -2.156 

Caffeine 5 -2.44 ± 0.09 <0.0001 -3.042 to -2.478 

Caffeinated 

coffee 

5 -2.41 ± 0.35 <0.0001 -3.182 to -2.278 

Decaffeinated 

coffee 

5 -2.41 ± 0.53 <0.0001 -3.342 to -2.118 

 

Table 3 - Weight loss of animals treated with LPS in addition to imipramine, caffeine, 

caffeinated coffee and decaffeinated coffee in comparison to animals treated with LPS 

Treatment Number Mean ± SD P CI 

LPS 5 -2.40 ± 0.255 

 

- - 

Imipramine 5 -2.13 ± 0.12 NS -0.01692 to 

0.5649 

Caffeine 5 -2.44 ± 0.09 NS -0.3148 to 

0.2428 

Caffeinated 

coffee 

5 -2.41 ± 0.35 NS -0.4562 to 

0.4442 

Decaffeinated 

coffee 

5 -2.41 ± 0.53 NS -0.6166 to  

0.6046 

 



 
 

148 

2.4.3 The effects of caffeine, caffeinated and decaffeinated coffee of plasma 

markers of inflammation in an LPS model of depression 

Quantification of plasma IDO activity 

Method validation  

The HPLC method for the quantification of Trp and KYN in plasma described in 

section 2.3.8 was shown to be accurate, precise, repeatable and specific.  An example 

HPLC chromatogram utilising the sample preparation and analytical methods in section 

2.3.8 is shown below in figure 26.  The retention time of Trp and KYN using the 

abovementioned method was found to be 5.840 ± 0.079 min and 4.404 ± 0.044 (n = 30) 

respectively. 

 

Linearity 

The standard curve was prepared as described in section 2.3.8.  The results 

represented in figure 24 are an average of the area of triplicate injections from 3 

separate runs (n = 9) ± 1 standard deviation of each of the 10 concentrations tested and 

resulted in a linear curve across the concentration range tested.   
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Figure 24 – Calibration curve for the quantification of tryptophan at 275 nm and 

kynurenine at 360 nm (area) (n =3; Y = 15539*X + 77014 and Y = 1041*X - 4984; 

R
2
 = 0.9974 and 0.9991, under the chromatographic conditions described in section 

2.3.8), which produced a linear curve across the concentration range tested (% 

RSD < 5%). 

 

Accuracy and precision 

Figure 25 below demonstrates the accuracy and precision of both the sample 

preparation method and the HPLC method for the isolation and quantification of Trp 

and KYN.  All three of the concentrations tested, 6.25 µM, 12.5 µM and 25 µM, were 

within the acceptable range of 85 to 115% of expected.  The HPLC method used to 

quantify Trp and KYN in plasma samples was found to be precise.  Figure 25 below 

shows the precision of the method with regards to the area, height and retention time 

represented as the coefficient of variance.  All results fell within the acceptable range of 

less than 10%. 
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Figure 25 – The a) accuracy of the HPLC method used to quantify tryptophan; b) 

accuracy of the HPLC method used to quantify kynurenine; c) precision of the 

HPLC method used to quantify tryptophan; d) precision of the HPLC method to 

quantify kynurenine  (n = 30). 

 

Selectivity 

The HPLC method used to quantify Trp and KYN was found to be selective for 

both analytes of interest.  This can be seen in figure 26 below. 
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Figure 26 – HPLC chromatograms highlighting the selectivity of the method used 

to quantify Trp and KYN at fluorescence ex 275 nm and em 350 nm and 

absorbance 360 nm, respectively a) blank porcine serum sample at ex 275 nm em 

350 nm; b) Trp spiked porcine serum sample; c) blank porcine serum sample at 

360 nm; d) KYN spiked porcine serum sample. 

 

Lower limits of detection and quantification 

The limit of detection (signal to noise ratio 3-to-1) was found to be 0.0003 mM 

and 0.012 mM and the limit of quantification (signal to noise ratio 10-to-1) was found 

to be 0.006 mM and 0.019 mM for Trp and KYN, respectively. 

 

Plasma IDO activity 

Plasma IDO activity was assessed by the quantification of KYN and Trp and 

subsequently the KYN to Trp ratio.  Statistically significant increases in IDO activity, 

more than doubled were observed after animals were exposed to LPS for 24 h.  Pre-

treatment of mice with caffeinated coffee for 14 days resulted in the protection from 

increased IDO activity after 24 h exposure to LPS (p < 0.01) in comparison to the 

A B 

C D 
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vehicle control animals exposed to LPS alone similar in magnitude to the results 

observed with pre-treatment with the trichloroacetic acid and positive control, 

imipramine (p < 0.01).  The activity of IDO was approximately 30% lower in animals 

pre-treated with caffeinated coffee or imipramine after exposure to LPS, however, it did 

not return to the levels observed in the saline control group. 
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Figure 27 – The effects of chronic exposure of mice to saline (n = 5), LPS (n = 5), 

imipramine (n = 5), caffeine (n = 5), caffeinated coffee (n = 5) and decaffeinated 

coffee (n = 5) on IDO activity 24 h post-LPS exposure where * is in comparison to 

saline control and # is in comparison to LPS stimulus. 

 

Quantification of plasma cortisol concentrations 

Method validation  

The HPLC method for the quantification of cortisol in plasma described in 

section 2.3.8 was shown to be accurate, precise, repeatable and specific.  An example 



 
 

153 

HPLC chromatogram utilising the sample preparation and analytical methods in section 

2.3.8 is shown below in figure 30.  The retention time of cortisol using the 

abovementioned method was found to be 8.159 ± 0.007 min (n = 30). 

 

Linearity 

The standard curve was prepared as described in section 2.3.8.  The results 

represented in figure 28 are an average of the area of triplicate injections from 3 

separate runs (n = 9) ± 1 standard deviation of each of the 10 concentrations tested and 

resulted in a linear curve across the concentration range tested.   
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Figure 28 - – Calibration curve for the quantification of cortisol at 248 nm (area) 

(n =3; Y = 9309*X - 12093; R2 = 0.9893, under the chromatographic conditions 

described in section 2.3.8), which produced a linear curve across the concentration 

range tested (% RSD < 5%%) 

 

 



 
 

154 

Accuracy and precision 

Figure 29 below demonstrates the accuracy of both the sample preparation 

method and the HPLC method for the isolation and quantification of cortisol.  All three 

of the concentrations tested, 15 µM, 35 µM and 50 µM, were within the acceptable 

range of 85 to 115% of expected.   

 

The HPLC method used to quantify cortisol in plasma samples was found to be 

precise.  Figure 29 below shows the precision of the method with regards to the area, 

height and retention time represented as the coefficient of variance.  All results fell 

within the acceptable range of less than 10%. 
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Figure 29 – The a) accuracy; and b) precision of the HPLC method used to 

quantify cortisol in plasma and brain homogenates (n = 30) 

 

Selectivity 

The HPLC method used for the quantification of cortisol in plasma was shown 

to be selective for the analyte of interest as seen in figure 30 below. 
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Figure 30 – HPLC chromatograms demonstrating the selectivity of the method to 

quantify plasma cortisol concentrations a) blank porcine serum; b) spiked porcine 

serum. 

 

Lower limits of detection and quantification 

The limit of detection (signal to noise ratio 3-to-1) was found to be 0.012 mM 

and the limit of quantification (signal to noise ratio 10-to-1) was found to be 0.097 mM. 

 

Quantification of plasma cortisol  

No detectable levels of plasma cortisol were present in the plasma of animals in 

any of the treatment groups. 

 

Quantification of plasma neopterin and biopterin concentrations 

Plasma biopterin concentrations were significantly lower in animals in the LPS 

alone treatment group in comparison to animals in the saline group (p < 0.0001).  

Concentrations in the LPS treatment decreased this concentration by approximately 

50% in comparison to the saline control group.  Furthermore, imipramine (p < 0.001), 

caffeine (p < 0.05), caffeinated coffee (p < 0.001) and decaffeinated coffee (p < 0.001) 
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pre-treatment resulted in significant increases in the plasma concentrations of biopterin.  

Pre-treatment with imipramine was shown to prevent the decrease of biopterin plasma 

concentrations with a plasma concentration comparable to that of the saline control 

group.  Furthermore, caffeine, caffeinated coffee and decaffeinated coffee did not 

protect against the full decrease in plasma biopterin concentrations but were still 

significantly higher than those observed in the LPS treatment group. 

 

Plasma neopterin concentrations were shown to be significantly increased in 

animals in the LPS treatment group in comparison to those in the saline treatment 

group.  None of the treatment groups, including the positive control imipramine, were 

found to be significantly different to the LPS-treated group. 

 

The ratio of neopterin to biopterin was significantly increased in animals in the 

LPS treatment group.  The ratio observed in the LPS group was 4 times higher than that 

observed in the saline treatment group.  Furthermore, significantly lower neopterin to 

biopterin ratios were observed in all of the treatment groups.  Animals receiving the 

positive control imipramine, displayed ratios that were comparable to the animals in the 

saline control group.  Furthermore, caffeinated coffee was comparable to imipramine in 

its protective effects, with only a small increase in the ratio in this group compared to 

imipramine.  Pre-treatment with caffeine and decaffeinated coffee also prevented the 

increase in the ratio but to a lesser degree than that of imipramine and caffeinated coffee 

as seen in figure in 31. 
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Figure 31 – The effects of saline (n = 5), LPS (n = 5), caffeine (n = 5), caffeinated 

coffee (n = 5) and decaffeinated coffee (n = 5) on a) plasma biopterin 

concentrations; b) plasma neopterin concentrations; c) neopterin to biopterin 

ratio. 

 

2.4.4 The effects of caffeine, caffeinated coffee and decaffeinated coffee on central 

markers of inflammation 

Quantification of central interferon gamma concentrations 

 No change in central IFN-γ concentrations were observed between the vehicle 

control group and LPS alone or any of the other treatment groups. 

 

Quantification of central interleukin-6 concentrations 

Central IL-6 were found to be below the detection limit of the assay used in this 

study.  That is less than 0.21 pg/mL of IL-6 was present in the samples. 
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Quantification of central TNF-α concentrations 

 No change in central TNF-α concentrations was observed between the vehicle 

control group and LPS alone or any of the other treatment groups. 

 

Quantification of central PGE2 concentrations 

 PGE2 concentrations were quantified using EIA.  PGE2 concentrations in LPS-

treated animals were found to be approximately twice as high as those observed in the 

saline treatment group.  Furthermore, PGE2 concentrations were significantly decreased 

in animals pre-treated with caffeine (p < 0.05), caffeinated coffee (p < 0.01) and 

decaffeinated coffee (p < 0.0001).  PGE2 concentrations were decreased by 

approximately 30% after pre-treatment with caffeine and caffeinated coffee and 

approximately 50% after pre-treatment with decaffeinated coffee. 
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Figure 32 – Central PGE2 concentrations after 24 h exposure to LPS in animals 

pre-treated with saline (n = 5), LPS alone (n = 5), caffeine (n = 5), caffeinated 

coffee (n = 5) and decaffeinated coffee (n = 5) where * is in comparison to saline 

and # is in comparison to LPS stimulus 

 

Quantification of central kynurenine metabolites 

A number of the KMs, including KYN, 3-HK and KA, were quantified in the 

brains of animals pre-treated with caffeine, caffeinated coffee and decaffeinated coffee 

24 h post-LPS exposure.  The ratios of KA to KYN, 3-HK to KYN and 3-HK to KA 

were then calculated. 

 

Kynurenic acid to kynurenine ratio 

A statistically significant increase in the KA to KYN ratio was observed in the 

brains of animals treated with LPS alone (p < 0.001).  This ratio significantly increased 
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in the groups where animals were pre-treated with caffeine (p < 0.001) and 

decaffeinated coffee (p < 0.05) in comparison to LPS alone.   
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Figure 33 - The changes in the ratio of kynurenic acid to kynurenine in brain 

homogenate after animals were treated with saline (n = 5), LPS (n = 5), imipramine 

(n = 5), caffeine (n = 5), caffeinated coffee (n = 5) and decaffeinated coffee (n = 5) 

 

3-Hydroxykynurenine to kynurenine ratio 

No significant change in the brain ratio of 3-HK to KYN was observed 24 h 

post-LPS exposure.  Increases in the ratio of 3-HK to KYN were however increased 24 

h post-LPS in animals dosed with imipramine (p < 0.0001) and caffeine (p < 0.0001).  

Significant decreases in this ratio was seen in animals treated with decaffeinated coffee 

(p < 0.0001).  The observed changes in this ratio are relatively small as seen in figure 34 

below. 
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Figure 34 - The changes in the ratio of 3-hydroxykynurenine to kynurenine in 

brain homogenate after animals were treated with saline (n = 5), LPS (n = 5), 

imipramine (n = 5), caffeine (n = 5), caffeinated coffee (n = 5) and decaffeinated 

coffee (n = 5) 

 

Kynurenic acid to 3-HK ratio 

 Modest statistically significant increases in the ratio of KA to 3-HK were 

observed 24 h after animals were treated with LPS (p < 0.05).  Furthermore, caffeine (p 

< 0.0001), caffeinated coffee (p < 0.01) and decaffeinated coffee (p < 0.01) all increased 

the ratio of KA to 3-HK.  Increases in the order of approximately 30% were again 

observed as seen in figure 35 below. 
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Figure 35 – The changes in the ratio of kynurenic acid to 3-hydroxykynurenine in 

brain homogenate after animals were treated with saline (n = 5), LPS (n = 5), 

imipramine (n = 5), caffeine (n = 5), caffeinated coffee (n = 5) and decaffeinated 

coffee (n = 5) 

 

2.4.5 The effects of caffeine, caffeinated coffee and decaffeinated coffee on central 

monoamines in an LPS model of depression 

Several monoamines, including 5-HT, NA and DA, were quantified in the brain 

homogenates using HPLC analysis. 

 

Quantification of central serotonin 

 No significant differences in central 5-HT concentrations was observed after 

animals were treated with LPS, caffeine, caffeinated coffee or decaffeinated coffee as 

seen in figure 36 below. 
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Figure 36 - Central serotonin concentrations per mg of protein in animals treated 

with saline (n = 5), LPS (n = 5), imipramine (n = 5), caffeine (n = 5), caffeinated 

coffee (n = 5) and decaffeinated coffee (n = 5) 

 

Quantification of central noradrenaline 

 No significant differences in central noradrenaline concentrations was observed 

after animals were treated with LPS, caffeine, caffeinated coffee or decaffeinated coffee 

as seen in figure 37 below. 
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Figure 37 – Central noradrenaline concentrations per mg of protein in animals 

treated with saline (n = 5), LPS (n = 5), imipramine (n = 5), caffeine (n = 5), 

caffeinated coffee (n = 5) and decaffeinated coffee (n = 5) 

 

Quantification of central dopamine 

 No significant differences in dopamine concentrations were seen in the brains of 

animals treated with LPS in comparison to the saline control group.  Statistically 

significant decreases in dopamine concentration were however observed in the brains of 

animals treated with caffeine (p < 0.05) as seen in figure 38 below. 
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Figure 38 – Central dopamine concentrations after animals were treated with 

saline (n = 5), LPS (n = 5), imipramine (n = 5), caffeine (n = 5), caffeinated coffee (n 

= 5) and decaffeinated coffee (n = 5) 

 

2.4.6 Quantification of plasma and central caffeine concentrations after treatment 

with caffeine and caffeinated coffee  

Method validation  

The HPLC method for the quantification of caffeine in plasma described in 

section 2.3.8 was shown to be accurate, precise, repeatable and specific.  An example 

HPLC chromatogram utilising the sample preparation and analytical methods in section 

2.3.8 is shown below in figure 41.  The retention time of caffeine using the 

abovementioned method was found to be 8.681 ± 0.078 min (n = 30). 
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Linearity 

The standard curve was prepared as described in section 2.3.8.  The results 

represented in figure 39 are an average of the area of triplicate injections from 3 

separate runs (n = 9) ± 1 standard deviation of each of the 10 concentrations tested and 

resulted in a linear curve across the concentration range tested.   
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Figure 39 – Calibration curve for the quantification of caffeine at 272 nm (area) (n 

=3; Y = 4156*X + 4409; R2 = 0.9933, under the chromatographic conditions 

described in section 2.3.8), which produced a linear curve across the concentration 

range tested (% RSD < 5%%) 

 

Accuracy and precision 

The accuracy of the HPLC method to quantify caffeine was assessed using 

spiked porcine serum. The results for the accuracy of the method can be seen in figure 

40 below.   All 3 concentrations of caffeine tested fell within the recommended 85 to 

115% of control (n = 9). 
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The precision of the method was assessed using spiked porcine serum and is 

represented as intermediate precision.  The intermediate precision of the method was 

found to be less than 1% as seen in figure 40 below.  This indicates the method is 

precise for the quantification of caffeine.   

 

1
0
 

g
/m

L

2
0
 

g
/m

L

4
0
 

g
/m

L

0

5 0

1 0 0

1 5 0

%
 E

x
p

e
c

te
d

A re a  H e ig h t R e te n tio n  t im e

0 .0

0 .2

0 .4

0 .6

0 .8

C
V

 (
%

)

 

Figure 40 – The a) accuracy and b) precision of the method used to quantify 

caffeine in the plasma and brain homogenates (n = 30). 

 

Specificity 

The HPLC method used was evaluated for the specificity of caffeine.  As seen in 

the chromatograms below in figure 41 the method was shown to be specific with no co-

elution of caffeine with 3 of the major metabolites of caffeine namely theophylline, 

theobromine and 1,7-dimethylxanthine.   
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Figure 41 – Chromatograms of theobromine (T), paraxanthine (P), theophylline 

(TH) and caffeine (C): a – blank plasma; b – caffeine and metabolites isolated and 

analysed 

 

Lower limits of detection and quantification 

The lower limits of detection and quantification of caffeine using the method 

described in section 2.3.8 was assessed in spiked human plasma. The lower limit of 

detection was found to be 0.0122 mM and the lower limit of quantification to be 0.0976 

mM. 

 

Quantification of plasma caffeine 

 Plasma caffeine levels were significantly raised in animals pre-treated with 

caffeinated coffee (p < 0.0001).  Conversely, no other treatment group, including the 

caffeine treatment group, had detectable concentrations of plasma caffeine as seen in 

figure 42 below. 
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Figure 42 – Plasma caffeine concentrations of animals treated with LPS in 

combination with saline (n = 5), LPS (n = 5), imipramine (n = 5), caffeine (n = 5), 

caffeinated coffee (n = 5) and decaffeinated coffee (n = 5).  

 

2.5 Discussion 

An LPS model of depression was used in the current study utilizing methods 

described previously [136, 137, 139, 201].  This model was useful in assessing a 

number of parameters associated with depression including changes to Trp catabolism 

and behaviours of depression.  The model used has been used extensively in the past to 

assess the effects of compounds on depression [136, 137, 139, 201].  Furthermore, the 

various parameters of validity were also addressed to ensure the highest quality model 

was developed. 

 

The model used in the current study was shown to display many of the features 

known to be present in human patients suffering from depression.  These include 
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alteration in mood towards depressive-like behaviour and an increase in markers of 

inflammation including PGE2, neopterin and IDO activity.  Animals in the current study 

were treated with 0.83 mg/kg of LPS from E. coli strain O111:B4 24 h before sacrifice.  

The immobility times in the FST and TST were both significantly increased in the LPS 

treatment group in comparison to the saline group.  Treatment of mice with LPS has 

been shown to increase depressive-like behaviours including decreased exploratory 

behaviour [220], reduced social interaction and increased anhedonia [221].  Furthermore 

increased immobility times have been shown to be increased after exposure to LPS in 

both the forced swimming test [136, 142, 222] and the tail suspension test [136, 142]. A 

combination of three behavioural tests were incorporated into the current study.  These 

include the FST, the TST and the OFT.  All three of these tests are routinely used to 

assess the behavioural effects of compounds of interest.  The forced swimming test and 

the tail suspension test are both behavioural models used to assess depressive-like 

behaviour [208, 209].  Animals displaying behavioural signs of depression will have 

higher immobility time in each of these tests in comparison to non-depressed animals.  

The OFT on the other hand is more closely associated with the activity of the animals or 

anxiety levels [203, 223, 224].  The OFT uses locomotor activity as a measure and 

animals with increased activity are likely to be experiencing signs of anxiety [203, 223, 

224]. 

 

Animals in the LPS group displayed significantly less crossing in comparison to 

animals in the saline control group at 6 h post-LPS exposure measured using the OFT.  

Conversely, 24 h post-LPS exposure, the number of crossings in animals in the LPS 

treatment group did not significantly differ from that observed in the saline control 

group. Literature shows that there is a biphasic response when mice are exposed to LPS 
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[139].  In the first 6 h, animals show signs of sickness behaviour, whereas, after 24 h 

sickness behaviour declines and becomes depressive-like behaviour [139].  To show 

that this had occurred in the current study, the locomotor activity, using the open field 

test, of the LPS-treated animals was compared to the saline group at 6 h and 24 h.  At 6 

h, a statistically significant decrease in the locomotor activity of the animals treated with 

LPS in comparison to the saline treated groups was observed.  At 24 h, the locomotor 

activity of both groups was found to be the same.  This is suggestive of the biphasic 

response being present.  To further confirm the depressive-like behaviour at 24 h, the 

forced swimming test and the tail suspension test were used.  Both of these tests showed 

that animals treated with LPS were displaying symptoms of depression, with their 

immobility time significantly increased in comparison to animals in the saline treatment 

group.  This is consistent with what occurred in the current study.   

 

Varying doses and strains of LPS have been reportedly used previously 

including 0.83 mg/kg of E. coli O111:B4 [136, 202, 204, 205, 225] .  The alteration in 

the behaviour in the current study is consistent with literature indicating the 

appropriateness of this model to assess the antidepressant-like activities of compounds 

of interest and suggest that an appropriate dose and strain of LPS was used.  In further 

support of the model, the positive control included in the current study, the tricyclic 

antidepressant imipramine, was shown to decrease the immobility time in the FST and 

TST and has therefore been shown to improve depressive-like behaviours at a dose of 

10 mg/kg.  Again, the results observed with imipramine are consistent with literature 

[9].  Imipramine is commonly used as a positive control in in vivo animal models of 

inflammatory depression and dosages of 10 mg/kg of imipramine have been previously 

shown to decrease immobility time in the FST and TST in LPS-treated animals [9].  
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Given the results obtained in the current study align with literature and that imipramine 

decreases depressive-like behaviour, the appropriateness of this model to assess the 

antidepressant activity of caffeine and coffee is confirmed. 

 

The current study showed that caffeine and caffeinated coffee had an effect on a 

number of behavioural parameters associated with depression.  First and foremost, the 

acute effects of caffeine, caffeinated coffee and decaffeinated coffee were assessed 

using the open field test, the forced swimming test and the tail suspension test and were 

compared to the positive control, imipramine and the negative control group, saline.  

Caffeinated coffee and caffeine both increased locomotor activity and decreased 

immobility time in both the forced swimming test and tail suspension test in comparison 

to saline treated animals.  These results are indicative of acute antidepressant-like 

activities along with possible stimulatory effects in the absence of LPS stimulus.    

Furthermore, the positive control, imipramine, was found only to increase the animals 

locomotor activity in the open field test to decrease immobility time in the tail 

suspension test in comparison to the saline control.   These changes, however, were not 

as significant as those observed after animals were administered caffeine and 

caffeinated coffee.   

 

The effects of caffeine on locomotor activity were measured daily throughout 

the duration of the study.  This was done to assess if tolerance to caffeine was being 

demonstrated by animals due to the actions of caffeine in the brain and the high 

prevalence of tolerance with its consumption [226, 227].  Animals exposed to caffeine 

over the duration of the study showed no changes in locomotor activity with exception 
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between day 0 and day 1, the first day of caffeine administration.  These results show 

that animals in the caffeine treatment group experienced no tolerance to caffeine. 

 

In addition to the acute effects of caffeine, caffeinated coffee and decaffeinated 

coffee on behaviours associated with depression, the chronic effects of these 

interventions on these behaviours was assessed using the same three methods.  The 

chronic effects of animals exposed to caffeine, caffeinated coffee and decaffeinated 

coffee were assessed by comparing the results of the open field test, the forced 

swimming test and the tail suspension test at days 1, 7 and 14 of the study.  Statistically 

significant increases in locomotor activity were observed in animals treated with 

caffeine and caffeinated coffee at all three time points.  Interestingly, maximum 

locomotor activity was observed in the caffeine treatment group after 7 days however, 

there was a linear increase in locomotor activity in the caffeinated coffee group, with 

maximal locomotor activity observed after 14 days.  Conversely, decaffeinated coffee 

had no effect on locomotor activity.  Animals in the imipramine treatment group 

displayed increased locomotor activity on days 1 and 7 of the study however this 

activity declined back to that of the saline control group by day 14.  Given the nature of 

imipramine, this is not unexpected.  In vivo animal studies have shown that treatment 

with imipramine increased anxiety levels with acute treatment and subsequently 

decreased these behaviours with chronic administration, that is 21 days of treatment 

[228].  This is consistent with the results obtained in the current study. 

 

Results displayed by animals in the imipramine, caffeine and caffeinated coffee 

in both the forced swimming test and the tail suspension test were all similar.  Animals 
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in all three of the groups display decreased immobility time at all three time points 

during both of the tests.  Conversely, decaffeinated coffee had no effect on immobility 

time in comparison to the saline control group.  The forced swimming test and the tail 

suspension test are both models to assess depressive-like behaviours in animals as 

outlined above.  This suggests that animals chronically treated with caffeine and 

caffeinated coffee may display a reduction in depressive-like behaviours without 

inflammatory stimulus.  When compared to the group treated with the positive control 

imipramine, a significant decrease in immobility time was observed in animals treated 

with caffeine and caffeinated coffee.  This suggests that caffeine and caffeinated coffee 

may provide better antidepressant properties than imipramine at the doses tested. 

 

Caffeine and caffeinated coffee afforded protective effects towards both sickness 

behaviour and depressive-like behaviour in the current model used, as did the positive 

control imipramine.  Conversely, animals treated with decaffeinated coffee showed a 

significant decrease in locomotor activity and no significant change in immobility time 

in the forced swimming test and the tail suspension test.  This suggests that caffeine and 

caffeinated coffee may provide antidepressant-like benefits whereas decaffeinated 

coffee appears to have no benefits on depressive-like behaviours.  The behavioural data 

supports the human epidemiological data and given that a number of confounding 

factors have been controlled for, such as social interaction, these results increase the 

validity of the data. 
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In addition to behaviour, markers of inflammation were also increased in LPS-

treated animals after 24 h.  Several changes in the KMs both peripherally and centrally 

were observed.  Peripheral IDO activity was shown to be significantly raised in animals 

treated with LPS in comparison to the saline control.  Furthermore, a significant 

increase in the ratio of KA to KYN was observed in LPS-treated animals in comparison 

to saline control and the ratio of KA to 3-HK was slightly increased in comparison to 

the saline control.  As highlighted earlier, the KP and its metabolites are hypothesised to 

play an important role in the pathophysiology of depression [15, 69, 122, 128, 156, 229, 

230].  IDO, the first marker associated with the KP, is raised in patients in a depressive 

state [229, 230].  Furthermore, IDO increases have been shown to align with the onset 

of depressive symptoms in patients receiving IFN therapy [229, 230].   

 

The effects of caffeine, caffeinated coffee and decaffeinated coffee in LPS 

exposed animals on a number of pro-inflammatory cytokines and other markers of 

inflammation in both mouse plasma and mouse brain homogenates were undertaken.  

Peripheral IDO activity was assessed via the quantification of plasma Trp and KYN and 

subsequently taking the ratio of KYN to Trp.  In the current study, it was found that 

caffeinated coffee decreased the activity of IDO after exposure to LPS.  A similar 

decrease in the activity in IDO was observed after animals were pre-treated with the 

positive control, imipramine.  As outlined earlier, IDO is an important enzyme in the 

catabolism of Trp and is directly under the control of pro-inflammatory cytokines and 

mediators [122].  In this case, IDO is directly regulated by LPS [136].  IDO activity has 

been shown to be mediated either through IFN-γ-dependent or independent pathways 

[138].  In the case of LPS, studies have shown this to be through a predominantly IFN-

γ-independent mechanism [138].  This mechanism has been shown to be mediated 
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through toll-like receptors 4 (TLR4) activation and through the release of TNF-α [149, 

231].  Furthermore, other pro-inflammatory cytokines including IL-6 and IL-1β are also 

known to upregulate IDO activity [229].   

 

As highlighted earlier, IDO activity has been correlated with symptoms of 

depression on numerous occasions [15, 60, 229, 230].  In the current study, the change 

in IDO activity observed corresponds and compliments the results observed in the 

behavioural studies, suggesting that the behavioural results are a true representation. 

 

IDO, the first enzyme in the KP, is the rate-limiting enzyme responsible for the 

catabolism of Trp into further KMs [122].  These KMs can either be neurotoxic or 

neuroprotective in nature [122].  Furthermore, studies have shown that IDO levels in the 

plasma result in increased KYN concentrations in the CNS.  KYN is taken up into the 

CNS from the periphery via the large neutral amino acid carrier [156] and studies have 

shown that up to 60% of the KYN in the CNS originates in the periphery [122].  

Numerous studies have shown IDO activity to be raised in animals after exposure to 

LPS [136, 232-234].  Studies have shown that this effect is predominantly independent 

of an IFN-γ mediated response and is rather through TLR4 activation [235, 236].   

 

In the current study, significantly increased ratios of KA to KYN are observed in 

the brains of animals treated with LPS.  The KA to KYN ratio is used as a measure of 

the catabolism of KYN to KA [122].  These results suggest that the catabolism of KYN 

is favouring the neurotoxic arm of the KP.  However, when quantified, the ratio of 3-
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HK to KYN was not significantly different.  Furthermore, the ratio of KA to 3-HK, a 

measure of the balance between the neurotoxic and the neuroprotective arms of the KP 

[122], was slightly raised in the LPS alone treatment group in comparison to the saline 

control group.  One possible explanation for the disparity between the results observed 

relates to the KMs and KP enzymes downstream of 3-HK.  It is well known that 

downstream enzymes are also upregulated under inflammatory conditions [156].  This 

could result in the conversion of 3-HK to KMs further down the neurotoxic pathway 

including 3-HA and QA and thus may skew the ratios involving 3-HK.  Furthermore, 

LPS has been shown to increase QA synthesis in the brain 246-fold [169].  This would 

support the conversion of 3-HK to 3-HA and QA.  Further studies are recommended to 

quantify 3-HA and QA in the future to fully assess the impact of LPS on the KP balance 

in the CNS. 

 

In the brain homogenates of animals pre-treated with caffeine, caffeinated coffee 

and decaffeinated coffee,   the ratio of KA to 3-HK was significantly increased in all 

three groups of animals.  Furthermore, the KA to KYN ratio was significantly increased 

in the brains of animals in the caffeine and caffeinated coffee pre-treatment groups.  

These results strongly indicate that the shift in the catabolism of KYN is towards the 

neuroprotective arm of the KP and secondly, this is supported by the ratio of KA to 3-

HK significantly higher than that seen in the LPS alone treatment group.  These results 

indicate that the balance of the KP in the CNS is shifted from the neurotoxic arm to the 

neuroprotective arm with the pre-treatment of caffeine and caffeinated coffee.   
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Another important set of biomarkers in depression related to IFN-γ and Trp 

catabolism are neopterin, biopterin and the ratio of biopterin to neopterin [188, 190, 

192].  The current study has shown that in animals 24 h post-LPS exposure, neopterin 

concentrations were significantly raised, biopterin concentrations were significantly 

decreased which resulted in the significant increase in the ratio of neopterin to biopterin, 

all consistent with the results seen in literature in depressed patients.  Furthermore, these 

results mirrored the effects of LPS on IDO activity in the current study.   

 

Neopterin and biopterin are important markers relating to IFN-γ response, with 

neopterin concentrations increasing in its presence [192].  Furthermore, biopterin is an 

important cofactor in the synthesis of monoamines [190].  In the current study, LPS-

treated animals showed a significant decrease in plasma biopterin which may result in a 

significant decrease in 5-HT, DA and NA synthesis in the brain, further adding to the 

depressive-like nature of the model.  

 

The third important pro-inflammatory marker seen in depressed patients, PGE2, 

has been previously assessed after LPS administration in vivo and was found to be 

increased [237].  In the current study, PGE2 concentrations were increased in animals 

treated with LPS alone in comparison to the animals in the saline control group, 

comparable to previous studies.  A marker of inflammation, PGE2, was however 

increased in the brains of animals treated with LPS alone.  Furthermore, decreases in the 

brain concentrations of PGE2, was observed in animals pre-treated with caffeine, 

caffeinated coffee and decaffeinated coffee.  These results indicate that caffeine, 

caffeinated coffee and decaffeinated coffee all display anti-inflammatory properties.  
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Previous in vitro studies undertaken in microglial cells, suggest that LPS-induced ROS 

increases the production of PGE2 [238].  Furthermore, a ROS-dependent enzyme, 

Membrane-bound glutathione-dependent PGE2 synthase, has been found to be critical in 

the increase of PGE2 concentrations post-LPS administration, further supporting the role 

of ROS in the production of PGE2.  The effects of LPS on free radical production was 

not assessed in the current study, however, it is recommended that it is investigated in 

the future. 

 

In the current study, protein levels of the pro-inflammatory cytokine IL-6, TNF-

α and IFN-γ were quantified using high sensitivity ELISA assays.  It was found that 

administration of LPS for 24 h did not significantly alter TNF-α or IFN-γ concentrations 

in the brain.  Furthermore, it was found that IL-6 concentrations in the brain were below 

the limits of quantification for the assay.  In addition to its effects on behaviour, LPS 

also plays an important role in inducing an inflammatory response [146].  Pro-

inflammatory response has been shown to play an important role in the pathophysiology 

of depression with a number of inflammatory markers raised in depression.  Amongst 

these are TNF-α and IL-6, as shown in a meta-analysis [239]. The results from the 

current study suggest that the increases in the mRNA of pro-inflammatory cytokines 

post-LPS exposure observed in previous studies may not correlate to increased protein 

production [136].  Furthermore, studies have shown that the production of pro-

inflammatory cytokines is time and tissue specific after exposure to LPS [146].  Given 

the tissue and time point of sacrifice, that is 24 h post-LPS exposure, it is not expected 

that the current study would provide results that showed a change in cytokine 

concentrations [146].  Although changes to the pro-inflammatory cytokine 

concentrations was not observed in the current study, other markers associated with 
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inflammation, including IDO, neopterin and PGE2, were all significantly increased 

suggesting an increase in inflammation.  Further studies assessing the mechanisms by 

which this inflammation occurs is warranted in the future. 

 

Another important parameter in the pathophysiology of depression, alterations to 

the monoaminergic system were also evaluated in the current model.  No significant 

change in any of the monoamines, 5-HT, NA and DA, quantified was observed after 

LPS treatment alone.  Furthermore, the only significant change in monoamine 

concentrations was observed in animals in the caffeine group.  The dopamine 

concentrations in animals in the caffeine treatment group were significantly lower than 

any of the other treatment or control groups.  Given that there was no detectable levels 

of caffeine in the plasma of these animals and that it had been 24 h since the previous 

dose, the decrease in dopamine levels suggest these animals may be displaying 

withdrawal symptoms [240].  Furthermore, the animals in the caffeinated coffee group 

were protected from this effect given the relatively high concentrations of caffeine 

remaining in their plasma.  The lack of changes in the monoamine concentrations may 

be due to insufficient time for alterations to occur however further studies are required 

to further investigate this. 

 

    From the data outlined above, it can be seen that the various parameters outlined in 

section 2.1.1 pertaining to model validity, have been included in the current study to 

minimise the limitations experienced in the study.  Face validity exists in the current 

model of depression as many of the behavioural and biochemical features of depression 

observed in human disease are mirrored in the current model.  Furthermore, this model 



 
 

181 

displays predictive validity as the positive control, imipramine, displayed the expected 

behavioural and biochemical changes consistent with human therapy.  The third 

principle of validity, construct validity, was again a prominent feature of this model.  

Construct validity was achieved through the incorporation of the relevant features of 

depression as guided by the current theories of depression. 

 

The plasma and central caffeine concentrations were quantified using HPLC.  

No detectable levels of caffeine were seen in brain homogenates of any of the treatment 

groups.  However, plasma caffeine levels were quantifiable in animals treated with 

caffeinated coffee but not caffeine alone.  The concentrations of caffeine received by the 

animals in the caffeinated coffee group were equivalent to those in the caffeine group.  

The plasma was collected from animals that were not exposed to any form of caffeine in 

the previous 24 h.  Furthermore, the coffee administered to the animals in the 

caffeinated coffee group had a comparable concentration of caffeine present compared 

to the caffeine group, as determined by HPLC analysis.  Given that the half-life of 

caffeine in a mouse is 0.7 to 1.2 h [241], we would not expect to see any quantifiable 

concentrations of caffeine present in the plasma of caffeine or caffeinated coffee treated 

animals.  There are a number of possibilities why caffeine may be seen in the plasma of 

animals treated with caffeinated coffee. 

 

Caffeine is predominantly metabolised through the cytochrome P450 enzyme, 

CYP1A2, to a number of active metabolites including paraxanthine, theophylline and 

theobromine as well as to a number of other enzymes including xanthine oxidase and 

thiopurine methyltransferase [242].    Bioactive constituents of coffee have been shown 
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to have a number of different effects on the enzymes responsible for the metabolism of 

caffeine.    CA has been shown to inhibit CYP1A2, thereby potentially increasing the 

plasma concentrations of caffeine in the plasma [243].  Furthermore, both CGA and CA 

have been shown to have inhibitory effects on another key enzyme in the metabolism of 

caffeine, xanthine oxidase [244].   A CA analogue that has undergone oxidation has 

shown more potent inhibition of xanthine oxidase [245].  Given the nature of 

preparation of coffee, it is possible that the formation of oxidated compounds occurs 

however further studies are required to assess this. 

 

Given the high concentrations of caffeine present in the plasma of caffeinated 

coffee treated animals and the previous studies showing caffeine, via A2aRs, to possess 

antidepressant activities [34], it cannot be excluded that this is not the mechanism by 

which caffeinated coffee exerts its antidepressant-like effects. 

 

 There have been a number of limitations identified with the current in vivo 

model of depression however attempts have been made to minimise these.  The model is 

valuable in assessing the effects of compounds on behaviour, the KP and some aspects 

of inflammation however limitations in its ability to assess for changes to the 

concentrations of the pro-inflammatory cytokines and the concentrations of 

monoamines was noted.  For future studies, a different inflammatory stimulus may 

provide a better model of inflammatory depression.  One such model is using the BCG 

vaccine to induce a state of chronic depression.  BCG vaccine is a beneficial model of 

inflammatory depression due to its secondary IFN-γ effects.  Additionally, this method 

of inducing animal models of depression is favourable due to its chronic nature of 
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depression and closer to clinical depression.  It has been shown that, in C57BL/6J mice, 

10
7
-10

8
 colony forming units of the vaccine results in an initial acute stress response 

that further develops into depressive-like behaviour after 7 days [140, 141]. 

 

A second limitation identified in the current study is the sections of mouse 

brains used for cytokine, KM and monoamine analysis.  In the current study, half brains 

were taken and homogenised for further analysis however, in previous studies, specific 

sections of the brain were isolated, homogenised and analysed [9, 139, 246, 247].  It is 

suggested that this may be beneficial to identify subtle changes to these parameters, 

such as cytokines, monoamines and KMs in the brain and as a result should be 

considered in the future. 

 

2.6 Conclusion 

In conclusion, the current study has found that caffeine and caffeinated coffee 

decreased the depressive-like behaviours observed 24 h post-LPS.  Furthermore, similar 

results were observed in peripheral IDO activity neopterin and PGE2 concentrations.  

From these results it would suggest that caffeinated coffee acts, at least in part, via anti-

inflammatory pathways to reduce the symptoms and biomarkers of depression.  

Furthermore, caffeine was shown to have similar effects however, these were not as 

pronounced as those observed with caffeinated coffee.  The results obtained suggest that 

caffeine, in combination with other coffee constituents were responsible for the 

antidepressant activities of caffeinated coffee.  This study complements the human 

epidemiological data outlined in chapter 1 and provides preliminary evidence of 

causality.  Furthermore, these results suggest that it is appropriate for a high quality 
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randomised controlled trial be undertaken to fully determine the causal link between the 

consumption of caffeinated coffee and the risk of depression.  
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Chapter Three: Quantitative analysis of key bioactive coffee constituents in 

caffeinated and decaffeinated coffee 

3.1 Introduction 

As outlined in chapter one, epidemiological studies have shown an inverse 

correlation between the consumption of caffeinated coffee and risk of depression [3, 4, 

6-8].  Further evidence to support this was observed in the in vivo animal study 

undertaken as a part of chapter two.  As seen in chapter two, caffeinated but not 

decaffeinated coffee protected against depressive-like symptoms produced by exposure 

to LPS.  The aim of this study was to investigate if there were any differences in the 

presence of bioactive coffee constituents. 

 

 As outlined earlier, coffee contains many bioactive constituents that may 

contribute to the antidepressant-like effects of coffee including anti-inflammatory 

activities [41, 52, 87, 94], antioxidant activities [49, 50, 55, 88, 97] and positive effects 

on depressive behaviour in in vivo animal models of inflammatory depression [9, 76, 

248] as outlined in section 1.2.  Given the differences in antidepressant-like activity 

observed between caffeinated and decaffeinated coffee in both the epidemiological and 

the animal studies presented in chapter two [3, 4], it is possible that key bioactive coffee 

constituents are lost in the decaffeination process.  It is well known that the 

decaffeination process is used to remove caffeine, however, to date, there have been no 

studies investigating the effects of this process on other bioactive coffee constituents.   
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The decaffeination process is the method by which coffee beans are treated to 

remove the caffeine present in the bean [249].  This process is undertaken on green 

beans before any further processing or roasting occurs [249, 250].  There has been a 

number of decaffeination processes outlined to date.  Amongst these include the Swiss 

water process, the direct method, the indirect method, both chemical methods, and the 

CO2 method [249, 250].  Of these, the Swiss water process is one of the most common 

method of decaffeination as it is a “chemical free” method.  This method uses water 

saturated with coffee constituents, referred to as a green coffee extract, to soak the green 

coffee beans in.  The immersion process is repeated several times until the beans are 

99.9% caffeine free by mass [250], a required standard for a product to be classified as 

decaffeinated [251].  Given the methods by which caffeine is removed, it is plausible 

that other bioactive coffee constituents may be removed by the same process.   

 

This study aimed to evaluate the effects of the decaffeination process on the 

quantities of a number of bioactive compounds found in coffee.  The six most abundant 

bioactive constituents, caffeine, CA, CGA, FA, PA and trigonelline, were chosen for 

this study due to their biological activities as outlined in section 1.2.  The concentration 

of these constituents was quantified using HPLC analysis in a variety of commercially 

available preparations. 
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3.2 Hypothesis, aims and objectives 

3.2.1 Hypothesis 

The preparation and decaffeination process affects the quantity of key 

biologically active constituents present in coffee. 

 

3.2.2 Aims and objectives 

The aim of this project was to evaluate the effects of the decaffeination process 

on key biologically active constituents of coffee including caffeine, CGA, CA, FA, PA, 

and trigonelline. 

 

This was achieved through the following objectives.   

 Quantitative assessment of the key bioactive coffee constituents including 

caffeine, CA, CGA, FA, PA and trigonelline, in bean and roast matched 

samples in caffeinated and decaffeinated coffee using analytical HPLC. 

 

3.3 Materials and methods 

3.3.1 Sample preparation 

The coffee samples were all prepared in the same manner to ensure accuracy 

when comparisons were made according to a previous method with minor modifications 

[252].  Briefly, 50 mg of the coffee samples to be tested was dissolved in 1 mL of hot 

distilled water.  Samples were then further diluted 1 in 20 or anlysed undiluted before 

HPLC analysis was undertaken, respectively [252]. 
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3.3.2 Preparation of working solutions  

Stock solutions of caffeine, CA, CGA, FA, PA and trigonelline were made up to 

a concentration of 1 mg/mL in distilled water and stored at -20°C.  Standard curves 

were made up fresh on the day of the analysis and further diluted in distilled water. 

 

3.3.3 HPLC analysis – caffeine and trigonelline 

Caffeine concentrations in coffee were quantified using HPLC.  The HPLC 

method used was a developed, optimised and validated ion-pairing method which is 

described in detail below.  A number of methods were tried; however, this method was 

found to be the optimal method and was chosen for use in this study.  

 

Apparatus 

The HPLC used was that outlined in section 2.3.8 above.  The column used was 

GraceSmart C18 (5 µm, 250 x 4.6 mm) reverse phase column (Grace Discovery 

Science, Columbia, MD, USA) fitted with Phenomenex SecurityGuard guard cartridge 

(Phenomenex, Lane Cove, Australia). 

 

HPLC Method 

The mobile phase consisted of 25 mM NaH2PO4 and methanol (70:30, v/v) and 

was delivered at a flow rate of 1 mL/min throughout the 10 minute isocratic run.  The 

column was heated to 45°C and UV was monitored at 272 nm.  
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3.3.4 HPLC analysis – Chlorogenic acid and caffeic acid  

HPLC analysis of CGA and CA was performed according to previously reported 

procedures with slight modifications [253].  The method used is outlined in detail 

below.   

 

Apparatus 

The HPLC used was that outlined in section 2.3.8 above.  The column used was 

GraceSmart C18 (5 µm, 250 x 4.6 mm) reverse phase column (Grace Discovery 

Science, Columbia, MD, USA) fitted with Phenomenex SecurityGuard guard cartridge 

(Phenomenex, Lane Cove, Australia). 

 

HPLC Method 

A gradient elution method, run at 1 mL/min was employed for the elution of 

CGA using a 10 mM sodium phosphate monobasic buffer with the pH unadjusted as 

mbile phase A and acetonitrile as mobile phase B.    The gradient program used was as 

follows: 0-5.0 min, 5-12% (v/v) B; 5.0-10.0 min, 12% (v/v) B; 10.-15.0 min, 12-15% 

(v/v) B; 15.0-25.0 min, 15-30% (v/v) B; 25.0-30.0 min, 30% (v/v) B; 30.0-30.1 min, 30-

90% (v/v) B; 30.1-35.0 min, 90% (v/v) B; 35.0-35.1 min, 90-5% (v/v) B; 35.1-45.0 min 

5% (v/v) B The column was heated to 40°C and UV was monitored at 325 nm. 

 

3.3.5 HPLC analysis – Ferulic acid and pyrogallic acid 

FA and PA concentrations in coffee were quantified using HPLC.  The HPLC 

method used was a developed, optimised and validated method and will be described in 
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detail below.  A number of methods were tried; however, this method was found to be 

the optimal method and was chosen for use. 

 

Apparatus 

The HPLC used was that outlined in section 2.3.8 above.  The column used was 

GraceSmart C18 (5 µm, 250 x 4.6 mm) reverse phase column (Grace Discovery 

Science, Columbia, MD, USA) fitted with Phenomenex SecurityGuard guard cartridge 

(Phenomenex, Lane Cove, Australia). 

 

HPLC method 

A gradient elution method, run at 1 mL/min was employed for the elution of FA 

and PA using a 0.1% glacial acetic acid solution as mobile phase A and acetonitrile as 

mobile phase B.    The gradient program used was as follows: 0-10.0 min, 1-90% (v/v) 

B; 10.0-17.0 min, 90-1% (v/v) B; 17.0-20.0 min, 1% re-equilibration using solvent B. 

The column was heated to 40°C and UV was monitored at 320 nm. 

 

3.3.6 Method validation 

Method validation of each of the methods was performed according to the ICH 

guidelines summarised in section 2.3.8 [213]. 
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3.3.7 Analysis of results 

Quantification of the coffee constituents caffeine, CA, CGA, FA, PA and trigonelline 

was performed using the peak area of the analyte compared to 10 point standard curves.

  

3.4 Results 

3.4.1 Quantitative analysis of bioactive coffee constituents  

Validation of HPLC methods 

The HPLC methods outlined in section 3.3 above were used to quantify caffeine, 

CA, CGA, FA, PA and trigonelline.  These methods were validated using the methods 

outlined in section 2.3.8 and was found to be an accurate, precise and selective method 

for the quantification of the analytes of interest. 

 

Linearity 

The standard curves for each analyte of interest were prepared as described in 

section 3.3.  The results represented in table 4 show the linearity of the 10 

concentrations tested.  These results show that a linear curve across the concentration 

range tested was found.   

 

Accuracy 

Table 4 below summarises the accuracy of the HPLC methods for the 

quantification of the analytes of interest.  All three of the concentrations tested, 15 µM, 
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20 µM and 35 µM, were within the acceptable range of 85 to 115% of expected in all 

methods with exception of CGA and CA. 

 

Precision 

The HPLC methods used to quantify the analytes of interest were found to be 

precise.  Table 4 below summarises the precision of the methods with regards to the 

area, height and retention time represented as the coefficient of variance.  All results fell 

within the acceptable range of less than 10% with exception of CGA (area) and the 

methods are therefore precise for the quantification of the analytes of interest. 
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Table 4 - Validation parameters for the HPLC methods used in the current study 

Analyte Linearity 

(R
2
) 

Accuracy 

 

Reproducibility 

(Area, height & 

retention time) 

Lower limits of 

detection and 

quantification 

Caffeine 0.9998 90 to 104% of 

expected 

CV < 1% LOD – 0.012 

LOQ – 0.097 

Caffeic acid 0.9691 83 to 98% of 

expected 

CV < 9% LOD – 0.012 

LOQ – 0.097 

Chlorogenic 

acid 

0.9992 

 

80 to 99% of 

expected 

CV < 11% LOD – 0.012 

LOQ – 0.097 

Ferulic acid 0.9877 94 to 102% of 

expected 

CV < 2% LOD – 0.012 

LOQ – 0.097 

Pyrogallic acid 0.9986 94 to 105% of 

expected 

 

CV < 5% LOD – 0.012 

LOQ – 0.097 

Trigonelline 0.9996 90 to 103% of 

expected 

CV < 2% LOD – 0.012 

LOQ – 0.097 

 

Selectivity 

The HPLC methods used to quantify caffeine, CA, CGA, FA, PA and 

trigonelline were found to be selective for the analytes of interest in both a water matrix 

and a complex coffee matrix sample as shown below in figures 43. 
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Figure 43 – HPLC chromatograms showing the specificity for the analytes of 

interest a) water blank; b) water spiked with trigonelline and caffeine; c) 

trigonelline and caffeine in complex coffee matrix; d) blank water; e) water spiked 

with caffeic acid and chlorogenic acid; f) caffeic acid and chlorogenic acid in 

complex coffee matrix; g) blank water; h) water spiked with ferulic acid and 

pyrogallic acid; i) ferulic acid and pyrogallic acid in complex coffee matrix.  

 

3.4.2 Analysis of caffeinated and decaffeinated coffee 

Table 5 below outlines the differences in coffee constituents between brand, 

bean and roast matched caffeinated and decaffeinated coffee.  Three batches of three 

brands of instant coffee and one brand of espresso were evaluated for differences in key 

bioactive coffee constituents between caffeinated and decaffeinated coffee.  This study 

has shown that key bioactive coffee constituents were lost in the decaffeination process.  

It was confirmed in all of the decaffeinated samples that statistically significant 

decreases in caffeine concentration were observed in comparison to their relative 

caffeinated counterpart.  Furthermore, in a number of samples, FA content was 
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significantly decreased in decaffeinated samples.  FA was decreased in samples 2 (p < 

0.01) and sample 4 (p < 0.001). 

 

In addition to the differences observed between bean and roast matched 

caffeinated and decaffeinated coffee, analysis has shown that there is variability in the 

concentration of the coffee constituents present in the various coffee samples analysed.  

Furthermore, variability in concentrations of constituents was observed between the 

various batches tested of each of the brands of coffee. 

 



Table 5 – Summary of the concentrations of key bioactive coffee constituents in various brand, bean and roast matched coffee samples 

Coffee sample Caffeine 

(µg/50 mg) 

Caffeic acid 

(µg/50 mg) 

Chlorogenic acid 

(µg/50 mg) 

Ferulic acid 

(µg/50 mg) 

Pyrogallic acid 

(µg/50 mg) 

Trigonelline (µg/50 

mg) 

Caffeinated coffee 

brand 1 

Batch 1 3498.59 183.47 3683.63 40.26 67.23 3880.13 

Batch 2 3309.74 80.62 1784.28 11.78 50.93 3630.34 

Batch 3 3190.41 166.78 3396.42 30.39 69.82 3477.85 

Average 3332.91 ± 155.39  

(n = 3) 

143.62 ± 55.20 

(n = 3) 

2954.78 ± 1023.80 

(n = 3) 

27.48 ± 14.46 

(n = 3) 

62.66 ± 10.24 

(n = 3) 

3662.77 ± 203.09 

(n = 3) 

Caffeinated coffee 

brand 2 

Batch 1 1876.73 72.23 1870.25 87.63 104.49 1460.89 

Batch 2 2723.63 87.84 2284.74 93.10 104.95 2143.1 

Batch 3 3831.10 72.56 2102.27 97.10 91.70 2665.84 

Average 2810.49 ± 980.08 

(n = 3) 

77.54 ± 8.92 (n 

= 3) 

2085.75 ± 207.74 (n 

= 3) 

92.61 ± 4.75 (n = 

3) 

100.38 ± 7.52 (n 

= 3) 

2089.94 ± 604.23 

(n = 3) 
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Caffeinated coffee 

brand 3 

      

Batch 1 1896.97 145.22 1989.59 90.50 126.93 1427.98 

Batch 2 2440.93 104.75 1508.55 60.86 118.20 1832.35 

Batch 3 1426.08 118.97 1542.69 56.87 98.20 1116.24 

Average 1921.32 ± 507.86 

(n = 3) 

122.98 ± 20.53 

(n = 3) 

1680.28 ± 268.42  

(n = 3) 

69.41 ± 18.37  

(n = 3) 

114.44 ± 14.73 

(n = 3) 

1458.86 ± 359.05 

(n = 3) 

Caffeinated coffee 

brand 4 

      

Batch 1 1250.10 85.84 1920.21 75.97 123.76 1170.09 

Batch 2 2476.82 81.29 1827.06 97.28 122.10 2328.94 

Batch 3 1271.03 112.37 2474.40 83.994 130.85 1186.22 

Average 1665.98 ± 702.28 

(n = 3) 

93.17 ± 16.79 

(n = 3) 

2073.89 ± 349.96  

(n = 3) 

85.75 ± 10.76  

(n = 3) 

125.57 ± 4.65  

(n = 3) 

1561.75 ± 664.46 

(n = 3) 

Decaffeinated coffee 

brand 1 

      

Batch 1 486.09 209.27 3074.21 27.10 76.21 3745.88 

Batch 2 549.20 223.97 3178.12 24.58 84.55 4088.55 
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Batch 3 605.45 264.87 3758.41 3.34 52.80 4502.86 

Average 546.91 ± 59.71  

(n = 3) 

232.70 ± 28.81 

(n = 3) 

3336.91 ± 368.71  

(n = 3) 

18.34 ± 13.05  

(n = 3) 

71.19 ± 16.46  

(n = 3) 

4112.43 ± 379.05 

(n = 3) 

Decaffeinated coffee 

brand 2 

      

Batch 1 95.73 81.25 1663.05 56.61 120.99 1626.9 

Batch 2 104.40 94.25 2067.16 56.92 124.34 1973.20 

Batch 3 96.30 87.89 1753.82 71.73 154.57 1555.31 

Average 98.81 ± 4.85  

(n = 3) 

87.80 ± 6.50  

(n = 3) 

1828.01 ± 212.02  

(n = 3) 

61.75 ± 8.64  

(n = 3) 

133.3 ± 18.50  

(n = 3) 

1718.47 ± 223.49 

(n = 3) 

Decaffeinated coffee 

brand 3 

      

Batch 1 86.89 122.70 1936.11 93.29 144.85 1568.97 

Batch 2 68.67 157.03 2302.43 107.25 162.42 1206.85 

Batch 3 101.08 141.01 2030.73 88.25 138.54 1904.85 

Average 85.55 ± 16.25 

(n = 3) 

140.25 ± 17.18 

(n = 3) 

2089.76 ± 190.16  

(n = 3) 

96.26 ± 9.84  

 (n = 3) 

148.60 ± 12.37 

(n = 3) 

1560.22 ± 349.08 

(n = 3) 
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Decaffeinated coffee 

brand 4 

      

Batch 1 45.42 98.11 714.94 7.99 74.53 727.55 

Batch 2 73.18 98.01 650.27 13.32 100.62 892.06 

Batch 3 24.64 124.98 883.86 31.62 176.48 1020.31 

Average 47.75 ± 24.35  

(n = 3) 

107.73 ± 15.54 

(n = 3) 

749.69 ± 120.61  

(n = 3) 

17.64 ± 12.39  

(n = 3) 

117.21 ± 52.96 

(n = 3) 

879.97 ± 146.75  

(n = 3) 



3.5 Discussion 

The aim of this study was to assess and evaluate the concentrations of several of 

the highly prevalent bioactive coffee constituents in brand, bean and roast matched 

caffeinated and decaffeinated coffee samples.  This was done in order to identify 

bioactive coffee constituents present in lower concentrations in decaffeinated coffee in 

comparison to caffeinated coffee and ultimately identify compounds that may be 

contributing to the apparent antidepressant effects observed in the epidemiological 

studies and the in vivo studies presented in chapter two.  Furthermore, this study 

investigated the differences in coffee constituents in different brands and the variability 

of the concentrations of coffee constituents between batches of the same brand of 

coffee. 

 

Numerous key bioactive coffee constituents, including caffeine, CA, CGA, FA, 

PA and trigonelline were all quantified using HPLC analysis.  All three HPLC methods 

used were shown to be specific, accurate, precise and linear across the concentration 

range tested according to the parameters outlined in the ICH guidelines [213].  The six 

compounds listed above were chosen for the current study as they are the six most 

prevalent bioactive compounds present in coffee and have been shown to modulate 

parameters associated with depression [9, 76, 79, 84, 88, 96, 97, 113, 124, 254]. 

 

Variability in the quantity of all bioactive coffee constituents analysed was 

observed between the four brands of coffee investigated.  There are a number of 

possible reasons for this including the coffee bean used in the coffee preparation along 
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with the roast of the bean used.  Coffee is prepared from a variety of beans belonging to 

the Coffea species [255].  The most common of these beans are Coffea arabica and 

Coffea canephora, also known as Coffea robusta [255].  Previous studies have shown 

that different beans contain varying quantities of some of the bioactive coffee 

constituents [256].  For example, quantities of CGA are significantly lower in Coffea 

arabica than those seen in Coffea canephora [257].  This is also true of caffeine levels 

[258]. Furthermore, studies have shown that the quantity of CGA present in a final 

coffee preparation is dependent on the roast of the coffee and decrease as the roast 

increases [258-260].  Additionally, the quantity of caffeine present has been shown to 

increase up to 21% after coffee beans are dark roasted [258].  This provides a 

justification as to why different brands of coffee vary so greatly in their composition. 

 

In addition to the variability between brands, variability between different 

batches within the same brand was also observed.  This variability may be due to 

climatic factors.  Studies have shown that rainfall and the mean air temperature during 

seed development are important factors for the quantities of bioactive constituents, 

particularly the CGAs [261, 262].  This means that beans grown at different times of the 

year or those that have experienced a different level of rainfall will potentially have 

varying quantities of bioactive coffee constituents. 

 

As expected, caffeine concentrations in all of the decaffeinated samples was 

significantly lower than their respective caffeinated counterparts.  As outlined above, 

the decaffeination process is a method by which coffee beans are treated to remove the 

caffeine present in the bean [249].  Another important bioactive coffee constituent, FA, 
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was shown to be present in significantly lower concentrations in two of the four coffee 

decaffeinated coffee samples tested in comparison to their caffeinated counterparts.  

This suggests that FA may be an important bioactive coffee constituent in the 

antidepressant-like activities of caffeinated coffee.  This is supported by numerous in 

vitro and in vivo studies assessing FA on parameters associated with depression and 

showing beneficial effects [9, 76]. 

 

Varying results have been identified with regards to the effects of the 

decaffeination process on the concentration of CGA in decaffeinated coffee.  On one 

hand, there have been a number of studies were CGA concentrations did not 

significantly differ between caffeinated and decaffeinated coffee samples [249, 263], 

which is consistent with the results obtained in the current study.  Conversely, another 

study has shown that CGA concentrations are significantly lower in decaffeinated 

coffee in comparison to caffeinated coffee [256].  One such explanation for this may be 

differences in the decaffeination method used.  As outlined earlier, numerous different 

decaffeination methods are used commercially which may have a significant effect on 

the loss of other additional bioactive coffee constituents in addition to caffeine.  This 

may also provide a justification as to why all brands of decaffeinated coffee do not 

show decreased concentrations of FA.  This also provides a justification for a future 

study assessing the effects of different decaffeination processes on the quantities of 

bioactive coffee constituents in decaffeinated coffee.  

 

As previously described in section 1.2, in vitro and in vivo studies have shown 

FA to have beneficial effects on depression.  Given the results obtained in the in vivo 
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study undertaken in chapter two, it is plausible that FA, in combination with caffeine, 

may provide the changes to behaviour consistent with antidepressant effects.  

Furthermore, this combination of constituents may be responsible for decreasing other 

pro-inflammatory biomarkers associated with depression including IDO activity.  This 

highlights the need to further investigate these compounds on parameters associated 

with depression.  This will be done in the current study using optimised in vitro models 

of inflammation. 

 

There are a number of future avenues of research to follow on from the study.  

One such study, is given that only a small number of coffee samples and brands have 

been sampled to date, a larger sample of coffee should be sampled in the future.  

Furthermore, the popularity of the brand and ultimately the consumption rates of each 

of the coffees were not assessed in analysis of these results.  These factors were not 

assessed in this study as the aim of this study was to simply identify if differences in 

bioactive coffee constituents existed between caffeinated and decaffeinated samples.  

The current study does however provide a basis for future studies assessing the 

parameters outlined above. 

 

A second possible further study identified was the analysis of the decaffeination 

process were not taken into account when analysing the data.  Once again, this was not 

an aim of the current study, however, the results obtained provide a justification for 

future studies assessing the effects of different decaffeination processes on the loss of 

other key bioactive coffee constituents in addition to caffeine.  
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3.6 Conclusion 

This study has highlighted the differences in coffee constituents between 

caffeinated and decaffeinated coffee samples.  Two key bioactive coffee constituents, 

caffeine and FA, were shown to be significantly decreased in decaffeinated coffee 

samples, suggesting that these two compounds may play a role in the antidepressant-like 

actions of caffeinated coffee.  Further studies specifically assessing the effects of these 

two compounds on parameters associated with depression is required.  Furthermore, 

given the conflicting nature of the results pertaining to the effects of the decaffeination 

process on CGA concentrations and the variety of decaffeination processes used 

commercially, further studies investigating the effects of each of the individual 

constituents and each of the constituents in combination with coffee will be investigated 

for their neurotoxic and anti-inflammatory effects in optimised in vitro models. 
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Chapter 4 – Development of in vitro surrogate microglial and neuronal-like cell 

models 

4.1 Introduction  

As discussed in the literature review, numerous epidemiological studies have 

assessed the effects of coffee on depression and found coffee to have beneficial effects 

in decreasing the risk of depression [3, 4, 7, 8, 12].  The in vivo animal model of 

depression outlined in chapter two has provided preliminary evidence to support the 

findings of the epidemiological studies.  Numerous parameters of depression including 

behavioural and relevant biomarkers were found to be altered after the administration of 

all three of the treatment groups but in animals treated with caffeinated coffee to the 

greatest degree.  Furthermore, chapter three highlighted the loss of key bioactive coffee 

constituents in the decaffeination process that may play a role in the differences in 

antidepressant-like activity observed with the consumption of caffeinated coffee in 

comparison to decaffeinated coffee.  With this in mind, the aim of this study was to 

develop in vitro cell-based models to, firstly, assess the effects of key bioactive coffee 

constituents on inflammatory mediators in microglial-like cells.  This provides a means 

to assess the potential use of these compounds as antidepressant agents and further 

investigate the mechanism through which they may elicit their effects. Secondly, the 

development of an in vitro surrogate neuronal cell model to assess the toxicity of key 

bioactive coffee constituents on neuronal-like cells.  
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4.1.1 Cell types in the CNS 

Two major cell types present in the CNS are microglial and neuronal cells [264].  

Both of these cell types are critical in the neuroinflammatory process and are thought to 

play an integral role in the pathophysiology of depression [128, 264, 265].  Ideally, 

human primary in vitro cell models are the optimal model for assessing the 

pharmacological and toxicological effects of compounds of interest however this is not 

always possible given the cost and ethical restraints on using these cells.    

 

Microglial cells are the resident macrophage and ultimately inflammatory cells 

in the CNS [62, 266].   Microglial cells are found to be either in their resting quiescent 

state or in an activated state [266].  There are numerous stimuli that are known to 

activate microglial cells including immune challenge and psychological stressors [266].  

Microglial activation can occur in response to infection pathogen-associated molecular 

pattern (PAMPs), danger-associated molecular patterns (DAMPs), inflammatory 

cytokines and mediators and neurotransmitters [266].  Furthermore, these activators 

may originate in either the periphery or in the CNS [266].  As a result of activation, 

microglial cells increase their production of cytokines, chemokines KMs and glutamate 

[266].   

 

4.1.2 Surrogate models of microglial-like and neuronal-like cells 

Numerous models of macrophage or microglial-like cells have been described 

previously.  One such cell-line is the THP-1 human monocytic cells [267, 268] .  THP-1 

cells have been shown to be cytotoxic to SH-SY5Y neuroblastoma cells in a similar 

manner to that of human microglial cells [269, 270].  Furthermore, studies have shown 
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that these cells can be further differentiated into macrophage- and microglial-like cells 

using a number of chemical stimuli [268].  Differentiating agents include phorbol 12-

myristate-13-acetate (PMA) [268, 271], 1,25-dihydroxyvitamin D3 [268], retinoic acid 

[272] or the cytokines TNF-α and IFN-γ [273] and have been shown to induce 

differentiation to varying degrees [268]. 

 

It was shown that PMA differentiated THP-1 cells have induced morphological 

changes along with altered cell surface markers and expressed cytokine profiles that are 

consistent with primary macrophages [271].  Furthermore, these cells have been shown 

to be more resistant to apoptosis than their undifferentiated counterpart [271].  Enzymes 

and metabolites present in the KP have also been shown to be present when these cells 

are exposed to pro-inflammatory stimulus [274].  Given the outlined features of the 

PMA differentiated THP-1 monocytes and similarity in phenotype to macrophages and 

microglial cells, this model was chosen for the current study. 

 

Numerous immortal neuron-like cell lines have been used in pharmacological 

and toxicological studies in the past.  One such cell line is the SH-SY5Y neuroblastoma 

cells [275-277].  The SH-SY5Y neuroblastoma cell resembles human foetal sympathetic 

neurons [278] and shows expression of many of the receptors expressed by primary 

human neurons.  Amongst the receptors expressed, ionotropic and metabotropic NMDA 

receptors [279], nicotinic acetylcholine receptors (nAChRs), 5-HT receptors, muscarinic 

receptors, adrenergic receptors and opioid receptors have been identified [278].  

Additionally, various subunits of nAChRs have been identified as being natively 

expressed including the α3 and α7 nAChRs [278].  
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In addition to the receptors outlined above there are numerous other features 

these cells display including the expression of the biosynthetic enzymes required for the 

biosynthesis of noradrenaline, neuronal characteristics of expression of neurofilament 

proteins, neuron specific enolase, gamma-aminobutyric acid (GABA) and 

norepinephrine uptake, glutamic acid decarboxylase and muscarinic acetylcholine 

receptors positively coupled to inositol phosphate turnover [280]. 

 

Guillemin et al characterised the differences in the enzymatic pathway of the 

KYN metabolism between primary human neurons and the SK-N-SH neuroblastoma 

cell line [281].  Observations of SK-N-SH cells are of importance in this project as the 

neuroblastoma cell line used, SH-SY5Y, is thrice cloned from the SK-N-SH cells and 

bares high similarity in characteristics [281]. 

   

In this study, cells were stimulated with IFN-γ and subsequently the differences 

in levels of the KP enzymes between the two cell lines were measured using Western 

blotting.  Key differences in the enzymatic pathways are shown in table 4.  The main 

difference in the enzymatic pathway of KYN metabolism is the slightly higher 

expression of 3-hydroxyanthranilate 3,4-dioxygenase (HAAO) and QPRT in the SK-N-

SH cells in comparison to the primary cells [281]. 
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Table 6 – Comparison of the kynurenine pathway enzymes in neuroblastoma cell 

line SK-N-SH and primary human neurons [281] 

Stimulus Enzyme SK-N-SH cells Primary human 

neurons 

IFN-γ IDO Increased expression Increased expression  

Unstimulated IDO No expression No expression  

IFN-γ TDO Decreased expression Decreased expression 

Unstimulated TDO Expressed Expressed 

IFN-γ KAT I Low levels of 

expression 

Low levels of expression 

Unstimulated KAT I Low levels of 

expression 

Low levels of expression 

IFN-γ KAT II Extremely low levels of 

expression 

Extremely low levels of 

expression 

Unstimulated KAT II Extremely low levels of 

expression 

Extremely low levels of 

expression 

IFN-γ KYNU Low levels of 

expression 

Low levels of expression 

Unstimulated KYNU Low levels of 

expression 

Low levels of expression 

IFN-γ KMO Low levels of 

expression 

Low levels of expression 

Unstimulated KMO Low levels of 

expression 

Low levels of expression 

IFN-γ HAAO Expressed slightly 

higher than primary 

cells 

Expressed 

Unstimulated HAAO Expressed slightly 

higher than primary 

cells 

Expressed 

IFN-γ QPRT Expressed slightly 

higher than primary 

cells 

Expressed 

Unstimulated QPRT Expressed slightly 

higher than primary 

cells 

Expressed 

 

 Other major differences this study identified pertained to the levels of KMs 

produced by the primary cells and the SK-N-SH cells.  It was observed that SK-N-SH 

cells catabolise Trp at a rate of 3.6 times faster than primary human neurons when 

stimulated with IFN-γ [281].  However, it is interesting to note that SK-N-SH cells 
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produced lower levels of KYN than primary cells, with 17.66 and 19.75 μM produced 

respectively.  In addition to this the levels of KA produced in response to IFN-γ 

stimulus increased in both cell lines although production was higher in primary neurons.  

Of particular interest is the paradoxical effects observed in the SK-N-SH cells with 

regards to the toxicity profiles of picolinic acid and QA.  Picolinic acid, usually a 

neuroprotective agent, was found to decrease the proliferation of SK-N-SH cells at 1 

and 5 μM concentrations whereas QA, a known neurotoxin, increased proliferation of 

SK-N-SH cells at 5 μM [281].  There are, however, a number of similarities between the 

two cell lines with 3-HK detectable in spent supernatant of both cell lines in the 

nanomolar range and both cell lines have the ability to degrade QA present in media. 

 

 To date there have been no studies undertaken assessing the effects of the 

various differentiation protocols described for SH-SY5Y neuroblastoma cells on the 

expression of the various enzymes involved in the KP. 

 

In addition to the similarities of SH-SY5Y neuroblastoma cells to primary 

human neurons, there have been numerous differentiation protocols described that result 

in a phenotype that closer resembles that of a primary neuron [282-284].  Common 

differentiation agents include dibutyryl cAMP (dbcAMP), brain-derived neurotrophic 

factor (BDNF) and retinoic acid (RA) [282-284]. 

  

Kume et al evaluated the effects of dbcAMP and RA on differentiating SH-

SY5Y neuroblastoma cells.  It was found that exposure of these cells to 1 mM dbcAMP 
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produced morphological changes consistent with change into neuron-like phenotypes.  

In addition to this, tyrosine hydroxylase (TH) expression in combination with HPLC 

analysis confirming NA in spent supernatant confirmed a noradrenergic phenotype was 

formed.  In contrast, RA (10 μM) did not produce a noradrenergic phenotype although 

forming a neuron-like morphology and expressing TH [284].  As depression is thought 

to be a partially noradrenergic-dependent disorder, dbcAMP appears to be a promising 

differentiation agent for SH-SY5Y neuroblastoma cells. 

 

4.1.3 Neuroinflammation in depression 

In addition to neuronal cells, inflammatory cells such as microglial cells are also 

thought to play an important role in depression.  It is proposed that this is through their 

role in the pro-inflammatory immune response [266].  Numerous cells are involved in 

the immune system of the CNS and subsequent neuroinflammatory responses, primarily 

microglial cells and astrocytes.  Microglial cells release an array of inflammatory 

cytokines resulting in reactive gliosis [33], a process of accumulation of enlarged glial 

cells, specifically microglial and astrocytes [33].  Activation of the CNS immune 

system occurs in response to a large number of disease states including brain 

inflammation, trauma, ischaemia and stroke, brain infections and neurodegenerative 

diseases [125]. 

 

Evidence to support neurotoxicity in neuroinflammation has been shown 

through activated microglia cells and infiltrating macrophages causing neuronal death 

through numerous mechanisms of action including quinolinic acid (QA) [125], a well-

documented neurotoxin biosynthesised through the KP [95, 165, 169].  Another 
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important endogenous neurotoxin is the pro-inflammatory cytokine IL-1 [285].  Its 

neurotoxic effects are dependent on the activation of the IL-1 type 1 receptors on 

astrocytes which mediates the initiation of caspase-dependent neuronal cell death, via 

the release of reactive oxygen species (ROS) [285]. 

 

Neuroinflammation plays an important role in the health and survival of neurons 

and the integrity of the BBB [286].  In the CNS there is a balance between the pro-

inflammatory Th1 immune response, regulated by the activated microglial cells [287], 

and the anti-inflammatory Th2 immune response, regulated by the astroglial cells [287], 

that is critical to CNS health.  When the Th1/Th2 balance is disturbed favouring the Th1 

response neuronal damage and death occurs [81, 288, 289].  The role of each of these 

responses and the cells responsible are shown in figure 44 below.   
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Figure 44 – Neuroinflammation in the central nervous system and the known 

action of antidepressant medications [124]. 

 

The catabolism of Trp is highly regulated by numerous inflammatory mediators 

and as a result is altered in neuroinflammatory states.  KYN, the first Trp catabolite, is 

biosynthesised utilising the enzyme IDO [13, 15, 38]. IDO is highly regulated by the 

immune system with numerous inflammatory mediators up-regulating the enzyme and 

as a result is upregulated in neuroinflammation shown in figure 45 below [81].  During 

neuroinflammation, IDO is upregulated in activated microglial cells which in turn 

results in increased production and accumulation of the KMs, a number of which are 

neuroactive [159, 290].  Activated microglial cells play an integral role in 

neuroinflammation and are usually the first cellular response under inflammatory 

conditions [62].  Microglial cells are the main cells responsible for the production of 

cytokines in the CNS, with these being Th1 cytokines [115].  Additionally, activated 

microglial cells produce PGE2, a biomarker observed in depressed patients [288], 
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further implicating inflammation and microglial activation in the pathophysiology of 

depression.  Figure 45 below shows the effects of inflammatory mediators and 

compounds on the enzymes and metabolites of the KP.  QA, 3-HK, and 3-HAA are 

known KMs with neurotoxic properties.  QA is an excitotoxin through its N-methyl-D-

aspartate receptor (NMDA) agonism and secondary free radical production [95, 156].  

3-HK and 3-HA are free radical generators and elicit their cytotoxicity through this 

mechanism [69, 95].  

 

Figure 45 - Effects of cytokines on the enzymes in the kynurenine pathway [81] 

 

4.1.4 Role of endogenous and exogenous interferons in depression 

What are interferons? 

IFNs are a group of class II cytokines that have pleiotropic effects in addition to 

their antiviral properties [291].  All IFNs share a degree of structural homology 
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however this does not confer to similar biological activity [292-294].  This is 

highlighted with two of the well-documented IFNs – IFN-γ and IL-10.  IFN-γ and IL-10 

are structurally related, as evidenced by their similar α-helical structure, however, they 

display opposite biological effects.  IFN-γ is a potent pro-inflammatory cytokine and 

IL-10, a potent anti-inflammatory cytokine [295, 296]. 

 

IFNs are produced endogenously in response to viral infections, tumours and are 

responsible for immune stimulation [297, 298].  IFNs are typically produced by a 

number of cells throughout the body [298, 299].  However, type II IFNs are only 

produced by immune cells, primarily Th1 cells.   With regards to IFN-γ, numerous other 

immune cells, including CD8+ cytotoxic lymphocytes, natural killer cells, B cells and 

professional antigen presenting cells, secrete IFN-γ [297]. 

 

In addition to being produced endogenously, IFNs are administered exogenously 

for their responses against viral infections, their inflammatory processes and their anti-

tumour activities [300-304].  This encompasses a variety of disease states including 

hepatitis C [305, 306], multiple sclerosis (MS) and various cancers, such as melanoma 

[307].  Endogenously, IFNs play a role in both the innate and the adaptive immune 

response [308, 309].       

 

IFNs exert their activities through binding to the class II cytokine heterodimeric 

receptors initiating signalling pathways [310].  When IFNs bind to their respective 

receptors they activate cell-signalling pathways [311-313].  Initially, all IFNs activate 
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the signal transducers and activators of transcription (STATs) and Janus tyrosine 

kinases (JAKs) [311, 313].  When IFNs bind to their respective receptor, the associated 

JAK protein is activated and leads to the phosphorylation of the receptor and ultimate 

docking site for the corresponding STAT factors.  From there, various different cell-

signalling pathways occur.  The binding of IFN at all of the class II cytokine receptors 

results in the activation of the STAT3 and STAT1 signalling pathways, whereas the 

binding of IFN at type I IFNR also activates the STAT1 and STAT2 and the mitogen-

activated protein kinases (MAPK) cell-signalling pathways [311, 313].   

 

Types of interferons 

Type I interferons 

Type 1 IFNs are a large subset of interferons with a high level of homology 

(between 75 and 99%) [314].  IFN-α and β are the most widely studied type I IFNs but a 

number of others exist including IFN-ε, IFN-κ and IFN-ω [315].  Type I IFNs bind to 

the IFN α/β receptor that consists of two subunits - IFNAR1 and IFNAR2 [316].  

Differences in binding affinity have been shown between type I IFNs [317, 318].  When 

binding occurs, it signals cells through the JAK-STAT pathway.  The differences in 

binding affinity can result in differing downstream cell signalling through the JAK-

STAT pathway resulting in the differing biological activities of the different IFNs [319].  

 

Interferon alpha  

IFN-α, a type I IFN, is produced by a number of cells including fibroblasts, T 

cells, macrophages, monocytes dendritic cells and natural killer cells [298].  It is a 
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protein that is produced both endogenously and commercially for use in the treatment of 

hepatitis C and in cancer therapy [320].  Endogenously, IFN-α is responsible for 

promoting the activation of immune response in order to mediate antimicrobial and 

antitumour activity [321].  IFN-α is expressed early in an infection and as a result is 

thought of as an important cytokine priming the innate-immune response [322].  In the 

innate-immune response, IFN-α stimulates natural killer cells and increases their 

proliferative and cytolytic activity, increases their secretion of IFN-γ and primes the 

cells for IL-2 and IFN-γ [322]. 

 

With regards to the adaptive immune response, IFN-α is thought to provide a 

link between the innate and adaptive immune response [323].  In the adaptive immune 

response IFN-α acts in many different ways including increasing dendritic cell and 

macrophage secretion of IFN-γ, it alters the Th1-Th2 balance towards Th1 response and 

increases major histocompatibility complex (MHC) class I and II expression [322, 324].  

In addition to these effects, IFN-α directly or indirectly regulates a large number of 

chemokines and cytokines including IFN-γ, IL-1, IL-2, IL-3, IL-6, IL-8, IL-12, IL-13, 

IL-15, TNF-α and GM-CSF [322, 325]. 

 

Numerous subtypes of IFN-α are produced endogenously and are used routinely 

in hepatitis C therapy [305, 326].   It has been hypothesised on numerous occasions that 

endogenous IFN-α may play a role in the aetiology of depression [327], but to date only 

studies evaluating the effects of exogenously administered IFN-α and the onset of 

depressive symptoms have been undertaken.  When given exogenously, IFN-α has been 

shown to induce rapid-onset depression, usually within two weeks of initiation [53, 229, 
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230, 328], at an estimated prevalence of between 20-30% and is reversible on cessation 

of therapy [53].  This indicates a probable involvement of endogenous IFN-α in the 

pathophysiology of depression although further studies are required to confirm this. 

 

Recent studies have evaluated the neurotoxic effects of IFN-α in rat cortical 

neuron cultures [329].  IFN-α is toxic towards these cells when exposed for 24 h.  In 

further support of these results, the same study showed that by blocking the IFNAR and 

subsequent JAK/STAT signalling, you can protect against the neurotoxic effects of 

IFN-α [329].  Furthermore, the role of NMDA receptors in IFN-α induced neurotoxicity 

were evaluated and it was found that blocking the GluN2A subunit of NMDA receptors 

afforded protection [329], suggesting that IFN-α is responsible for producing NMDA 

receptor agonist activity, either directly or indirectly. IFNAR knockout mice treated 

with a GluN2A antagonist were fully protected against IFN-α neurotoxicity, providing 

further evidence for the role of IFN-α in NMDA receptor agonism.  This study 

highlights a possible mechanism by which IFN influences depression [329].  Activation 

of the JAK/STAT pathway in neurons increase in the release of glutamate, calcium and 

pro-inflammatory cytokines all potential contributors to neurotoxicity and potential 

mechanisms of IFN-induced depression [330]. 

 

IFN-α has been shown to have a profound effect on the KP. Exogenously 

administered IFN-α can pass the BBB in concentrations high enough to act on 

microglial cells and macrophage receptors resulting in activation of IDO in these cells 

centrally [69].  This then results in the formation of KMs that then exert their 

neuromodulatory effects [69] and their possible role in the pathophysiology of 
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depression.  IFN-α has been shown to have a weaker direct IDO-stimulating effect than 

IFN-γ and may have indirect effects on IDO [69, 229].  This is thought to occur by IFN-

α stimulating the production of IFN-γ and TNF-α via monocytes and lymphocytes, 

which are strong inducers of IDO [69].  

 

IFN-α has been to shown to have numerous effects on the serotonergic arm of 

Trp catabolism [229].  In addition to the increased metabolism of 5-HT via the 

upregulation of IDO, IFN-α has also been shown to upregulate the serotonin transporter 

(5-HTT), thereby decreasing extracellular 5-HT levels and to modulate 5-HT1A and 5-

HT2 receptors [229].   

 

Interferon beta 

IFN-β is a naturally occurring anti-inflammatory cytokine [331] that belongs to 

the type I IFN family but only shares approximately 35% homology with IFN-α [332].  

It is an important pleiotropic cytokine that balances the Th1-Th2 response in the CNS in 

addition to limiting the migration of inflammatory cells across the BBB [333].  

Endogenously, only a limited number of studies have been undertaken to assess the role 

of IFN-β.  A recent study has shown that IFN-β exerts its endogenous anti-inflammatory 

effects through inhibiting numerous cytokines including IFN-γ secretion from CD4
+
 

lymphocytes [334]. 

 

IFN-β is also available as a recombinant form used primarily in the treatment of 

multiple sclerosis (MS) [335].  Studies have shown that IFN-β exerts its anti-
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inflammatory effects by increasing the production of IL-10, an anti-inflammatory IL 

and through inhibition of IL-17, a pro-inflammatory cytokine [335].  

 

IFN-β therapy is not associated with an increase in depressive symptoms but 

with a decrease in depressive symptoms [320].  When administered as treatment for 

hepatitis C, IFN-β produces significantly less depressive symptoms in patients and 

differences in depression levels between placebo and active groups, using the 

Montgomery-Åsberg Depression Rating Scale (MADRS), cannot be detected [75, 320].  

This is likely to be due to its regulatory effects on the pro-inflammatory-anti-

inflammatory balance [333]. 

 

IFN-β has been shown to upregulate the expression of IDO, in a dose-dependent 

manner [336], although it has been shown to have a weaker direct IDO stimulating 

effect than IFN-γ [69, 229].   This results in an increase in the concentration of KMs in 

the CNS however to a lesser degree than after exposure to IFN-γ [289].  The stimulation 

of IDO is thought to occur predominantly in the periphery due to IFN-β’s limited ability 

to cross the BBB and is further supported by IDO being the only KP enzyme affected 

by IFN-β [289]. 

 

IFN-β is an interesting molecule due to its differing effects.  On one hand, it is 

an anti-inflammatory cytokine showing possible antidepressant activity but at the same 

time upregulates the KP, responsible for production of neurotoxins and strongly 

implicated in the pathophysiology of depression [336].  One explanation for this 
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phenomenon may be due to IDO being the only enzyme in the KP affected, whereas 

IFN-γ affects downstream enzymes in the “neurotoxic arm” of the KP [81] and further 

shifting the balance towards the production of neurotoxic metabolites.  To date, there 

are limited numbers of studies evaluating the effects of IFN-β on the incidence of 

depression. 

 

IFN-β has recently been evaluated for its neurotoxic effects towards rat cortical 

neurons [329].  It was shown not to have neurotoxic effects [329] therefore 

strengthening the evidence for IFN-β not causing depression.  Interestingly, the opposite 

results were observed when a commonly used cell line for neurotoxicity studies, SH-

SY5Y neuroblastoma cells, was exposed to IFN-β [337].  This toxicity occurs through 

the activation of the JAK/STAT pathway and highlights the difference in effect between 

immortal and mortal cells and further highlights the relevance of appropriate models 

[337]. 

 

It appears from the available studies that IFN-β may provide protection against 

depression an effect, which may be attributed to its ability to balance the Th1-Th2 

inflammatory response.  This further strengthens the evidence supporting the 

neuroinflammatory theories of depression. 

 

Type II interferons 

IFN-γ is the sole cytokine identified to be a type II IFN [297].  Similar to type I 

IFNs, IFN-γ binds to a heterodimeric receptor, INFGR [297].  Again, the binding of 
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IFN-γ to this receptor results in the activation of the JAK-STAT cell signalling pathway 

[297]. 

 

Interferon gamma 

IFN-γ is a pleiotropic cytokine with a primary responsibility of promoting the 

activation of numerous cell types, including monocytes and macrophages, involved in 

antimicrobial and antitumour activities [290].  The main physiological actions of IFN-γ 

are mediated by the induction of two enzymes – IDO and inducible nitrous oxide 

(iNOS) [290].  IFN-γ has been well reported to have antiviral activities [338, 339] 

however its pro-inflammatory properties are more potent [339, 340]. 

 

IFN-γ has been shown to be the main pro-inflammatory inducer of IDO [44] and 

acts in a dose-dependent manner [336].  It does this through up-regulating the 

transcription of the enzyme in the immune cells monocyte-derived macrophages and 

microglia [69].  In addition to IFN-γ’s effects on up-regulating the expression of IDO, it 

also upregulates enzymes further down the KP.  These include KMO, responsible for 

the conversion of KYN to 3-HK, KYNU, responsible for the conversion of 3-HK to 3-

HA and 3-HAOO, responsible for the conversion of 3-HA to QA [81], leading to the 

synthesis of the various neurotoxic metabolites.  The effects that IFN-γ have on the 

enzymes in the KP results in numerous physiological effects including anti-viral and 

anti-tumoural properties, for which it is used clinically for [341] and the secondary 

effects of depression, as witnessed in patients being administered this therapy [341].  

Both of these effects are thought to be attributed to IFN-γ’s ability to induce the activity 
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of IDO and accumulate the resultant KMs [341].  IDO is also responsible for the 

metabolism of 5-HT.  Therefore, when stimulated with IFN-γ under inflammatory 

conditions, decreased levels of 5-HT are observed [128].  There is overwhelming 

evidence suggesting IFN-γ plays a pivotal role in the pathophysiology of depression. 

 

Like IFN-α, IFN-γ has also been shown to be neurotoxic in mouse primary 

neurons [342].  Again, this is via activation of the JAK/STAT1 pathway however 

enhancing toxicity by glutamate toxicity at AMPA receptors, not NMDA receptors 

[342].  In addition, IFN-γ has been shown to induce IDO activity through the 

JAK/STAT pathway [343]. 

 

Type III interferons 

Type III IFNs are similar to type I IFNs [344] and are sometimes referred to as 

the IFN-λ family [345].  This category of IFNs is comprised of 3 proteins IFN-λ1, IFN-

λ2 and IFN-λ3 or IL-28A, IL-28B and IL-29 respectively [346].  These proteins bind to 

a heterodimeric receptor comprising of IL-28R and IL-10R chains [347].  Type III IFN 

receptors are preferentially located on epithelial cells and in the central nervous system, 

and are expressed to a lesser degree than type I IFNs in response to viral infection (54).  

Type III and type I IFNs have very similar patterns of cell signalling, particularly 

through the STAT pathway [348-350].   

 

To date, there are only limited studies undertaken on type III IFNs and no 

studies examining depression or the multiple parameters associated with the 



 
 

224 

neuroinflammatory hypotheses of depression.  However, given the similarity between 

type III and type I IFNs, further studies investigating these effects are warranted.  More 

specifically, studies evaluating the numerous subtypes of IFN-λ are also warranted. 

 

4.1.5 Role of antidepressant medications on parameters associated with 

neuroinflammation 

Numerous classes of antidepressant medications are currently marketed for the 

treatment of depression including the tricyclic antidepressants (TCAs) [351], 

monoamine oxidase inhibitors (MAOIs) [351], selective serotonin re-uptake inhibitors 

(SSRIs) [351], serotonin noradrenaline re-uptake inhibitors (SNRIs) [351], 

noradrenaline re-uptake inhibitors (NARIs) [352], and various miscellaneous 

antidepressant medications including, mirtazapine, agomelatine and bupropion [352].  

Each of the classes of antidepressant medications will be explored below for their 

effects on each of the components of the neuroinflammatory hypotheses of depression. 

 

A number of currently marketed antidepressant medications have been shown to 

alter the pro-inflammatory cytokines outlined above.  However, one shortcoming of 

measuring cytokine levels is variability in the results obtained mainly due to the low 

levels of circulating cytokines and the fact that results are usually measured ex vivo 

[353].  The effects of these medications has however been evaluated in in vitro and in 

vivo studies in addition to ex vivo.  
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TCAs were a common antidepressant medication in the past however other 

classes of antidepressants have become more popular due to their more favourable 

tolerability profiles [354].  TCAs act primarily as serotonin noradrenaline reuptake 

inhibitors but also act as antagonists at numerous other receptors including H1 

receptors, 5-HT2A and α1 adrenoceptors, the main reasons for their poor tolerability 

[355]. 

 

A number of TCAs have been shown to alter inflammatory mediators in various 

ways.  On one hand, clomipramine increases IL-1β, a pro-inflammatory cytokine, 

release whereas amitriptyline, decreases the pro-inflammatory TNF-αbut increases IL-6, 

another pro-inflammatory cytokine in treatment responders ex vivo [353].  Conversely, 

the same study showed opposite effects in patients classified as treatment non-

responders [353].  This highlights a possible neuroinflammatory mechanism underlying 

treatment non-response.   

 

Imipramine and clomipramine both decreased the release of numerous pro-

inflammatory cytokines including IL-1β, IL-6, TNF-α from monocytes and IL-2 and 

IFN-γ release from T lymphocytes when these cells are pre-incubated in the 

antidepressants for 24 h in vitro [353].  This suggests that “pre-treatment” with 

antidepressant medications is an important factor in their anti-inflammatory properties 

and may provide an explanation to the delayed onset of antidepressant activities of these 

drugs.   Additionally, imipramine, amitriptyline and nortriptyline decrease TNF-α and 

IL-1β production in rat microglia [356-358] and imipramine decreases the production of 

IL-6 and NO from mouse microglia [357, 359] again supporting the anti-inflammatory 
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actions of these compounds.  Clomipramine and imipramine attenuated NF-κB [357, 

358] and p38 MAPK activation, both responsible for regulation of the pro-inflammatory 

cytokines, and decreased the expression of numerous inflammatory genes including 

iNOS, IL-1β and TNF-α [357].   

 

In addition to the ex vivo and the in vitro studies, a small number of studies have 

evaluated the effects of TCAs in vivo.  Clomipramine was shown to increase TNF-α 

levels in vivo [360] whereas imipramine and desimipramine decrease symptoms of 

TNF-α induced depression in a mouse model of depression [361].  In vivo studies 

showed that there is a degree of conflict between research groups.  For example, 

conflicting results for the effect of TCAs on IL-6 levels have been observed with some 

studies showing no effect where others show a decrease in IL-6 levels (Reviewed in 

[353]).    

 

SSRIs are commonly used antidepressant and as their name suggests, inhibit the 

reuptake of serotonin from the synapse into the presynaptic nerve terminal of the 

neurons [362].  This class of medications has been shown to be highly effective 

antidepressant agents however treatment resistant cases of depression are still 

experienced [363, 364]. 

 

Various SSRIs have been shown to alter parameters associated with 

neuroinflammation.  The SSRIs sertraline and citalopram have been shown to cause a 

decrease in serum levels of TNF-α both in vivo [360] and in vitro [353].  In vitro studies 
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have shown that the SSRI citalopram decreases the pro-inflammatory cytokines IL-1β, 

IL-6, TNF-α release from monocytes and IL-2 and IFN-γ release from T lymphocytes 

when these cells are pre-incubated in the antidepressants for 24 h. Other effects of the 

SSRIs sertraline and fluoxetine decrease the production of IFN-γ and increased anti-

inflammatory IL-10 production [353] indicating anti-inflammatory activity and 

improvement in the key biomarkers seen in depression.  Fluvoxamine were found to 

decrease pro-inflammatory IL-6 production [359, 365] whereas conflicting data was 

observed with sertraline and fluoxetine.  The SSRIs fluvoxamine and fluoxetine have 

opposing effects on NO, a general marker of inflammation, a decrease in NO and an 

increase in NO respectively [359].   

 

SNRIs, as their name suggests, inhibit the re-uptake of both serotonin and 

noradrenaline from the synaptic cleft via the inhibition of SERT and NET [366].  The 

SNRI venlafaxine has been the widest studied compound in the class and has been 

shown to have a number of effects on inflammatory mediators.  This drug has very little 

effects on TNF-α levels in vivo [360] but decreases pro-inflammatory IL-6 production 

[359, 365].  Additionally, venlafaxine has been shown to decrease the production of the 

IFN-γ another important pro-inflammatory mediator [365]. 

 

Reversible inhibitors of monoamine oxidase (RIMAs) reversibly inhibit 

monoamine oxidase-A (MAO-A) in the central nervous system, resulting in increased 

concentrations of noradrenaline, serotonin and dopamine [367].  The most common 

RIMA and the focus of studies is moclobemide.  A limited number of studies have been 

undertaken to evaluate the effects of moclobemide on inflammatory mediators.  
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Moclobemide decreases the production of the pro-inflammatory IFN-γ and increases 

production of the anti-inflammatory IL-10 production [353], thereby potentially 

restoring the Th1/Th2 imbalance seen in neuroinflammatory conditions. 

 

Agomelatine, a melatonergic antidepressant, attenuated LPS-induced 

inflammation in vivo through the prevention of nuclear translocation of NF-κB, 

indicating an anti-inflammatory effect [368] .  Additionally, chronic treatment with 

agomelatine was found to completely prevent the increase in IL-1β and IL-6 protein 

levels associated with LPS stimulation [368].  This evidence suggests the antidepressant 

agomelatine may play a significant role in reducing inflammation in addition to its 

antidepressant effects. 

 

Results of in vivo studies are varied and conflicting in their results.  With this in 

mind, it appears in vitro models used to evaluate the effects of antidepressants on 

cytokine production appear to give the most consistent results however this poses a 

limitation with regards to interpreting the results.  Studies show that changes to 

inflammatory mediators occur across all classes of antidepressants, indicating that this 

effect may play an important role in their mechanisms of action.  These results support 

the neuroinflammatory hypotheses of depression and the role of neuroinflammation in 

the pathophysiology of depression.  However, due to the limited number of studies and 

the lack of consistency of the observations outlined, further studies are required to fully 

assess the effects of antidepressant medications on cytokine production.  
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Numerous current antidepressant therapies have been shown to modulate various 

points in the KP.  The two SSRIs, citalopram and fluoxetine and two TCAs, imipramine 

and amitriptyline increased the concentration of the neuroprotective Trp catabolite, KA 

and decreased the concentration of the neurotoxic catabolite 3-HK in glial cell cultures 

in a time-dependent manner.  The TCAs showed a higher increase in KA than the SSRIs 

but both the classes of antidepressants had relatively the same effect in decreasing the 

levels of 3-HK [369].   

 

Additionally, citalopram, fluoxetine and amitriptyline, at a concentration of 10 

µM, were found to strongly induce the expression of both Kat1 and Kat2, enzymes 

responsible for the biosynthesis of KA, with imipramine being only a weak inducer of 

those enzymes.    Imipramine was shown to have greater effect on inhibiting Kmo than 

the other antidepressants in a time-dependent manner.  This data indicates that these 

antidepressants alter the balance between the “neurotoxic and neuroprotective arms” of 

the KP and possibly restoring the balance.  Further, this evidence strengthens the 

hypothesis that the KP plays a role in the pathophysiology of depression [369].   

 

The effects of amitriptyline, mianserin and lithium on plasma KYN levels have 

been assessed.  Patients receiving amitriptyline were placed on a drug-free regimen for 

7 to 10 days before receiving amitriptyline 75 mg daily initially for 3 days and then 

increased to 75 mg twice a day for the duration of the study (six weeks).   The patients 

receiving lithium and mianserin were placed on a drug-free regimen for 14 days 

preceding dosing of their assigned antidepressant – 20 mg mianserin three times a day 

or a lithium dose to maintain the patients steady-state plasma levels between 0.8-1.2 
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mmol/L and was continued for the duration of the study (6 weeks) [370].  No significant 

differences between the KYN levels of control patients and those of acutely depressed 

patients were observed.  It was however found that mianserin and lithium significantly 

increased plasma KYN levels and although amitriptyline increased KYN levels, this 

was not a statistically significant increase [370]. A major limitation to this study is that 

only KYN levels were measured.  This however may not give a truly accurate picture of 

the situation as changes in the concentration of the neuroprotective compound KA and 

the subsequent ratios were not assessed.  As outlined earlier, antidepressant medications 

have different effects on the enzymes in the KP [369] and therefore differing effects on 

the concentration of KYN.  By assessing the ratios of KM in both plasma and 

cerebrospinal fluid (CSF), a more accurate result may be obtained. 

 

Agomelatine has been shown to alter KP metabolites and potentially subsequent 

KMs.  Chronic administration of agomelatine resulted in the prevention of upregulation 

of KMO when exposed to LPS stimulus, a bacterial toxin routinely used in in vitro 

neuroinflammation studies.  Additionally, pre-treatment with agomelatine and 

subsequently challenged with LPS, resulted in the upregulation of KAT II mRNA levels 

[368] indicating that a shift in the KM balance, towards the “neuroprotective arm” may 

occur in patients chronically undergoing agomelatine therapy and receiving pro-

inflammatory stimulus. 

 

The observations presented above highlight the need for further studies into the 

effects of antidepressant medications on the KP.  Initial results indicate that the KP 
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plays an important role in the pathophysiology of depression and provides further 

support to the neuroinflammatory hypotheses of depression.   

 

A number of studies have been undertaken to assess the antioxidant effects of 

antidepressants both in vitro and in vivo across the various antidepressant classes.  In 

vitro studies have evaluated a wide selection of antidepressant medications in a number 

of cells lines.  The TCA amitriptyline and the SSRI fluoxetine, protect against H2O2 

mediated cell death in PC12 cells [371].  Other TCAs, imipramine and desimipramine, 

were shown to increase mRNA of a number of antioxidant defenses including 

superoxide dismutase (SOD), glutathione S-transferase (GST) and glutathione reductase 

(GR), conferring antioxidant effects in human monocytic U937 cells [372]. 

 

In addition to in vitro studies, the acute and chronic antioxidant effects has been 

evaluated in in vivo animal studies.  The TCA imipramine and the SNRI venlafaxine 

were both shown to decrease CNS nitrate/nitrite levels after acute treatment [373, 374] 

however another TCA amitriptyline did not alter nitrate/nitrite levels in a separate acute 

study [54].    A number of studies have evaluated the effects of antidepressant 

medications on lipid peroxidation. The SSRIs, escitalopram and fluoxetine decreased 

lipid peroxidation in in vivo rat studies [375, 376] as did the TCA imipramine [246] and 

the SNRI venlafaxine [374]. 

 

In vivo studies have evaluated the effects of various antidepressant medications 

on antioxidant defenses.  The SSRI fluoxetine increased SOD, an important antioxidant 
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defense, in hippocampal neuronal cells in an acute treatment model [247].  Similar 

results were observed in whole brain isolates in a chronic restraint stress model [377] 

however, opposite results were seen in a second chronic model [378].  Differences 

between the studies included different doses of fluoxetine being administered in 

addition to different species of rats being used; indicating that fluoxetine’s effects on 

SOD may in fact be concentration-dependent.  The SNRI venlafaxine and TCA 

imipramine were both also found to restore SOD activity in a chronic stress model of 

depression [377].  In addition to restoring SOD activity, these compounds also restored 

the activity of other important antioxidant defenses, catalase (CAT), GST and GR in the 

same model [377]. 

 

The studies above highlight the antioxidant and positive effects of current 

antidepressant therapies on antioxidant defense mechanisms.  This provides further 

support to the role of oxidative stress in the pathophysiology of depression and the 

validity of the neuroinflammatory hypotheses of depression. 

 

4.1.6 Summary 

Numerous models of microglial- and macrophage-like and neuronal cells exist 

as an alternative to using human primary cell lines.  A model of macrophage and 

microglial-like cells was identified that displays high levels of similarity to primary 

human microglia and macrophages.  Furthermore, a model of neuronal cells has also 

been identified that displays high levels of phenotypic similarity to human primary 

neurons.  
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As outlined earlier, the KP is an important feature in depression and 

neuroinflammation which is under the control of inflammatory mediators.  Furthermore, 

extensive studies have been undertaken evaluating the physiological effects of type I 

and type II IFNs however only a limited numbers of studies have evaluated the 

physiological effects of type III IFNs.  Numerous studies have shown that type I and 

type II IFNs modulate various parameters associated with the neuroinflammatory 

theories of depression including neuroinflammation and Trp catabolism.  Conversely, 

there have been no studies undertaken assessing the effects of type III IFNs.  Given the 

similar effects that type III IFNs have to type I IFNs, further studies are warranted.  

 

Currently marketed antidepressant medications have been shown to alter 

numerous inflammatory markers associated with depression.  A number of these drugs 

will serve as controls in the current study. 

 

The main aim of the current study is to develop surrogate models of both 

microglial and neuronal cells.  Furthermore, this study aimed to further develop the 

microglial model into an activated phenotype using IFN treatment. 
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4.2 Hypothesis, aims and objectives 

4.2.1 Hypothesis 

The primary hypothesis of this study is that PMA differentiated THP-1 human 

monocytic cells stimulated with IFN will provide an adequate surrogate activated 

microglial model to assess the effects of compounds on the KP and markers of 

inflammation. 

 

The secondary hypothesis of this study is that differentiated SH-SY5Y 

neuroblastoma cells will provide a better model to assess the neurotoxicity of KMs, 

antidepressant medications and cytokines. 

 

4.2.2 Aims and objectives 

The primary aim was to develop and optimize an in vitro model of IFN-induced 

neuroinflammation using THP-1 human monocytic cells. 

 

Objectives 

The primary aim was achieved through the following objectives: 

 Assessing the effects of multiple IFNs at numerous concentrations in 

undifferentiated and PMA differentiated THP-1 human monocytic cells.  

Parameters assessed included viability, free radical production, IL-6, IL-1β, 

TNF-α, IDO activity, PGE2; and 
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 Assessing the effects of antidepressants on viability, free radical production, IL-

6, IL-1β, TNF-α, IDO activity, PGE2. 

 

The secondary aim was to develop and validate an in vitro model of neurotoxicity 

using SH-SY5Y neuroblastoma cells. 

 

Objectives 

The secondary aim was achieved through the following objectives: 

 The optimization and validation of a dbcAMP differentiation method assessing 

viability, neurite outgrowth, the activity of KP enzymes and NA and 5-HT 

synthesis; and 

 The evaluation of dbcAMP differentiated in comparison to undifferentiated SH-

SY5Y neuroblastoma cells utilising KMs, cytokines and antidepressants using 

parameters of viability, free radical production, apoptosis and necrosis. 

 

4.2.3 Expected outcomes  

It was expected that this study would provide an alternative model to primary 

human cell cultures of microglial- or macrophage-like cells to assess the effects of 

compounds on the various parameters associated with depression, including, the effects 

on pro-inflammatory cytokine concentrations and KP enzymes and compounds.  

Furthermore, it was expected that a model of neuronal-like cells would be developed to 

assess the neurotoxic effects of compounds. 
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4.3 Methods  

4.3.1 The effects of interferons on markers of inflammation in undifferentiated and 

differentiated THP-1 human monocytic cells 

Routine cell culture 

Human monocyte cells (THP-1) were obtained from Sigma-Aldrich (Sigma, St 

Louis, MO).  Cells were grown and maintained at 37ºC and 5% CO2 in complete 

RPMI-1640 medium (Gibco, Mulgrave, Victoria, Australia) containing 4.5 g/L of 

glucose, 2.383 g/L of HEPES buffer, L-glutamine, 1.5 g/L of sodium bicarbonate, 110 

mg/L sodium pyruvate, 10% foetal bovine serum (Bovogen, Australia), 0.05 mM of 2-

mercaptoethanol (Sigma-Aldrich, St Louis, MO, USA) and 0.1 mg/mL of gentamicin 

(Gibco, Mulgrave, Victoria, Australia). 

 

Preparation of working solutions 

Stock solutions of all compounds of interest including caffeine (PCCA, 

Australia), CA (Sigma-Aldrich, St Louis, MO, USA), CGA (Sigma-Aldrich, St Louis, 

MO, USA), FA (Sigma-Aldrich, St Louis, MO, USA), PA (Sigma-Aldrich, St Louis, 

MO, USA), trigonelline (Sigma-Aldrich, St Louis, MO, USA) and salsolinol (Sigma-

Aldrich, St Louis, MO, USA) were made up to a concentration of 10 mM in sterile PBS 

and were further diluted in media to produce the working solutions.  IFN-γ (ORF 

genetics, Iceland) and IFN-α2a (PeproTech, NJ, USA) were made up to a concentration 

of 100 µg/mL in PBS containing 0.1% BSA (Sigma-Aldrich, St Louis, MO, USA) and 

were further diluted in media to produce the working solutions.  PMA (Sigma-Aldrich, 

St Louis, MO, USA) was made up in DMSO to a concentration of 2 mM and was 
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further diluted in media to produce the working solutions.    All stock solutions were 

stored at -20°C and working solutions prepared fresh on the day of the experiment. 

 

Differentiation of THP-1 cells 

 THP-1 human monocytic cells were differentiated according to an unpublished 

method [379].  Briefly, THP-1 cells were plated at a density of 3 x 10
6
 trypan blue 

excluding cells per mL in either 24 or 96 well plates and left for 24 h.  PMA to a final 

concentration of 40 nM was added to each well and the cells left to differentiate for 5 

days.  After 5 days, the media was replaced and cells were ready for further treatments. 

 

Viability 

Resazurin proliferation assay 

Reduction of the redox dye resazurin to resorufin was used to measure the 

proliferation of cell cultures [380, 381].   

 

Briefly, human monocyte (THP-1) cells were seeded at 3 x 10
5
 of trypan blue 

excluding cells/mL in 24 or 96-well microtitre plates and used either as is or after PMA 

differentiation. After 24 h, when used as undifferentiated cells, or after the 

differentiation treatment protocol as described in section 4.3.1, cells were treated with 

IFN stimulus for 24 h.  Following the appropriate incubation, 22 µL or 55 μL of a 440 

µM solution of resazurin (Sigma-Aldrich, St Louis) were added to each well of a 96 or 

24 well plate respectively.  Cultures were then incubated for a further 4 h and 
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subsequently the reduction of resazurin to resorufin will be determined using 

fluorescence (excitation 530 nm; emission 590 nm) using a Tecan Infinite M200 Pro 

(Tecan, Mannedorf, Switzerland).  

 

Free radical formation 

2',7'-dichlorofluorescein assay  

2',7'-dichlorodihydrofluorescein diacetate (H2DCFDA) is a non-fluorescent 

chemical used as an indicator for ROS in cells.  H2DCFDA is permeable to the cell 

where, upon cleavage of the acetate groups by intracellular esterases and oxidation, is 

then converted to the highly fluorescent 2',7'-dichlorofluorescein (DCF) [382]. DCFH-

DA was used to measure global ROS production as previously described [382]. Cells 

were seeded at a density of 2 × 10
5 

cells/mL, incubated for 24 h and then treated as 

described earlier. Following incubation for 24 h, medium above the cells was replaced 

with serum-free medium containing DCFH-DA (10 μM) for 30 min. Cells were then 

washed twice with PBS and fluorescence due to the oxidized dye (excitation 485 nm; 

emission 535 nm) was measured using a Tecan Infinite M200 Pro (Tecan, Mannedorf, 

Switzerland). 

 

IDO activity 

 IDO activity was measured using the Trp to KYN ratio in spent cell culture 

supernatants.  This was achieved via the quantification of Trp and KYN using the 

HPLC methods outlined in section 2.3.8.  Sample preparation was carried out as 
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outlined below.  Method validation was undertaken according to the methods outlined 

in section 2.3.8. 

 

Tryptophan 

Sample preparation to isolate tryptophan from spiked plasma and cell culture 

medium was carried out using a method previously described by Uhe et al  [383].  

Briefly, 100 μL of sample was mixed with 400 μL of an acetonitrile/2-mercaptoethanol 

(10 mL:20 μL) mixture, vortexed and centrifuged at 12 000 x g at 4°C for 10 minutes. 

The supernatant was then analysed using the HPLC method outlined above. 

 

Kynurenine  

Sample preparation to isolate KYN from spiked plasma and cell culture medium 

was carried out using a method previously described by Funeshima et al [384].  Briefly, 

50 μL of sample was diluted with 50 μL of phosphate buffered saline.  Subsequently, 20 

μL of a 10% 5-sulfosalicylic acid solution (in water) was added to each sample and the 

samples vortexed and chilled on ice for 30 minutes to ensure full precipitation of 

proteins.  Samples were then centrifuged at 12000 x g for 30 minutes at room 

temperature and the supernatant was then analysed using the HPLC method outlined 

above. 
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Quantification of TNF-a 

The TNF-α Human ELISA development kit 900-K25 (PeproTech, Rocky Hill, 

NJ, USA) was used in this study to quantify TNF-α.  This kit contained capture 

antibody, detection antibody, human TNF-α standard and avidin-HRP conjugate.  The 

ELISA buffer kit 900-K00 (PeproTech, Rocky Hill, NJ, USA) was used in conjunction 

with this ELISA.  This kit contained PBS, wash buffer, diluent, ABTS liquid substrate 

and Corning ELISA microplates #3590 (Corning, NY, USA). 

 

To determine the effects of 24 h pre-exposure of IFNs on TNF-α concentrations 

in undifferentiated and differentiated THP-1 monocytic cells, they were treated 

according to the protocols outlined in section 4.3.1 above.  All steps were performed 

according to the manufacturer’s instructions.  Briefly, all buffers, samples and assay 

specific reagents were prepared according to the manufacturer’s instructions.   EIA 

plates were prepared by pipetting 100 µL of the diluted capture antibody into each well 

of a 96 well EIA plate (Corning, NY, USA) and the plates incubated at room 

temperature overnight.  After the appropriate incubation, the liquid was aspirated and 

300 µL of blocking buffer was added to each well and the plates incubated for a further 

4 h.  Liquid was then again aspirated and each well washed with 300 µL of wash buffer 

three times.  Subsequently, 100 µL of either standard or sample was added to each well 

of the EIA plate and incubated at room temperature for 2 h on a plate shaker.  After the 

appropriate incubation the liquid was aspirated and each well washed four times with 

wash buffer.  Next, 100 µL of the diluted detection antibody was added to the 

appropriate wells of the plate and the plates incubated at room temperature on a plate 

shaker for 2 h.  The liquid was again aspirated and each well washed with 300 µL of 

wash buffer four times.  Next, 100 µL of avidin peroxidase solution was added to each 
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well of the plate and the plates incubated at room temperature on a plate shaker for 45 

min.  The liquid was again aspirated and each well washed with 300 µL of wash buffer 

four times and 100 µL of ABTS substrate solution was added to each well and the plate 

was then incubated in the dark for approximately 15 min at room temperature.  The 

absorbance of each well was then read at 405 nm using a Tecan Infinite M200 Pro 

(Tecan, Mannedorf, Switzerland). 

 

Quantification of interleukin-6 

The IL-6 Human ELISA development kit 900-K16 (PeproTech, Rocky Hill, NJ, 

USA) was used in this study to quantify IL-6.  This kit contained capture antibody, 

detection antibody, human IL-6 standard and avidin-HRP conjugate.  The ELISA buffer 

kit 900-K00 (PeproTech, Rocky Hill, NJ, USA) was used in conjunction with this 

ELISA.  This kit contained PBS, wash buffer, diluent, ABTS liquid substrate and 

Corning ELISA microplates #3590 (Corning, NY, USA). 

 

To determine the effects of 24 h pre-exposure of IFNs on IL-6 concentrations in 

undifferentiated and differentiated THP-1 monocytic cells, they were treated according 

to the protocols outlined in section 4.3.1 above.  All steps were performed according to 

the manufacturer’s instructions.  Briefly, all buffers, samples and assay specific reagents 

were prepared according to the manufacturer’s instructions.   EIA plates were prepared 

by pipetting 100 µL of the diluted capture antibody into each well of a 96 well EIA 

plate (Corning, NY, USA) and the EIA plates incubating at room temperature overnight.  

After the appropriate incubation, the liquid was aspirated and 300 µL of blocking buffer 

was added to each well and the plates incubated for a further 4 h.  Liquid was then again 
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aspirated and each well washed with 300 µL of wash buffer three times.  Subsequently, 

100 µL of either standard or sample was added to each well of the EIA plate and the 

plates incubated at room temperature for 2 h on a plate shaker.  After the appropriate 

incubation the liquid was aspirated and each well washed four times with wash buffer.  

Next, 100 µL of the diluted detection antibody was added to the appropriate wells of the 

plate and the plates incubated at room temperature on a plate shaker for 2 h.  The liquid 

was again aspirated and each well washed with 300 µL of wash buffer four times.  Next, 

100 µL of avidin peroxidase solution was added to each well of the plate and incubated 

at room temperature on a plate shaker for 45 min.  The liquid was again aspirated and 

each well washed with 300 µL of wash buffer four times and 100 µL of ABTS substrate 

solution was added to each well and the plate was then incubated in the dark for 

approximately 15 min at room temperature.  The absorbance of each well was then read 

at 405 nm using a Tecan Infinite M200 Pro (Tecan, Mannedorf, Switzerland). 

 

Quantification of interleukin 1-β 

The IL-1β Human ELISA Set ab47351 (Abcam, Melbourne, Australia) was used 

in this study to quantify IL-1β.  This kit contained IL-1β capture antibody, detection 

biotinylated anti-IL-1β antibody, IL-1β standard, streptavidin-HRP and ready-to-use 

TMB.  Other materials required and used included Costar 3590 96 well EIA/RIA plate 

(Corning, NY, USA), reconstitution and coating buffer (1X PBS), wash buffer (1X PBS 

+ 0.05% Tween20), blocking buffer (1X PBS + 5% BSA), HRP diluent buffer (1X PBS 

+ 1% BSA + 0.1% Tween20), stop reagent (1 M sulfuric acid (Ajax Finechem, 

Brisbane, Australia).  
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To determine the effects of 24 h exposure of IFNs on IL-1β concentrations in 

undifferentiated and differentiated THP-1 monocytic cells, the cells were treated 

according to the protocols outlined in section 4.3.1 above.  All steps were performed 

according to the manufacturer’s instructions.  Briefly, all buffers, samples and assay 

specific reagents were prepared according to the manufacturer’s instructions.   EIA 

plates were prepared by pipetting 100 µL of the diluted capture antibody into each well 

of a 96 well EIA plate (Corning, NY, USA) and incubated at 4°C overnight.  After the 

appropriate incubation, the liquid was aspirated and 250 µL of blocking buffer was 

added to each well and the plates incubated for a further 4 h.  Liquid was then again 

aspirated and each well washed with 400 µL of wash buffer three times.  Subsequently, 

100 µL of either standard or sample and 50 µL of the diluted detection antibody was 

added to the appropriate wells of the plate and the plates incubated at room temperature 

on a plate shaker for 3 h.  The liquid was again aspirated and each well washed with 400 

µL of wash buffer three times.  Next, 100 µL of Streptavidin-HRP solution was added 

to each well of the plate and the plates incubated at room temperature on a plate shaker 

for 30 min.  The liquid was again aspirated and each well washed with 400 µL of wash 

buffer three times and 100 µL of ready-to-use TMB substrate solution was added to 

each well and the plates were then incubated in the dark for 5 min at room temperature.  

100 µL of stop reagent was then added to each well and the absorbance of each well 

was read at 450 nm using a Tecan Infinite M200 Pro (Tecan, Mannedorf, Switzerland). 

 

Quantification of PGE2 

 PGE2 concentrations were quantified using the protocol outlined in section 2.1.3. 

Briefly, the PGE2 Express ELISA kit (Cayman Chemical, Michigan, USA) was used to 
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quantify PGE2 concentrations present in spent supernatants and was performed 

according to the manufacturer’s recommendations. 

 

4.3.2 The effect of antidepressant medications on markers of inflammation in 

differentiated THP-1 human monocytic cells 

Routine cell culture 

 THP-1 human monocytic cells were grown and maintained according to the 

protocol outlined in section 4.3.4. 

 

Differentiation of THP-1 monocytic cells 

 The differentiation of THP-1 cells was undertaken according to the procedures 

outlined in section 4.3.1.  Briefly, THP-1 cells were seeded at 3 x 10
5
 cells/mL of trypan 

blue excluding cells in 24 or 96-well microtitre plates.  50 ng/mL of PMA was then 

added to each well and left for 5 days for the differentiation process to occur.  The THP-

1 cells were then used for the assays described below. 

 

Preparation of working solutions 

 The antidepressants used in this study, amitriptyline, fluoxetine and venlafaxine 

were all made up to a concentration of 10 mM in sterile PBS and stored at -20˚C.  

Working solutions were made up fresh on the day of the experiment using media.  Final 

concentrations of the antidepressants tested were 10 µM, 100 µM and 1000 µM. 
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Resazurin 

 The resazurin reduction viability assay was performed according to the methods 

outlined in section 4.3.1.  Briefly, cells were plated and treated with the appropriate 

compound according to the methods described in section 4.3.1 and 22 µL or 55 µL of a 

440 µM of resazurin was added to each well of a 96 or 24 well plate respectively and 

incubated for 4 h.  The reduction of resazurin to resorufin was determined by 

fluorescence. 

 

2',7'-dichlorofluorescein assay  

The DCFH-DA assay was performed according to the methods outlined in 

section 4.3.1.  Briefly, cells were plated and treated with the appropriate compound 

according to the methods described in section 4.3.1.  The spent media was then replaced 

serum free media containing 10 µM of DCFH-DA and the plates incubated for 30 min 

and the fluorescence subsequently read. 

 

IDO activity 

 IDO activity was assessed using the HPLC protocol outlined in section 2.3.8.  

Briefly, the concentrations of Trp and KYN were quantified in spent supernatant, using 

HPLC, and the ratio of KYN to Trp calculated and used as a measure of IDO activity.   

 

Quantification of TNF-α  

 TNF-α concentrations were quantified using the protocol outlined in section 

4.3.1. Briefly, the TNF-α human ELISA kit (PeproTech, Rocky Hill, NJ, USA) was 
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used to quantify TNF-α concentrations present in spent supernatants and was performed 

according to the manufacturer’s recommendations. 

 

Quantification of IL-6 

 IL-6 concentrations were quantified using the protocol outlined in section 4.3.1.  

Briefly, the IL-6 human ELISA kit (PeproTech, Rocky Hill, NJ, USA) was used to 

quantify IL-6 concentrations present in spent supernatants and was performed according 

to the manufacturer’s recommendations. 

 

Quantification of IL-1β 

 1L-1β concentrations were quantified using the protocol outlined in section 

4.3.1.  Briefly, the IL-1β human ELISA kit (Abcam, Melboure, Australia) was used to 

quantify IL-1β concentrations present in spent supernatants and was performed 

according to the manufacturer’s recommendations. 

 

4.3.3 Differentiation of SH-SY5Y neuroblastoma cells 

Routine cell culture 

Human neuroblastoma cells (SH-SY5Y) were obtained from Sigma-Aldrich (St 

Louis, MO, USA).  Cells were grown and maintained at 37ºC and 5% CO2 in complete 

Dulbecco’s Modified Eagle Medium (DMEM) (Gibco, Mulgrave, Victoria, Australia) 

containing 4.5 g/L of glucose, L-glutamine, 110 mg/L of sodium pyruvate, phenol red, 

10% foetal bovine serum (Bovogen, Australia) and 0.1 mg/1mL of gentamicin (Gibco, 

Mulgrave, Victoria, Australia). 
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Preparation of stock solutions 

Stock solutions of dibutyryl cyclic AMP (Enzo, NY, USA) were made up to a 

concentration of 10 mM in sterile PBS and were further diluted in media to produce the 

working solutions.  All stock solutions were stored at -20°C and working solutions 

prepared fresh on the day of the experiment.  The final concentrations of dbcAMP used 

were 10 µM, 100 µM and 1000 µM. 

 

Differentiation protocol 

A previously described method [284] was optimized for this study.  Briefly, SH-

SY5Y cells were plated at a density of 10
5
 cells/mL in T175 flasks, 24 or 96 well plates 

and incubated for 24 h.  A range of concentrations (0.1 to 1 mM) of dbcAMP were used 

to treat cells for 2 days and a complete media change containing the required 

concentration was undertaken and the cells incubated for a further 24 h.  Cells were 

grown and maintained at 37ºC and 5% CO2 in complete Dulbecco’s Modified Eagle 

Medium (DMEM) (Gibco, Mulgrave, Victoria, Australia) containing 4.5 g/L of glucose, 

L-glutamine, 110 mg/L of sodium pyruvate, phenol red, 10% foetal bovine serum 

(Bovogen, Australia) and 0.1 mg/1mL of gentamicin (Gibco, Mulgrave, Victoria, 

Australia) for the duration of the differentiation process. 

 

Crystal violet staining 

Cells were differentiated according to the protocol outlined above and crystal 

violet staining undertaken.  Briefly, cells were placed on ice and washed 2X with cold 

PBS.  Cells were then fixed on ice for 10 minutes with ice-cold methanol.  Methanol 

was then aspirated and the cells washed 3 times with water.  The cells were allowed to 
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dry at room temperature overnight and visualised using Leica DM2000 microscope 

(Leica Microsystems, Victoria, Australia). 

 

Neurite outgrowth quantification 

 The Molecular Probes Neurite Outgrowth Kit (Life Technologies, Scoresby, 

Australia) was used to quantify the relative neurite projections after exposure to varying 

concentrations of dbcAMP.  This kit does this via a dual-colour fluorescent stain that 

allows the relative quantification of neurite projections. 

 

This kit contained Cell Membrane Stain (1000X), Cell Viability Indicator 

(1000X) and Background Suppression dye (100X).  Additional materials required but 

not supplied included PBS (Sigma-Aldrich, St Louis, MO, USA). 

 

Quantification of neurite outgrowths was undertaken using the Molecular Probes 

Neurite Outgrowth Kit (Life Technologies, Scoresby, Australia) and was performed 

according to the manufacturer’s instructions.  Briefly, all buffers and solutions were 

prepared prior to the experiment according to the manufacturer’s instructions.  

Subsequently, the spent media was aspirated from each well and each well washed three 

times with warm PBS.  Next, 400 µL of the prepared working Stain solution was added 

to each well and the plates were incubated at 37°C for 20 minutes.  The solution was 

then aspirated and each well washed three times with warm PBS.  400 µL of working 

background suppression solution was then added to each well and visualized on an 

Olympus IX53 fluorescence microscope using DAPI and Cy1 filters. 
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Resazurin viability assay 

 The resazurin reduction viability assay was performed according to the methods 

outlined in section 4.3.1 with minor modifications.  Briefly, cells were plated and 

treated with dbcAMP and the plates incubated for 24 h.  The media was then replaced 

with fresh media containing 44 µM of resazurin was added to each well and the plated 

incubated for 3 h.  The reduction of resazurin to resorufin was determined by 

fluorescence. 

 

Quantification of noradrenaline 

Quantification of NA was undertaken using a Norepinephrine ELISA kit 

(Abnova, Taipei, Taiwan) and was performed according to the manufacturer’s 

instructions. 

 

This assay is an enzyme immunoassay used to quantify NA.  This assay extracts 

NA from the biological matrix using a cis-diol-specific affinity gel.  NA is subsequently 

acylated and enzymatically derivatized.  The competitive ELISA kit uses the microtitre 

plate format, whereby the antigen is bound to the solid phase.  Subsequently, the 

derivatized standards, controls and samples and the solid phase bound analytes compete 

for a fixed number of antiserum binding sites.  After the system is in equilibrium, free 

antigen and free antigen-antiserum complexes are removed by washing.  The antibody 

bound to the solid phase is detected by an anti-rabbit immunoglobulin G (IgG)-

peroxidase conjugate using tetramethylbenzidine (TMB) as a substrate.  The reaction is 

monitored at 450 nm.  Quantification of unknown samples is achieved by comparing 

their absorbance with a standard curve. 
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 The Norepinephrine ELISA kit (Abnova, Taipei, Taiwan) was used to quantify 

the production of NA pre- and post-differentiation.  This kit contained wash buffer 

concentrate, enzyme conjugate (anti-rabbit IgG conjugated with peroxidise), substrate 

(tetramethylbenzidine (TMB)), stop solution (0.2 M sulfuric acid (H2SO4)), NA-

normetanephrine microtitre strips, NA antiserum (from rabbit), adjustment buffer, 

standards A to F, acylation buffer, acylation reagent, assay buffer, coenzyme (S-

adenosyl-L-methionine), enzyme (catechol-O-methyl transferase (COMT)), extraction 

buffer, extraction plate, hydrochloric acid and controls 1 and 2.  The assay was 

performed as per manufacturer’s instructions. 

 

 Briefly, sample preparation, extraction and acylation was performed according 

to manufacturer’s instructions. 25 µL of the enzyme solution was pipetted into all wells 

of the NA microtitre strips followed by 20 µL of the extracted standards, controls and 

samples into the appropriate wells and the plate incubated for 30 minutes at room 

temperature on a shaker.  Next 50 µL of the NA antiserum was pipetted into all wells 

and the plate incubated for 2 hours at room temperature on a shaker.  The contents of 

the wells were then be aspirated and washed before 100 µL of the substrate was then 

added to all the wells and the plate incubated for 25 minutes at room temperature on a 

shaker.  100 µL of the stop solution was added to each well and the absorbance read at 

450 nm with a reference wavelength of between 620 nm and 650 nm within 10 minutes.  

Results were then calculated from the calibration curve and are represented as 

nanograms per millilitre. 
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Quantification of serotonin  

5-HT was quantified using the HPLC method below utilising the native 

fluorescence of this analyte. 

 

Apparatus 

The HPLC system used was the system outlined in section 2.3.8.  The column 

used was a GraceSmart C18 (5 µm, 250 x 4.6 mm) reverse phase column (Grace 

Discovery Science, Columbia, MD, USA) fitted with a Phenomenex SecurityGuard 

guard cartridge (Phenomenex, Lane Cove, Australia).     

 

Sample preparation 

Briefly, 50 μL of cell culture supernatant was mixed with 10 μL of 10% 5-

sulfosalicylic acid (Sigma-Aldrich, St Louis, MO, USA) solution and the proteins 

allowed to precipitate on ice for 30 minutes [383].  Subsequently, samples were then 

centrifuged at 12000 x g for 30 minutes at 4ºC.  Samples were then ready for analysis 

using the method outlined below. 

 

Chromatographic conditions 

The HPLC method used to quantify 5-HT is as follows.  Mobile phase A 

consisted of a 0.1% GAC solution in water and mobile phase B consisted of 100% 

ACN.  A gradient method over 20 minutes at 30ºC, with a flow rate of 1 mL/min was 

employed for the elution of serotonin.  The optimal gradient conditions were found to 
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be 0.01 to 10 minutes from 1% solvent B to 90% solvent B, 10.01 to 17 minutes 90% 

solvent B to 1% solvent B and then 17.01 to 20 minutes at 1% to re-equilibrate the 

system. The fluorescence of serotonin was monitored at an excitation of 280 nm and an 

emission of 320 nm. 

 

Kynurenine pathway enzyme activities 

The activities of enzymes in the KP were assessed by quantifying the various 

KMs and subsequently comparing the ratio between the various treatments. 

 

Tryptophan 

Apparatus 

The HPLC system used was that outlined in section 2.3.8.  The column used was 

a Phenomenex Gemini-NX C18 (3 μm, 150 x 4.6 mm) reverse phase column fitted with 

a Phenomenex SecurityGuard guard cartridge (Phenomenex, Lane Cove, Australia).     

 

Sample preparation 

Sample preparation to isolate Trp from spent cell culture supernatant was carried 

out using a method previously described by Uhe et al  [383].  Briefly, 100 μL of sample 

was mixed with 400 μL of an acetonitrile/2-mercaptoethanol (10 mL:20 μL) mixture, 

vortexed and centrifuged at 12 000 x g at 4°C for 10 minutes. The supernatant was then 

analysed using the HPLC method outlined below. 

 



 
 

253 

Chromatographic conditions 

Mobile phase A consisted of a 0.1% glacial acetic acid (GAC) solution in water 

and mobile phase B consisted of 100% acetonitrile.  An isocratic method over 15 

minutes at 30ºC, with a flow rate of 1 mL/min was employed for the elution of Trp.  

The optimal conditions were found to be 10% solvent B.  The fluorescence of Trp was 

monitored at excitation 285 nm and emission 360 nm. 

 

Kynurenine and 3-hydroxykynurenine 

Apparatus 

The system outlined above was employed for the analysis of KYN and 3-HK 

with the exception of the column.  The column used was a Phenomenex Gemini-NX 

C18 (5 μm, 250 x 4.6 mm) reverse phase column fitted with a Phenomenex 

SecurityGuard guard cartridge (Phenomenex, Lane Cove, Australia).     

 

Sample preparation 

 Sample preparation was undertaken according to a previously described method 

[385].    Briefly, 50 μL of cell culture supernatant was mixed with 10 μL of 10% 5-

sulfosalicylic acid (Sigma-Aldrich, St Louis, MO, USA) solution and the proteins 

allowed to precipitate on ice for 30 minutes.  Subsequently, samples were then 

centrifuged at 12000 x g for 10 minutes at 4ºC.  Samples were then ready for analysis 

using the method outlined below. 
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Chromatographic conditions 

Mobile phase A consisted of a 0.1% GAC solution in water and mobile phase B 

consisted of 100% acetonitrile.  An isocratic method over 15 minutes at 30ºC, with a 

flow rate of 1 mL/min was employed for the elution of KYN.  The optimal conditions 

were found to be 10% solvent B.  The UV absorbance of KYN was monitored at 365 

nm. 

 

Kynurenic acid 

Apparatus  

The system outlined above was employed for the analysis of KA with the 

exception of the column.  The column to be used will be a GraceSmart RP 18 (5 μm, 

250 x 4.6 mm) reverse phase column (Grace Davison Discovery Sciences, Melbourne, 

Australia) fitted with a Phenomenex SecurityGuard guard cartridge (Phenomenex, Lane 

Cove, Australia).    

 

Sample preparation 

Briefly, 50 μL of cell culture supernatant was mixed with 10 μL of 10% 5-SSA 

(Sigma-Aldrich, St Louis, MO, USA) solution and the proteins allowed to precipitate on 

ice for 30 min.  Subsequently, samples were then centrifuged at 12000 x g for 10 min at 

4ºC.  Samples were then ready for analysis using the method outlined below. 
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Chromatographic conditions 

The HPLC method used to analyse KA employed an isocratic method run over 

10 min using 0.1% GAC (solvent A) and acetonitrile (solvent B) (90:10 % v/v) and 10 

µL injections of sample was employed to quantify KA.  The fluorescence of KA was 

monitored at excitation 344 nm and emission 398 nm and quantification was made after 

comparison to a 10 point standard curve. 

 

Method validation 

The HPLC methods were validated according to the methods outlined in section 

2.3.8 above. 

 

4.3.4 Toxicity of kynurenine metabolites on undifferentiated and differentiated 

SH-SY5Y neuroblastoma cells 

Routine cell culture 

Cells were maintained according to the protocol outlined in section 4.3.3 above. 

 

Differentiation of SH-SY5Y neuroblastoma cells 

Differentiation of SH-SY5Y neuroblastoma cells was undertaken as previously 

described in section 4.3.3 above.  Briefly, cells were plated at a density of 2 x 10
5
 trypan 

blue excluding cells/mL in 24 well plates and left to attach.  After 24 h, the media was 

replaced with fresh media containing 100 μM of dbcAMP.  A subsequent media change, 
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with media containing 100 μM of dbcAMP, was done 48 h later and the cells left to 

differentiate for a further 24 h, with a total differentiation time of 72 h.   

 

Preparation of stock solutions 

All of the KMs, Trp, KYN, 3-HK, KA, 3-HA and QA and the positive control 

salsolinol (Sigma-Aldrich, St Louis, MO, USA) were all prepared at 10 mM solutions in 

PBS and further diluted in media to prepare the working solutions.  All stock solutions 

were stored at -20°C and working solutions made up fresh on the day of the experiment 

in media.  The final concentrations of the compounds used in the experiments was 1 

µM, 10 µM, 100 µM and 1000 µM. 

 

Viability 

Resazurin 

 The resazurin reduction viability assay was performed according to the methods 

outlined in section 4.3.1 with minor modifications.  Briefly, cells were plated and 

treated with the appropriate KM according to the methods described in section 4.3.4 and 

the plates incubated for 24 h or 72 h.  The media was then replaced with fresh media 

containing 44 µM of resazurin was added to each well and incubated for 3 h.  The 

reduction of resazurin to resorufin was determined by fluorescence. 
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LDH 

Lactate dehydrogenase (LDH) activity was used as an indicator of cell 

membrane integrity and a measure of cytotoxicity [386, 387].  Cells were seeded at a 

density of 2 × 10
5 

cells/mL, incubated for 24 h and then treated as described earlier. 

Following incubation for a further 24 h, LDH activity was determined using a LDH 

cytotoxicity kit (Cayman Chemical, Michigan, USA).  All steps were performed 

according to the manufacturer’s instructions.  Absorbance was read using a Tecan 

Infinite M200 Pro (Tecan, Mannedorf, Switzerland) at absorbance 490 nm. 

 

Free radical production 

DCFH-DA assay 

2',7'-dichlorodihydrofluorescein diacetate (H2DCFDA) is a non-fluorescent 

chemical used as an indicator for reactive oxygen species (ROS) in cells.  H2DCFDA is 

permeable to the cell where, upon cleavage of the acetate groups by intracellular 

esterases and oxidation, is then converted to the highly fluorescent 2',7'-

dichlorofluorescein (DCF). DCFH-DA was used to measure global ROS production as 

previously described [382]. Cells were seeded at a density of 2 × 10
5 

cells/mL, 

incubated for 24 h and then treated as described earlier. Following incubation for 24 h, 

medium above the cells was replaced with serum-free medium containing DCFH-DA 

(10 μM) for 30 min. Cells were then washed twice with PBS and fluorescence due to 

the oxidized dye (excitation 485 nm; emission 535 nm) was measured using a Tecan 

Infinite M200 Pro (Tecan, Mannedorf, Switzerland). 
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DHR 123 assay 

Dihydrorhodamine 123 (DHR 123) is a non-fluorescent probe that is freely 

permeable cells and when exposed to free radicals, is oxidised to the fluorescent 

rhodamine 123 which was used to measure mitochondrial ROS/RNS formation.   The 

DHR 123 assay was carried out according to previously described methods [382].  

Briefly, cells were seeded at a density of 2 × 10
5 

cells/mL, incubated for 24 h and then 

treated as described earlier.  Following incubation for 24 h, medium above the cells was 

replaced with serum-free medium containing DHR 123 (25 µM) for 30 minutes.  Cells 

were then washed twice with PBS and fluorescence due to the oxidized dye (excitation 

485 nm; emission 535 nm) was measured using a Tecan Infinite M200 Pro (Tecan, 

Mannedorf, Switzerland). 

 

Apoptosis 

Annexin V activation 

An early marker of apoptosis is redistribution of phospholipids, such as 

phosphatidylserine and phosphatidylethanolamine, from the inner to the outer layer of 

the membrane bilayer, resulting in them being exposed to the cell surface [388, 389].  

This process allows detection of the exposed phospholipids due to their high affinity for 

annexin V, a phospholipid binding protein.  This assay uses a FITC-conjugated annexin 

V (a fluorochrome labelled annexin V) as a probe for phosphatidylserine on the outer 

membrane of the cell.   In addition, propidium iodide solution was used as a marker of 

cell death. 
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The Annexin V FITC Assay Kit purchased from Sapphire Bioscience (Cayman 

Chemical, Michigan, USA) consisting of cell-based Annexin V FITC, cell-based assay 

Annexin V binding buffer (10X) and cell-based propidium iodide solution was used a 

marker of apoptosis in this study. 

 

Annexin V activity was determined using a Annexin V FITC assay kit (Cayman 

Chemicals, Michigan, USA). All steps were performed according to the manufacturer’s 

instructions. Briefly, cells were cultured in a black 96-well plate according to the 

experimental conditions outlined in section 4.3.4.  Plates were then subsequently 

centrifuged at 400 x g using an Eppendorf 5810 R centrifuge and the resultant 

supernatant discarded.  100 µL of diluted assay buffer was added to the remaining cells 

in each well and the plate centrifuged at 400 x g using an Eppendorf 5810 R centrifuge 

and the supernatant aspirated.  Cells were then incubated in 50 µL of Annexin V 

FITC/Propidium iodide staining solution at room temperature for 10 minutes and 

subsequently centrifuged at 400 x g for 5 min using an Eppendorf 5810 R centrifuge 

and the supernatant aspirated.  Finally, 100 µL of diluted assay binding buffer was 

added to each well and the plate read using a Tecan Infinite M200 Pro microplate reader 

(Tecan, Mannedorf, Switzerland) at excitation and emission 485 nm and 535 nm 

respectively. 
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Necrosis 

Propidium iodide fluorimetry 

Propidium iodide solution was used as a marker of necrosis.  Cells were seeded 

at a density of 2 × 10
5 

cells/mL, incubated for 24 h and then treated as described earlier 

in section 4.3.4. Following incubation for a further 24 h, necrosis was determined using 

an Annexin V FITC assay kit (Cayman Chemicals, Michigan, USA) performed 

according to the protocol outlined in section 4.3.4.  Fluorescence was read using an 

Infinite M200 Pro microplate fluorometer (Tecan, Mannedorf, Switerland) (excitation 

560 nm; emission 595 nm). 

 

4.3.5 Toxicity of cytokines on undifferentiated and differentiated SH-SY5Y 

neuroblastoma cells 

Routine cell culture 

 SH-SY5Y human neuroblastoma cells were cultured as per the protocol 

described in section 4.3.3. 

 

Preparation of stock solutions 

All of the cytokine (IFN-γ, IFN-α2A, PGE2, IL-1β, IL-6 and TNF-α)  were all 

prepared at 100 µg/mL solutions in PBS containing 0.1% BSA and further diluted in 

media to prepare the working solutions.  All stock solutions were stored at -20°C and 

working solutions made up fresh on the day of the experiment in media.  The final 

concentrations of IFNs used was 12.5 ng/mL, 25 ng/mL and 50 ng/mL and the final 

concentrations of the remaining compounds was 2 pM, 20 pM, 200 pM and 2000 pM. 
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Viability 

Resazurin viability assay 

 The resazurin reduction viability assay was performed according to the methods 

outlined in section 4.3.4.  Briefly, cells were plated and treated with the appropriate 

compound according to the methods described in section 4.3.5.  The media was then 

replaced with fresh media containing 44 µM of resazurin and the plates incubated for 3 

h.  The reduction of resazurin to resorufin was determined by fluorescence. 

 

LDH cytotoxicity assay 

The LDH assay was performed according to the methods outlined in section 

4.3.4.  Briefly, cells were plated and treated with the appropriate compound according 

to the methods described in section 4.3.4.  The LDH cytotoxicity kit (Cayman 

Chemical, Michigan, USA) was used to determine LDH leakage and was performed 

according to the manufacturer’s instructions. 

 

Free radical formation 

DCFH-DA assay 

The DCFH-DA assay was performed according to the methods outlined in 

section 4.3.4.  Briefly, cells were plated and treated with the appropriate compound 

according to the methods described in section 4.3.5.  The spent media was then replaced 

with serum free media containing 10 µM of DCFH-DA, and the plates incubated for 30 

min and the fluorescence subsequently read. 
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DHR 123 assay 

The DHR 123 assay was performed according to the methods outlined in section 

4.3.4.  Briefly, cells were plated and treated with the appropriate compound according 

to the methods described in section 4.3.4.  The spent media was then replaced serum 

free media containing 25 µM of DHR 123, and the plates incubated for 30 min and the 

fluorescence subsequently read. 

 

Apoptosis 

Annexin 

The Annexin V-FITC assay was performed according to the methods outlined in 

section 4.3.4.  Briefly, cells were plated and treated with the appropriate compound 

according to the methods described in section 4.3.4.  The Annexin V-FITC apoptosis kit 

(Cayman Chemical, Michigan, USA) was used to measure annexin V activation and 

was performed according to the manufacturer’s instructions. 

 

Necrosis 

Propidium iodide fluorimetry 

The propidium iodide assay was performed according to the methods outlined in 

section 4.3.4.  Briefly, cells were plated and treated with the appropriate compound 

according to the methods described in section 4.3.4.  The Annexin V-FITC apoptosis kit 

(Cayman Chemical, Michigan, USA) was used to measure propidium iodide 

fluorescence and was performed according to the manufacturer’s instructions. 
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4.3.6 Toxicity of antidepressant medications on undifferentiated and differentiated 

SH-SY5Y neuroblastoma cells 

Routine cell culture 

SH-SY5Y human neuroblastoma cells were cultured as per the protocol 

described in section 4.3.3. 

 

Viability 

Resazurin 

  The resazurin reduction viability assay was performed according to the 

methods outlined in section 4.3.3.  Briefly, cells were plated and treated with the 

appropriate compound according to the methods described in section 4.3.4.  The media 

was then replaced with fresh media containing 44 µM of resazurin and the plates 

incubated for 3 h.  The reduction of resazurin to resorufin was determined by 

fluorescence. 

 

LDH 

 The LDH assay was performed according to the methods outlined in 

section 4.3.4.  Briefly, cells were plated and treated with the appropriate compound 

according to the methods described in section 4.3.4.  The LDH cytotoxicity kit (Cayman 

Chemical, Michigan, USA) was used to determine LDH leakage and was performed 

according to the manufacturer’s instructions. 

 



 
 

264 

Free radical formation 

DCFH-DA assay 

The DCFH-DA assay was performed according to the methods outlined in 

section 4.3.4.  Briefly, cells were plated and treated with the appropriate compound 

according to the methods described in section 4.3.4.  The spent media was then replaced 

serum free media containing 10 µM of DCHH-DA and the plates incubated for 30 min 

and the fluorescence subsequently read. 

 

DHR 123 assay 

The DHR 123 assay was performed according to the methods outlined in section 

4.3.4.  Briefly, cells were plated and treated with the appropriate compound according 

to the methods described in section 4.3.4.  The spent media was then replaced serum 

free media containing 25 µM of DHR 123, incubated for 30 min and the fluorescence 

subsequently read. 

 

Apoptosis 

Annexin 

The Annexin V-FITC assay was performed according to the methods outlined in 

section 4.3.4.  Briefly, cells were plated and treated with the appropriate compound 

according to the methods described in section 4.3.4.  The Annexin V-FITC apoptosis kit 

(Cayman Chemical, Michigan, USA) was used to measure annexin V activation and 

was performed according to the manufacturer’s instructions. 
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Necrosis 

Propidium iodide fluorimetry 

The propidium iodide assay was performed according to the methods outlined in 

section 4.3.4.  Briefly, cells were plated and treated with the appropriate compound 

according to the methods described in section 4.3.4.  The Annexin V-FITC apoptosis kit 

(Cayman Chemical, Michigan, USA) was used to measure propidium iodide 

fluorescence and was performed according to the manufacturer’s instructions. 

 

4.3.7 Statistical analysis 

One-way ANOVA with Tukey’s post hoc test (were significance was observed) 

were used in this study and were performed using GraphPad InStat version 3.06 (2003) 

with P < 0.05 (*,#), P < 0.01 (**,##), and P < 0.001 (***,###).  All graphs were drawn 

using Graphpad Prism v6 (San Diego, USA). 

 

4.4 Results 

4.4.1 Development of a model of interferon-induced inflammation 

Undifferentiated THP-1 human monocytic cells 

Resazurin proliferation assay 

 Statistically significant increases in proliferation were seen in undifferentiated 

THP-1 human monocytic cells was observed after the treatment with various IFNs, that 

is, human IFN-α2A, human IFN-β, human IFN-γ, murine IFN-γ and human IFN-λ3.    

Human IFN-α2A (12.5 ng/mL and 50 ng/mL), human IFN-β (12.5 ng/mL), human IFN-γ 
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(25 ng/mL and 50 ng/mL), murine IFN-γ (100 units/mL) and human IFN-λ3 (50 

ng/mL).  These increases in viability were only modest in nature with a maximum 

increase of approximately 20% observed. 
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Figure 46 – The effects of the various interferons on the proliferation of 

undifferentiated THP-1 monocytic cells using the resazurin reduction viability 

assay (n = 9) 

 

Quantification of IL-6 production 

 Statistically significant increases in IL-6 concentrations were seen after 

undifferentiated THP-1 cells were treated with IFN-λ3 (50 ng/mL).  Conversely, 

treatment with mouse IFN-γ (25 ng/mL) significantly decreased IL-6 release.  Although 
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not statistically significant, treatment with human IFN-α2A and human IFN-γ trend 

towards an increase in IL-6 concentrations and are approaching significance. 
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Figure 47 – IL-6 concentrations after undifferentiated THP-1 cells were treated 

with the various interferons (n =6) 

 

Quantification of TNF-α concentrations  

A statistically significant increase in TNF-α concentrations was observed after 

undifferentiated THP-1 cells were treated with mouse IFN-γ (12.5 ng/mL and 50 

ng/mL).  Trending increases were also observed after treatment with human IFN-α2A 

(50 ng/mL).  Conversely, a decrease in TNF-α concentrations was observed after 

exposure to human IFN-γ (25 ng/mL).  Once again, these changes in TNF-α production 

in the undifferentiated THP-1 cells were modest in nature. 
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Figure 48 – TNF-α concentrations after undifferentiated THP-1 cells were treated 

with the various interferons (n =6) 

 

Quantification of IL-1β concentrations 

 Increased IL-1β concentrations were observed after undifferentiated THP-1 cells 

were treated with mouse IFN-γ (12.5 ng/mL) and porcine IFN-α (25 ng/mL).  Decreased 

IL-1β concentrations were observed after exposure to human IFN-λ3 (25 ng/mL). 
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Figure 49 – IL-1β concentrations after undifferentiated THP-1 cells were treated 

with the various interferons (n = 6) 

 

Quantification of PGE2 concentrations 

 No statistically significant changes in PGE2 concentrations were observed after 

IFN treatment in undifferentiated THP-1 cells.  There was, however, a trending increase 

in PGE2 concentrations after treatment with IFN-γ as seen in figure 50 below. 
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Figure 50 – PGE2 concentrations after undifferentiated THP-1 cells were treated 

with the various interferons (n = 6) 

 

Validation of the HPLC methods for the isolation and quantification of tryptophan and 

kynurenine  

The HPLC method for the quantification of Trp and KYN in spent cell culture 

supernatant described in section 4.3.1 was shown to be accurate, precise, repeatable and 

specific.  An example HPLC chromatogram utilising the sample preparation and 

analytical methods in section 4.3.1 is shown below in figure 53.  The retention time of 

Trp and KYN using the abovementioned method was found to be 5.840 ± 0.079 min 

and 4.404 ± 0.044 (n = 30) respectively. 
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Linearity 

The standard curve was prepared as described in section 4.3.1.  The results 

represented in figure 51 are an average of the area of triplicate injections from 3 

separate runs (n = 9) ± 1 standard deviation of each of the 10 concentrations tested and 

resulted in a linear curve across the concentration range tested.   
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Figure 51 – Calibration curve for the quantification of tryptophan at 275 nm and 

kynurenine at 360 nm (area) (n =3; Y = 6425*X + 118455 and Y = 1341*X + 101.1; 

R
2
 = 0.9989 and 0.9996, under the chromatographic conditions described in section 

4.3.1), which produced a linear curve across the concentration range tested (% 

RSD < 5%). 

 

Accuracy and precision 

Figure 52 below demonstrates the accuracy and precision of both the sample 

preparation method and the HPLC method for the isolation and quantification of Trp 

and KYN.  All three of the concentrations tested, 6.25 µM, 12.5 µM and 25 µM, were 
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within the acceptable range of 85 to 115% of expected.  The HPLC method used to 

quantify Trp and KYN in spent cell culture supernatant samples was found to be 

precise.  Figure 52 below shows the precision of the method with regards to the area, 

height and retention time represented as the coefficient of variance.  All results fell 

within the acceptable range of less than 10%. 
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Figure 52 – The a) accuracy of the HPLC method used to quantify tryptophan; b) 

accuracy of the HPLC method used to quantify kynurenine; c) precision of the 

HPLC method used to quantify tryptophan; d) precision of the HPLC method to 

quantify kynurenine  (n = 30). 
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Selectivity 

The HPLC method used to quantify Trp and KYN was found to be selective for 

both analytes of interest.  This can be seen in figure 53 below. 
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Figure 53 – HPLC chromatograms highlighting the selectivity of the method used 

to quantify Trp and KYN at fluorescence ex 275 nm and em 350 nm and 

absorbance 360 nm, respectively a) blank media at ex 275 nm em 350 nm; b) Trp 

spiked media sample; c) blank media sample at 360 nm; d) KYN spiked media 

sample. 

 

Lower limits of detection and quantification 

The limit of detection (signal to noise ratio 3-to-1) was found to be 0.0003 mM 

and 0.012 mM and the limit of quantification (signal to noise ratio 10-to-1) was found 

to be 0.006 mM and 0.019 mM for Trp and KYN, respectively. 
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Quantification of IDO activity 

 No significant changes in Trp or KYN concentrations were observed in 

undifferentiated THP-1 cells treated with human IFN-α2A.  This resulted in no change to 

the KYN to Trp ratio in undifferentiated THP-1 cells as seen in figure 54 below. 
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Figure 54 – Changes in a) tryptophan concentration; b) kynurenine concentration; 

c) kynurenine to tryptophan ratio in undifferentiated THP-1 cells treated with 

human interferon-α2A (n = 9) 

  

Exposure of undifferentiated THP-1 cells to human IFN-β (12.5 ng/mL and 25 

ng/mL), reduced Trp concentration significantly, however, KYN concentrations were 

too low to quantify in 6 of the samples.  Therefore, only trends towards an increased 

KYN to Trp ratio can be presented, as seen in figure 55 below. 
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Figure 55 - Changes in a) tryptophan concentration; b) kynurenine concentration; 

c) kynurenine to tryptophan ratio in undifferentiated THP-1 cells treated with 

human interferon-β (n = 9) 

  

Human IFN-γ exposure to undifferentiated THP-1 cells resulted in a decrease in 

Trp concentrations in comparison to the vehicle control however this was not 

statistically significant.  Statistically significant increases in KYN were, however, 

observed at all concentrations tested.  This resulted in the significant increase in the 

KYN to Trp ratio at all concentrations tested indicating an increase in the activity of 

IDO by twice as much as vehicle control as seen in figure 56. 
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Figure 56 – Changes in a) tryptophan concentration; b) kynurenine concentration; 

c) kynurenine to tryptophan ratio in undifferentiated THP-1 cells treated with 

human interferon-γ (n = 9) 

  

Exposure of undifferentiated THP-1 cells to human IFN-λ3 resulted in no 

statistically significant change to Trp or KYN concentrations.  Trends towards increased 

Trp and decreased KYN were observed.  No statistically significant change in IDO was 

observed however a trend towards decreased IDO can be seen below in figure 57. 
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 Figure 57 – Changes in a) tryptophan concentration; b) kynurenine 

concentration; c) kynurenine to tryptophan ratio in undifferentiated THP-1 cells 

treated with human interferon-λ3 (n = 9) 
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Exposure of undifferentiated THP-1 cells to porcine IFN-α resulted in no 

statistically significant change to Trp or KYN concentrations.  Trends towards increased 

Trp and decreased KYN were observed.  No statistically significant change in IDO was 

observed however a trend towards decreased IDO can be seen below in figure 58. 
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Figure 58– Changes in a) tryptophan concentration; b) kynurenine concentration; 

c) kynurenine to tryptophan ratio in undifferentiated THP-1 cells treated with 

porcine interferon-α (n = 9) 

 

Exposure of undifferentiated THP-1 cells to mouse IFN-γ resulted in no 

statistically significant change to Trp or KYN concentrations.  Trends towards increased 

Trp and decreased KYN were observed.  No statistically significant change in IDO was 

observed however a trend towards decreased IDO can be seen below in figure 59. 
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Figure 59 – Changes in a) tryptophan concentration; b) kynurenine concentration; 

c) kynurenine to tryptophan ratio in undifferentiated THP-1 cells treated with 

mouse interferon-γ (n = 9) 

 

Differentiated THP-1 human monocytic cells 

Resazurin 

 A statistically significant increase in proliferation after differentiated THP-1 

cells were exposed to porcine IFN-α (400 units/mL), human IFN-β (12.5 ng/mL, 25 

ng/mL and 50 ng/mL), mouse IFN-γ (200 units/mL and 400 units/mL) and human IFN-

λ3 (50 ng/mL) as seen in figure 60.  IFN-β had the greatest influence of on the viability 

of differentiated THP-1 cells, with 7-fold increases in comparison to the vehicle control. 

 

 

 



 
 

279 

V
e
h

ic
le

 c
o

n
tr

o
l

1
2
.5

 n
g

/m
L

2
5
 n

g
/m

L

5
0
 n

g
/m

L

0

5 0

1 0 0

1 5 0

[ In te r fe ro n  2 a  (h u m a n )]

%
 o

f 
c

o
n

tr
o

l ** ****

V
e
h

ic
le

 c
o

n
tr

o
l

1
0
0
 u

n
it

s
/m

L

2
0
0
 u

n
it

s
/m

L

4
0
0
 u

n
it

s
/m

L

0

5 0

1 0 0

1 5 0

[ In te r fe ro n   (p o rc in e ) ]

%
 o

f 
c

o
n

tr
o

l

V
e
h

ic
le

 c
o

n
tr

o
l

1
2
.5

 n
g

/m
L

2
5
 n

g
/m

L

5
0
 n

g
/m

L

0

5 0

1 0 0

1 5 0

2 0 0

[ In te r fe ro n   (h u m a n )]

%
 o

f 
c

o
n

tr
o

l

**

V
e
h

ic
le

 c
o

n
tr

o
l

1
2
.5

 n
g

/m
L

2
5
 n

g
/m

L

5
0
 n

g
/m

L

0

5 0

1 0 0

1 5 0

[ In te r fe ro n   (h u m a n )]

%
 o

f 
c

o
n

tr
o

l

* **

V
e
h

ic
le

 c
o

n
tr

o
l

1
0
0
 u

n
it

s
/m

L

2
0
0
 u

n
it

s
/m

L

4
0
0
 u

n
it

s
/m

L

0

5 0

1 0 0

1 5 0

[ In te r fe ro n   (m o u s e ) ]

%
 o

f 
c

o
n

tr
o

l

*

V
e
h

ic
le

 c
o

n
tr

o
l

1
2
.5

 n
g

/m
L

2
5
 n

g
/m

L

5
0
 n

g
/m

L

0

5 0

1 0 0

1 5 0

[ In te r fe ro n  3  (h u m a n )]

%
 o

f 
c

o
n

tr
o

l

*

 

Figure 60 – The effects of the various interferons on the proliferation of 

differentiated THP-1 monocytic cells using the resazurin reduction viability assay 

(n = 9) 

 

Quantification of IL-6 concentrations 

 Statistically significant increases in IL-6 concentrations were observed after 

differentiated THP-1 cells were exposed to human IFN-γ (50 ng/mL) human IFN-λ3 (50 

ng/mL).  Trends of increased IL-6 production was observed after these cells were 

exposed to human IFN-α and human IFN-β in comparison to the vehicle control as seen 

in figure 61.  The increases in IL-6 observed were only modest in nature. 
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Figure 61 – IL-6 concentrations after differentiated THP-1 cells were treated with 

the various interferons (n =6) 

 

Quantification of TNF-a concentrations  

 Statistically significant increases in TNF-α concentrations was observed after 

differentiated THP-1 cells were exposed to human IFN-β (25 ng/mL) and mouse IFN-γ 

(25 ng/mL).  Although not statistically significant, trending increases in TNF-α 

concentrations after exposure to human IFN-α, human IFN-γ and human IFN-λ3 were 

observed as seen in figure 62. 
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Figure 62 – TNF-α concentrations after differentiated THP-1 cells were treated 

with the various interferons (n =6) 

 

Quantification of IL-1β concentrations 

 Statistically significant increases in IL-1β concentrations were observed after 

exposure of differentiated THP-1 cells to human IFN-β (25 ng/mL and 50 ng/mL) and 

human IFN-λ3 (25 ng/mL) as seen in figure 63 below.  Although not statistically 

significant, IL-1β concentrations were nearing significance after exposure to human 

IFN-α2A (50 ng/mL) and human IFN-γ (50 ng/mL). 
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Figure 63 – IL-1β concentrations after differentiated THP-1 cells were treated with 

the various interferons (n =6) 

 

Quantification of PGE2 concentrations 

 Statistical significant increases in PGE2 concentrations were observed after 

differentiated THP-1 cells were exposed to human IFN-α2A (12.5 ng/mL, 25 ng/mL and 

50 ng/mL), human IFN-γ (12.5 ng/mL, 25 ng/mL and 50 ng/mL) and human IFN-λ3 (25 

ng/mL) as seen in figure 64 below.  Five-fold and one hundred-fold increases in PGE2 

concentrations were observed after exposure to IFN-α2A and IFN-γ, respectively, in 

comparison to the vehicle control.  
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Figure 64 – PGE2 concentrations after differentiated THP-1 cells were treated with 

the various interferons (n =6) 

 

Quantification of IDO activity 

 No significant decrease in Trp concentrations were observed after exposure of 

differentiated THP-1 cells to human IFN-α2A however a trending decrease was 

observed.  Significant increases in KYN concentrations were however observed at all 

concentrations tested.  A resultant statistically significant increase, an increase to twice 

as high as vehicle control, in the KYN to Trp ratio was observed at all concentrations 

tested as seen in figure 65 below. 
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Figure 65 – Changes in a) tryptophan concentration; b) kynurenine concentration; 

c) kynurenine to tryptophan ratio in differentiated THP-1 cells treated with 

human interferon-α2A (n = 9)  

 

Exposure of differentiated THP-1 cells to human IFN-β resulted in no significant 

change in Trp and KYN concentrations or the KYN to Trp ratios.  Trends towards 

decreased KYN concentrations and KYN to Trp ration are however observed as seen in 

figure 66 below. 
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Figure 66 – Changes in a) tryptophan concentration; b) kynurenine concentration; 

c) kynurenine to tryptophan ratio in differentiated THP-1 cells treated with 

human interferon-β (n = 9) 
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 Exposure of differentiated THP-1 cells exposed to human IFN-γ resulted in a 

concentration-dependent decrease in Trp concentrations and a concentration-dependent 

increase in KYN concentrations.  This resulted in the statistically significant increase in 

KYN to Trp ratio at all three concentrations tested as seen in figure 67 below.  Exposure 

of these cells to 50 ng/mL of IFN-γ resulted in a Trp to KYN ratio approximately eight-

fold higher than seen in vehicle control. 
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Figure 67 – Changes in a) tryptophan concentration; b) kynurenine concentration; 

c) kynurenine to tryptophan ratio in differentiated THP-1 cells treated with 

human interferon-γ (n = 9) 

  

Exposure of differentiated THP-1 cells exposed to human IFN-λ3 showed no 

statistically significant change in any of the parameters tested.  Trending increases in 

KYN to Trp ratio was however observed at 50 ng/mL as seen in figure 68 below. 
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Figure 68 – Changes in a) tryptophan concentration; b) kynurenine concentration; 

c) kynurenine to tryptophan ratio in differentiated THP-1 cells treated with 

human interferon-λ3 (n = 9) 

 

Exposure of differentiated THP-1 cells exposed to porcine IFN-α showed no 

statistically significant change in any of the parameters tested as seen in figure 69 

below. 
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Figure 69 – Changes in a) tryptophan concentration; b) kynurenine concentration; 

c) kynurenine to tryptophan ratio in differentiated THP-1 cells treated with 

porcine IFN-α (n = 9)  
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Exposure of differentiated THP-1 cells exposed to murine IFN-γ showed no 

statistically significant change in tryptophan concentrations however KYN 

concentrations were increased modestly after exposure to 50 ng/mL.  This resulted in no 

change in the KYN to Trp ratio as seen in figure 70 below. 
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Figure 70 – Changes in a) tryptophan concentration; b) kynurenine concentration; 

c) kynurenine to tryptophan ratio in differentiated THP-1 cells treated with mouse 

interferon-γ (n = 9) 

 

4.4.2 Effect of antidepressant medications on markers of inflammation in 

differentiated THP-1 human monocytic cells 

Resazurin 

 Statistically significant concentration-dependent decreases in the viability of 

differentiated THP-1 cells were observed after these cells were exposed to amitriptyline, 

fluoxetine and venlafaxine as seen in figure 71 below.  Amitriptyline and fluoxetine 

both decreased the viability of differentiated THP-1 cells by approximately 50% after 

24 h treatment with 1000 µM.  Furthermore, amitriptyline and fluoxetine, 100 µM, 

decreased viability by approximately 20% and 50%, respectively.  Venlafaxine had the 
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least effect on the viability of THP-1 cells, with a 20% and 10% reductions in viability 

after exposure to 1000 µM and 100 µM, respectively as seen in figure 71 below. 
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Figure 71 – The effects of a) amitriptyline; b) fluoxetine and c) venlafaxine on the 

proliferation of differentiated THP-1 monocytic cells using the resazurin reduction 

viability assay (n = 9) 

  

Statistically significant concentration-dependent decreases in the viability of 

differentiated THP-1 cells were observed after these cells were exposed to amitriptyline, 

fluoxetine and venlafaxine in combination with IFN-α2A as seen in figure 72 below.  

The greatest decreases in viability were observed in cells pre-treated with amitriptyline 

and fluoxetine (1000 µM), where viability decreased by approximately half.  

Furthermore, amitriptyline and fluoxetine, 100 µM, decreased viability by 

approximately 20% and 50%, respectively.  Venlafaxine had the least effect on the 

viability of THP-1 cells, with 20% reduction in viability after exposure to 1000 µM. 
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Figure 72 – The effects of a) amitriptyline; b) fluoxetine and c) venlafaxine in 

combination with human interferon-α2A on the proliferation of differentiated THP-

1 monocytic cells using the resazurin reduction viability assay (n = 9) 

  

Statistically significant concentration-dependent decreases in the viability of 

differentiated THP-1 cells were observed after these cells were exposed to amitriptyline 

and fluoxetine in addition to human IFN-γ as seen in figure 73 below.  The greatest 

decreases in viability were observed in cells pre-treated with amitriptyline and 

fluoxetine (1000 µM), where viability decreased by approximately half.  Furthermore, 

amitriptyline and fluoxetine, 100 µM, decreased viability by approximately 20% and 

50%, respectively. 
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Figure 73 – The effects of a) amitriptyline; b) fluoxetine and c) venlafaxine in 

combination with human interferon-γ on the proliferation of differentiated THP-1 

monocytic cells using the resazurin reduction viability assay (n = 9) 
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Quantification of free radical production using the DCFH-DA assay 

 No statistically significant increase in free radical production was observed after 

differentiated THP-1 cells were exposed to amitriptyline, fluoxetine and venlafaxine.  A 

trending increase in free radical production in a concentration-dependent manner after 

exposure to venlafaxine was observed as seen in figure 74 below. 
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Figure 74 – The effects of a) amitriptyline; b) fluoxetine and c) venlafaxine on the 

production of free radicals by differentiated THP-1 monocytic cells using the 

DCFH-DA assay (n = 9) 

 

 A statistically significant, concentration-dependent decrease in free radical 

production was observed in differentiated THP-1 cells after exposure to amitriptyline, 

fluoxetine and venlafaxine in combination with IFN-α2A as seen below. The greatest 

decreases in free radical production were observed in cells pre-treated with amitriptyline 

and fluoxetine (1000 µM), where viability decreased by approximately half.  

Furthermore, amitriptyline and fluoxetine, 100 µM, decreased viability by 

approximately 20% and 50%, respectively as seen in figure 75 below. 
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Figure 75 – The effects of a) amitriptyline; b) fluoxetine and c) venlafaxine in 

combination with interferon-α2A on the production of free radicals by 

differentiated THP-1 monocytic cells using the DCFH-DA assay (n = 9) 

 

 Statistically significant decreases in free radical production were observed in 

differentiated THP-1 cells treated with fluoxetine in combination with human IFN-γ 

(100 µM and 1000 µM) as seen in figure 76 below. The greatest decreases in viability 

were observed in cells pre-treated with fluoxetine (100 µM and 1000 µM), where 

viability decreased by approximately half.  
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Figure 76 – The effects of a) amitriptyline; b) fluoxetine and c) venlafaxine in 

combination with interferon-γ on the production of free radicals by differentiated 

THP-1 monocytic cells using the DCFH-DA assay (n = 9) 
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Quantification of IDO activity  

Interferon gamma 

 Significant, concentration-dependent increase in Trp concentrations were 

observed after differentiated THP-1 cells were exposed to amitriptyline in combination 

with human IFN-γ (100 µM and 1000 µM).  Conversely, significant decreases were 

observed in KYN concentrations after exposure to amitriptyline in combination with 

human IFN-γ (10 µM, 100 µM and 1000 µM).  This resulted in an approximately 75% 

decrease the in the KYN to Trp ratio after exposure to amitriptyline in combination with 

human IFN-γ (100 µM and 1000 µM) as seen in figure 77 below. 
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Figure 77 – Changes in a) tryptophan concentration; b) kynurenine concentration; 

c) kynurenine to tryptophan ratio in differentiated THP-1 cells pre-treated with 

amitriptyline and human interferon-γ (n = 9) 

 

 Significant, concentration-dependent increase in Trp concentrations were 

observed after differentiated THP-1 cells were exposed to fluoxetine in combination 

with human IFN-γ (10 µM, 100 µM and 1000 µM).  Conversely, significant decreases 

were observed in KYN concentrations after exposure to fluoxetine in combination with 
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human IFN-γ (10 µM, 100 µM and 1000 µM).  This resulted in an approximate 60% 

decrease in KYN to Trp ratio after exposure to fluoxetine in combination with human 

IFN-γ (10 µM, 100 µM and 1000 µM) as seen in figure 78 below. 
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Figure 78 – Changes in a) tryptophan concentration; b) kynurenine concentration; 

c) kynurenine to tryptophan ratio in differentiated THP-1 cells pre-treated with 

fluoxetine and human interferon-γ (n = 9) 

 

 Significant, concentration-dependent increase in Trp concentrations were 

observed after differentiated THP-1 cells were exposed to venlafaxine in combination 

with human IFN-γ (10 µM, 100 µM and 1000 µM).  Conversely, significant increases 

were observed in KYN concentrations after exposure to venlafaxine in combination 

with human IFN-γ (10 µM and 1000 µM).  This resulted in an approximate 40% 

decrease in KYN to Trp ratio after exposure to venlafaxine in combination with human 

IFN-γ (10 µM, 100 µM and 1000 µM) as seen in figure 79 below. 
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Figure 79 – Changes in a) tryptophan concentration; b) kynurenine concentration; 

c) kynurenine to tryptophan ratio in differentiated THP-1 cells pre-treated with 

venlafaxine and human interferon-γ (n = 9) 

 

Interferon alpha 

 Significant, concentration-dependent increase in Trp concentrations were 

observed after differentiated THP-1 cells were exposed to amitriptyline in combination 

with human IFN-α2A (10 µM, 100 µM and 1000 µM).  Conversely, significant decreases 

were observed in KYN concentrations after exposure to amitriptyline in combination 

with human IFN-α2A (10 µM, 100 µM and 1000 µM).  This resulted in an approximate 

50% decrease in KYN to Trp ratio after exposure to amitriptyline in combination with 

human IFN-α2A (10 µM, 100 µM and 1000 µM) as seen in figure 80 below. 
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Figure 80 – Changes in a) tryptophan concentration; b) kynurenine concentration; 

c) kynurenine to tryptophan ratio in differentiated THP-1 cells pre-treated with 

amitriptyline and human interferon-α2A (n = 9) 

 

Significant, concentration-dependent increase in Trp concentrations were 

observed after differentiated THP-1 cells were exposed to fluoxetine in combination 

with human IFN-α2A (10 µM, 100 µM and 1000 µM).  Conversely, significant decreases 

were observed in KYN concentrations after exposure to fluoxetine in combination with 

human IFN-α2A (10 µM, 100 µM and 1000 µM).  This resulted in an approximate 50% 

decrease in KYN to Trp ratio after exposure to fluoxetine in combination with human 

IFN-α2A (10 µM, 100 µM and 1000 µM) as seen in figure 81 below. 
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Figure 81 – Changes in a) tryptophan concentration; b) kynurenine concentration; 

c) kynurenine to tryptophan ratio in differentiated THP-1 cells pre-treated with 

fluoxetine and human interferon-α2A (n = 9) 

 

Significant, concentration-dependent increase in Trp concentrations were 

observed after differentiated THP-1 cells were exposed to venlafaxine in combination 

with human IFN-α2A (10 µM, 100 µM and 1000 µM).  Conversely, significant decreases 

were observed in KYN concentrations after exposure to venlafaxine in combination 

with human IFN-α2A (10 µM, 100 µM and 1000 µM).  This resulted in an approximate 

80% decrease in KYN to Trp ratio after exposure to venlafaxine 100 µM in combination 

with human IFN-α2A.  Furthermore, venlafaxine 10 µM and 1000 µM decreased IDO 

activity by approximately 20% as seen in figure 82 below. 
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Figure 82 – Changes in a) tryptophan concentration; b) kynurenine concentration; 

c) kynurenine to tryptophan ratio in differentiated THP-1 cells pre-treated with 

venlafaxine and human interferon-α2A (n = 9) 

 

Quantification of pro-inflammatory cytokines 

Interferon gamma 

 Amitriptyline was shown to significantly decrease the production of IL-6 at all 

three concentrations tested by approximately 90% in IFN-γ stimulated differentiated 

THP-1 cells.  Conversely, IL-1β concentrations were significantly increased, by 

approximately 7000-fold when pre-treated with amitriptyline and TNF-α concentrations 

were unchanged in comparison to the control as seen in figure 83 below. 
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Figure 83 – IL-6, IL-1β and TNF-α production in differentiated THP-1 cells pre-

treated with amitriptyline and stimulated with human interferon-γ (n = 6) 

 

 Fluoxetine was shown to significantly decrease the production of IL-6 at all 

three concentrations tested by approximately 80% in IFN-γ stimulated differentiated 

THP-1 cells.  Conversely, TNF-α concentrations were significantly increased five-fold 

when pre-treated with fluoxetine and IL-1β concentrations were unchanged in 

comparison to the control as seen in figure 84 below. 
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Figure 84 – IL-6, IL-1β and TNF-α production in differentiated THP-1 cells pre-

treated with fluoxetine and stimulated with human interferon-γ (n = 6) 
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Venlafaxine was shown to significantly decrease the production of IL-6 at all 

three concentrations tested by approximately 80% in IFN-γ stimulated differentiated 

THP-1 cells.  Conversely, IL-1β concentrations were significantly increased 8-fold 

when pre-treated with 10 µM venlafaxine and TNF-α concentrations were increased 3-

fold after treatment with 100 µM and decreased after treatment with 1000 µM in 

comparison to the vehicle control as seen in figure 85 below. 
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Figure 85 – IL-6, IL-1β and TNF-α production in differentiated THP-1 cells pre-

treated with venlafaxine and stimulated with human interferon-γ (n = 6) 

 

Interferon alpha 

 Amitriptyline was shown to significantly decrease the production of IL-6 at all 

three concentrations tested 4-fold in IFN-α2A stimulated differentiated THP-1 cells.  

Conversely, IL-1β concentrations were significantly increased, twice as high as IFN-α 

alone, when pre-treated with amitriptyline at 100 µM and 1000 µM and TNF-α 

concentrations were increased at 100 µM and decreased at 1000 µM in comparison to 

the control as seen in figure 86 below. 
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Figure 86 – IL-6, IL-1β and TNF-α production in differentiated THP-1 cells pre-

treated with amitriptyline and stimulated with human interferon-α2A  (n = 6) 

 

 Fluoxetine was shown to significantly decrease the production of IL-6 at all 

three concentrations tested, by approximately 60% in IFN-α2A stimulated differentiated 

THP-1 cells.  Conversely, IL-1β concentrations were significantly increased, 

approximately doubled, when pre-treated with Fluoxetine at all three concentrations and 

TNF-α concentrations were significantly decreased at 100 µM and 1000 µM in 

comparison to the control as seen in figure 87 below. 
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Figure 87 – IL-6, IL-1β and TNF-α production in differentiated THP-1 cells pre-

treated with fluoxetine and stimulated with human interferon-α2A  (n = 6) 
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 Fluoxetine was shown to significantly decrease the production of IL-6 at all 

three concentrations tested, by approximately 75%, in IFN-α2A stimulated differentiated 

THP-1 cells.  Conversely, IL-1β concentrations were significantly increased when pre-

treated with Fluoxetine at all three concentrations and TNF-α concentrations were 

significantly decreased at all three concentrations, by approximately 50% in comparison 

to the control as seen in figure 88 below. 
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Figure 88 – IL-6, IL-1β and TNF-α production in differentiated THP-1 cells pre-

treated with venlafaxine and stimulated with human interferon-α2A  (n = 6) 

 

4.4.3 Development of a model of differentiation of SH-SY5Y neuroblastoma cells 

The effects of the differentiating agent on viability 

Resazurin  

The differentiation agent used in this study, dbcAMP did not have an effect on 

the viability of SH-SY5Y neuroblastoma cells across the concentration range tested in 

comparison to the vehicle control as seen in figure 89 below. 
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Figure 89 - The effects of dibutyryl cyclic AMP at various concentrations on the 

viability of SH-SY5Y neuroblastoma cells. 

 

The effects of differentiation on morphology  

Crystal violet stain 

The crystal violet staining of the SH-SY5Y neuroblastoma cells shows a change 

in the morphology of the cells when they are exposed to 100 and 1000 μM 

concentrations of dbcAMP as seen in figure 90 below.  Visible changes to the 

appearance of the cell body was observed along with the increased length of neurite 

projections. 
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40x Control 40x 10 µM dbcAMP 

  
40x 100 µM dbcAMP 40x 1000 µM dbcAMP 

  
20x Control 20x 10 µM dbcAMP 

  
20x 100 µM dbcAMP 20x 1000 µM dbcAMP 

  
10x Control 10x 10 µM dbcAMP 

  
10x 100 µM dbcAMP 10x 1000 µM dbcAMP 

 

Figure 90 – Crystal violet stained SH-SY5Y neuroblastoma cells exposed to 

varying concentrations of dibutyryl cyclic AMP. 
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Neurite projection 

Consistent to what is observed in the crystal violet staining in section 4.5.1, an 

increase in neurite projections was observed after SH-SY5Y neuroblastoma cells were 

exposed to dbcAMP.  The images (figure 91) show that the optimized method at 100 

μM exposure to dbcAMP to have the greatest effect on neurite projections.  After 

exposure to this concentration of dbcAMP, a greater number of projections along with 

longer projections are observed. 

 

  

Control 10 µM 

  

100 µM  1000 µM 

 

Figure 91 – The effects of exposure to various concentrations of dbcAMP on the 

formation of neurite projections 
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Quantification of noradrenaline production 

SH-SY5Y neuroblastoma cells exposed to 100 μM of dbcAMP showed a 

statistically significant two-fold increase in NA production (p < 0.001) relative to 

sample protein as determined by the Bradford assay (data not shown) in comparison to 

the vehicle control.  No statistically significant increases in noradrenaline were observed 

after treatments with the other concentrations across the range tested as seen in figure 

92. 
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Figure 92 – Noradrenaline production relative to protein content after exposure to 

dbcAMP (n = 6) 

 

Quantification of serotonin production 

 There was no significant change in serotonin concentrations produced after 

exposure to dbcAMP, in comparison to the control as seen in figure 93.   
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Figure 93 – Serotonin concentrations produced by SH-SY5Y neuroblastoma cells 

exposed to dbcAMP (n = 9) 

 

Kynurenine Pathway enzyme activities 

 Significant changes to enzymes in the KP were observed after the differentiation 

of SH-SY5Y neuroblastoma cells using dbcAMP.  The ratio of KYN to Trp, signifying 

IDO activity, doubled whereas the activities of KAT, signified by the KA to KYN ratio, 

and KMO, signified by the 3-HK to KYN decreased in differentiated SH-SY5Y 

neuroblastoma cells in comparison to their undifferentiated counterpart as seen in figure 

94 below. 
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Figure 94 – The changes in the ratios of KMs in undifferentiated and differentiated 

SH-SY5Y neuroblastoma cells (n = 9) 

 

4.4.4 Toxicity of kynurenine metabolites on undifferentiated and differentiated 

SH-SY5Y neuroblastoma cells 

Undifferentiated SH-SY5Y neuroblastoma cells 

Resazurin 

Statistically significant decreases in the viability of SH-SY5Y neuroblastoma 

cells were shown after the cells were exposed to 1 μM (p<0.05) and 10 μM (p<0.01) of 

Trp and 1 μM (p<0.01) and 10 μM (p<0.001) of KYN as seen in figure 95.  Although 

these results were statistically significant, the decrease in viability was modest in nature. 
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Significant decreases in SH-SY5Y neuroblastoma viability were observed after 

the exposure of these cells to 1000 μM concentrations of 3-HK (p<0.001) and 3-HA 

(p<0.001) as seen in figure 95 and resulted in an approximate decrease in viability of 

approximately 80% and 70%, respectively. 
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Figure 95 – The effects of kynurenine metabolites on the viability of 

undifferentiated SH-SY5Y neuroblastoma cells using the resazurin reduction 

viability assay (n = 9) 

 

Combinations of known neurotoxic KMs provided a modest decrease in the 

viability of SH-SY5Y neuroblastoma cells.  100 nM, 1 μM and 10 μM of each of 3-HK 

+ QA and 3-HA + QA and 10 μM of 3-HK + 3-HA + QA (all p<0.05) as seen in figure 

96.  The positive control of the study, salsolinol, afforded a decrease in viability of SH-
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SY5Y neuroblastoma cells at 10 (p<0.05), 100 (p<0.001) and 1000 μM (p<0.001) by up 

to 80%. 
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Figure 96 – The effects of combinations of kynurenine metabolites on the viability 

of undifferentiated SH-SY5Y neuroblastoma cells (n = 9) 

 

72 hour treatment 

Seventy two hour exposure of SH-SY5Y neuroblastoma cells to 1000 μM 

concentrations of 3-HK and 3-HA afforded higher percentages of death (p < 0.001) at 

approximately 90% as seen in figure 97 below.  Interestingly, 72 h exposure of 1 and 10 

μM concentrations of 3-HA and 1, 10 and 100 μM concentrations of QA afforded an 

increase in the viability of SH-SY5Y neuroblastoma cells. 
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Figure 97 – The effects of 72 h exposure of undifferentiated SH-SY5Y 

neuroblastoma cells to neurotoxic kynurenine metabolites 

 

Higher percentages of death of undifferentiated SH-SY5Y neuroblastoma cells 

were observed after 72 h exposure to combinations of KMs in comparison to 24 h 

exposures.  Significant decrease in viability were observed after exposure to 100 μM 3-

HA + 3-HK and 3-HA + 3-HK + QA (p<0.0001) by approximately 60% and 40%, 

respectively, as seen in figure 98. 
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Figure 98 – The effects of 72 h exposure of undifferentiated SH-SY5Y 

neuroblastoma cells to combinations of neurotoxic kynurenine metabolites (n = 9) 

 

LDH 

 There was no statistically significant change in LDH release with any treatment 

group in comparison to the vehicle control. However, consistent with the results 

obtained in the resazurin reduction viability assay, 1000 μM exposure of 

undifferentiated SH-SY5Y neuroblastoma cells to 3-HK and 3-HA resulted in trending 

increases in LDH release as seen in figure 99 below. 
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Figure 99 – The effects of 24 h exposure to kynurenine metabolites (1000 µM) on 

LDH activity in undifferentiated SH-SY5Y neuroblastoma cells (n = 3) 

 

No statistically significant changes in LDH activity were observed after 

undifferentiated SH-SY5Y cells were exposed to combinations of neurotoxic KYN for 

24 h.  No detectable LDH activity was observed after undifferentiated SH-SY5Y cells 

were exposed to 3-HK + QA as seen in figure 100 below. 
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Figure 100 – The effects of 24 h exposure to combinations of kynurenine 

metabolites (100 µM) on LDH activity in undifferentiated SH-SY5Y 

neuroblastoma cells (n = 3) 

 

The effects of KMs on apoptosis  

Annexin V activation 

 Annexin V activation, an early marker of apoptosis, was observed in SH-SY5Y 

neuroblastoma cells exposed to 1000 μM of 3-HK and 3-HA, with 5-fold and 2-fold 

increases observed respectively as seen in figure 101 below. 
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Figure 101 – The effects of kynurenine metabolites on annexin V activation in 

undifferentiated SH-SY5Y neuroblastoma cells (n = 3) 

 

 Annexin V activation was observed in undifferentiated SH-SY5Y 

neuroblastoma cells exposed to 100 µM 3-HK in combination with 100 µM QA (p < 

0.01), however this was only a modest increase as seen in figure 102 below. 
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Figure 102 – The effects of combinations of neurotoxic kynurenine metabolites on 

annexin V activation in undifferentiated SH-SY5Y neuroblastoma cells (n = 3) 

 

Propidium Iodide 

 Propidium iodide dye, a marker of necrosis, was used in this study.  

Undifferentiated SH-SY5Y neuroblastoma cells exposed to 1000 μM of 3-HK and 3-

HA showed 5-fold and 2-fold higher fluorescence intensity, respectively, in comparison 

to the vehicle control as seen in figure 103 below. 
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Figure 103 – The effects of exposure of kynurenine metabolites (24 h) to SH-SY5Y 

neuroblastoma cells on necrosis (n = 3) 

 

Undifferentiated SH-SY5Y neuroblastoma cells exposed to 100 μM of 3-HK in 

combination with QA (p < 0.05) and 100 µM 3-HA in combination with QA (p < 0.05) 

showed higher fluorescence intensity in comparison to the vehicle control, however, this 

was modest in nature as seen in figure 104 below. 
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Figure 104 - The effects of exposure of combinations of neurotoxic kynurenine 

metabolites (24 h) to SH-SY5Y neuroblastoma cells on necrosis (n = 3) 

 

The effects of KMs on free radical production 

DCFH-DA assay 

 Free radical production, measured using the DCFH-DA assay, was shown to be 

altered after the exposure of undifferentiated SH-SY5Y neuroblastoma cells to a 

number of the KMs.  Increases were observed in these cells after 24 h exposure to KYN 

(100 µM), KA (10 µM, 100 µM and 1000 µM), 3-HK (1000 µM), 3-HA (1000 µM) and 

QA (1000 µM), however, all increases were modest in nature.  Likewise, the positive 

control salsolinol, showed a concentration-dependent increase in free radical production 

as expected.  These results can be seen in figure 105 below. 
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Figure 105 – The effects of kynurenine metabolites on free radical production in 

undifferentiated SH-SY5Y neuroblastoma cells using the DCFH-DA assay (n = 9) 

 

 Combinations of KMs were also shown to increase free radical production.  

Combinations of 3-HK + 3-HA (100 nM, 1 µM, 10 µM and 100 µM), 3-HA + QA (1 

µM, 10 µM and 100 µM) and 3-HK + 3-HA + QA (100 nM, 1 µM, 10 µM and 100 µM) 

were all shown to significantly increase free radical formation, up to 50%, in 

undifferentiated SH-SY5Y neuroblastoma cells after 24 h exposure as seen in figure 

106 below. 
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Figure 106 – The effects of combinations of kynurenine metabolites on free radical 

production using the DCFH-DA assay in undifferentiated SH-SY5Y 

neuroblastoma cells (n = 9) 

DHR 123 assay 

DHR 123 was used to evaluate the effects of KMs on the production of 

intracellular free radicals, in particular superoxide.  This study showed that both 3-HK 

(1000 µM) (p < 0.05) and 3-HA (1000 µM) (p < 0.001) increased intracellular free 

radical production, 8-fold and 2-fold, respectively, as seen in figure 107 below. 
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Figure 107 – The effects of kynurenine metabolites on the production on 

mitochondrial free radicals using DHR 123 in undifferentiated SH-SY5Y 

neuroblastoma cells (n = 9) 

 

Furthermore, figure 108 below shows the effects of combinations of neurotoxic 

KMs on the production of mitochondrial free radicals using DHR 123.  No statistically 

significant increases in mitochondrial free radical production were observed however, 

the combinations of 3-HK and 3-HA (p < 0.05) and 3-HK, 3-HA and QA (p < 0.01) 

both decreased the production of mitochondrial free radicals, however, these decreases 

are modest in nature. 
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Figure 108 – The effects of combinations of neurotoxic kynurenine metabolites on 

the production of mitochondrial free radicals using DHR 123 in undifferentiated 

SH-SY5Y neuroblastoma cells (n = 9) 

Differentiated SH-SY5Y neuroblastoma cells 

The effects of KMs on the viability of differentiated SH-SY5Y neuroblastoma cells 

Resazurin 

Similar trends of cytotoxicity were observed with differentiated SH-SY5Y 

neuroblastoma cells as those observed in the undifferentiated phenotype.  Significant 

decreases in viability were observed in differentiated SH-SY5Y neuroblastoma cells 

treated with 3-HK (1000 µM) and 3-HA (1000 µM), both by approximately 50% as 

seen in figure 109.  Again, exposure to the positive control, salsolinol, resulted in the 

concentration-dependent decrease in viability, as observed in undifferentiated SH-SY5Y 

neuroblastoma cells. 
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Figure 109 – The effects of kynurenine metabolites on the viability of differentiated 

SH-SY5Y neuroblastoma cells using resazurin (n = 9) 

 

 Differentiated SH-SY5Y neuroblastoma cells were exposed to combinations of 

KMs resulted in decreased viability of SH-SY5Y neuroblastoma cells.  3-HK + QA (10 

µM) and 3-HK + 3-HA + QA (10 µM and 100 µM) decreased the viability of these cells 

however this is modest in nature as seen in figure 110 below. 

 



 
 

323 

V
e
h

ic
le

 c
o

n
tr

o
l

1
0
 

M

1
0
0
 

M

1
0
0
0
 

M

0

5 0

1 0 0

1 5 0

[T ry p to p h a n ]

%
 o

f 
c

o
n

tr
o

l

V
e
h

ic
le

 c
o

n
tr

o
l

1
0
 

M

1
0
0
 

M

1
0
0
0
 

M

0

5 0

1 0 0

1 5 0

[K y n u re n in e ]

%
 o

f 
c

o
n

tr
o

l

V
e
h

ic
le

 c
o

n
tr

o
l

1
0
 

M

1
0
0
 

M

1
0
0
0
 

M

0

5 0

1 0 0

1 5 0

[K y n u re n ic  a c id ]

%
 o

f 
c

o
n

tr
o

l

****

V
e
h

ic
le

 c
o

n
tr

o
l

1
0
 

M

1
0
0
 

M

1
0
0
0
 

M

0

5 0

1 0 0

1 5 0

[3 -H y d ro x y k y n u re n in e ]

 %
 o

f 
c

o
n

tr
o

l

*

V
e
h

ic
le

 c
o

n
tr

o
l

1
0
 

M

1
0
0
 

M

1
0
0
0
 

M

0

5 0

1 0 0

1 5 0

[3 -H y d ro x y a n th ra n ilic  a c id ]

%
 o

f 
c

o
n

tr
o

l

****

V
e
h

ic
le

 c
o

n
tr

o
l

1
0
 

M

1
0
0
 

M

1
0
0
0
 

M

0

5 0

1 0 0

1 5 0

[Q u in o lin ic  a c id ]

%
 o

f 
c

o
n

tr
o

l

V
e
h

ic
le

 c
o

n
tr

o
l

1
0
 

M

1
0
0
 

M

1
0
0
0
 

M

0

5 0

1 0 0

1 5 0

[S a ls o lin o l]

%
 o

f 
c

o
n

tr
o

l

***

*****

 

Figure 110 – The effects of combinations of neurotoxic kynurenine metabolites on 

the viability of differentiated SH-SY5Y neuroblastoma cells (n = 9) 

 

72 hours  

 Seventy two hour exposure of differentiated SH-SY5Y neuroblastoma cells to 

KMs again resulted in modest decreases in proliferation using the resazurin reduction 

proliferation assay.  KYN (10 µM), KA (1 µM, 10 µM and 1000 µM) and 3-HA (1 µM 

and 10 µM) significantly but modestly decreased the viability of these cells after 72 h 

exposure.  Exposure to 3-HK and 3-HA (100 µM and 1000 µM) showed a 

concentration-dependent decrease in viability however this was not statistically 

significant as seen in figure 111 below. 
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Figure 111 – The effects of 72 h exposure of kynurenine metabolites to 

differentiated SH-SY5Y neuroblastoma cells using the resazurin reduction assay (n 

= 9) 

 

 Seventy two hour exposure of SH-SY5Y neuroblastoma cells to combinations of 

KMs resulted in the decrease viability.  Concentration-dependent decreases in viability 

were observed in cells exposed to 3-HA + 3-HK, 3-HA + QA and 3-HK + 3-HA + QA, 

with decreases of approximately 30% observed as seen in figure 112 below. 
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Figure 112 – The effects of 72 h exposure of combinations of neurotoxic 

kynurenine metabolites to the viability of differentiated SH-SY5Y neuroblastoma 

cells (n = 9) 

 

LDH assay  

No significant differences in LDH activity was shown after dbcAMP 

differentiated SH-SY5Y neuroblastoma cells exposed to KMs as seen in figure 113 

below. 
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Figure 113 – Total LDH activity relative to cell number in differentiated SH-SY5Y 

neuroblastoma cells after 24 h exposure to kynurenine metabolites (n = 3) 

 

No significant differences in LDH activity was shown after dbcAMP 

differentiated SH-SY5Y neuroblastoma cells exposed to combinations of neurotoxic 

KMs as seen in figure 114 below. 
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Figure 114 – Total LDH activity relative to cell number after differentiated SH-

SY5Y neuroblastoma cells were exposed to 72 h combinations of kynurenine 

metabolites (n = 3) 

 

The effects of KMs on apoptosis in differentiated SH-SY5Y neuroblastoma cells 

Annexin V activation 

 Annexin V activation was observed after exposure to a number of KMs.  

Increased apoptosis was observed after exposure to 3-HK (1000 µM) and 3-HA (1000 

µM) by approximately double to that observed in the vehicle control exposed cells as 

seen in figure 115 below. 

 



 
 

328 

V
e
h

ic
le

 c
o

n
tr

o
l

T
rp

  

K
y
n

 

3
-H

K
 

3
-H

A
  

Q
A

0

5 0

1 0 0

1 5 0

2 0 0

2 5 0

[1 0 0 0 M ]

%
 o

f 
c

o
n

tr
o

l 
r
e

la
ti

v
e

 t
o

 c
e

ll
 n

u
m

b
e

r

**

****

***

 

Figure 115 – Annexin V activation relative to cell number after differentiated SH-

SY5Y neuroblastoma cells exposed to kynurenine metabolites (n = 3) 

 

 Annexin V activation was observed after differentiated SH-SY5Y 

neuroblastoma cells were exposed to a combination of 100 µM of the two neurotoxic 

KMs 3-HK and QA (p < 0.0001), approximately 50% higher than that observed in cells 

exposed to the vehicle control as seen in figure 116 below. 
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Figure 116 – Annexin V activation relative to cell number after differentiated SH-

SY5Y neuroblastoma cells were exposed to combinations of neurotoxic kynurenine 

metabolites (n = 3) 

 

Propidium Iodide 

Necrosis in differentiated SH-SY5Y neuroblastoma cells was significantly 

decreased after 24 h exposure to 1000 µM Trp (p < 0.01) and KYN (p < 0.05), by 

approximately 40% in comparison to the control.  Although not statistically significant, 

trending increases in necrosis was observed after 24 h exposure to 3-HK and 3-HA as 

seen in figure 117 below. 
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Figure 117 – The effects of kynurenine metabolites on necrosis in differentiated 

SH-SY5Y neuroblastoma cells (n = 3) 

 

 Necrosis in differentiated SH-SY5Y neuroblastoma cells exposed to a 

combination of 3-HK and QA (p < 0.001) and 3-HA and QA (p < 0.001), by 

approximately 100% and 20%, respectively were observed as seen in figure 118 below. 
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Figure 118 - The effects of combinations of neurotoxic kynurenine metabolites on 

necrosis in differentiated SH-SY5Y neuroblastoma cells (n = 3) 

 

Free radical formation after differentiated SH-SY5Y neuroblastoma cells are exposed to 

KMs 

DCFH-DA assay 

 Increased free radical production was observed in differentiated SH-SY5Y 

neuroblastoma cells 10 µM KYN (p < 0.01) and in a dose-dependent manner in cells 

treated with the positive control salsolinol.  Conversely, 100 µM and 1000 µM of KA 

and 1000 µM KYN significantly decreased free radical production as seen in figure 119 

below.  All changes in free radical production were modest in nature. 



 
 

332 

V
e
h

ic
le

 c
o

n
tr

o
l

1
0
 

M

1
0
0
 

M

1
0
0
0
 

M

0

5 0

1 0 0

1 5 0

[T ry p to p h a n ]

%
 o

f 
c

o
n

tr
o

l

V
e
h

ic
le

 c
o

n
tr

o
l

1
0
 

M

1
0
0
 

M

1
0
0
0
 

M

0

5 0

1 0 0

1 5 0

2 0 0

[K y n u re n in e ]

%
 o

f 
c

o
n

tr
o

l

**

**

V
e
h

ic
le

 c
o

n
tr

o
l

1
0
 

M

1
0
0
 

M

1
0
0
0
 

M

0

5 0

1 0 0

1 5 0

[K y n u re n ic  a c id ]

%
 o

f 
c

o
n

tr
o

l

***

V
e
h

ic
le

 c
o

n
tr

o
l

1
0
 

M

1
0
0
 

M

1
0
0
0
 

M

0

5 0

1 0 0

1 5 0

[3 -H y d ro x y k y n u re n in e ]

%
 o

f 
c

o
n

tr
o

l

V
e
h

ic
le

 c
o

n
tr

o
l

1
0
 

M

1
0
0
 

M

1
0
0
0
 

M

0

5 0

1 0 0

1 5 0

[3 -H y d ro x y a n th ra n ilic  a c id ]

%
 o

f 
c

o
n

tr
o

l

V
e
h

ic
le

 c
o

n
tr

o
l

1
0
 

M

1
0
0
 

M

1
0
0
0
 

M

0

5 0

1 0 0

1 5 0

[Q u in o lin ic  a c id ]

%
 o

f 
c

o
n

tr
o

l

V
e
h

ic
le

 c
o

n
tr

o
l

1
0
 

M

1
0
0
 

M

1
0
0
0
 

M

0

5 0

1 0 0

1 5 0

2 0 0

[S a ls o lin o l]

%
 o

f 
c

o
n

tr
o

l

* **
***

 

Figure 119 – Free radical production after differentiated SH-SY5Y neuroblastoma 

cells were exposed to kynurenine metabolites using the DCFH-DA assay (n = 9) 

  

No significant increase in free radical production was observed in differentiated 

SH-SY5Y neuroblastoma cells exposed to combinations of KMs.  Concentration-

dependent trends in free radical production were observed however.  These trends were 

observed after 24 h exposure to 3-HA + QA and 3-HK + 3-HA + QA as seen in figure 

120 below. 
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Figure 120 – Free radical production after differentiated SH-SY5Y neuroblastoma 

cells were exposed to combinations of neurotoxic kynurenine metabolites using the 

DCFH-DA assay (n = 9) 

 

DHR 123 

 Statistically significant increases in mitochondrial free radical production, as 

observed using the DHR 123 assay, were seen in differentiated SH-SY5Y 

neuroblastoma cells exposed to 3-HK (1000 µM) (p < 0.05) and 3-HA (1000 µM) (p < 

0.01), 3-fold and 1-fold increases, respectively, were observed as observed in figure 

121. 
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Figure 121 – Mitochondrial free radical production after differentiated SH-SY5Y 

neuroblastoma cells exposed to 1000 µM kynurenine metabolites using DHR 123 (n 

= 9) 

 

4.4.5 Toxicity of cytokines on undifferentiated and differentiated SH-SY5Y 

neuroblastoma cells 

Undifferentiated SH-SY5Y neuroblastoma cells 

The effects of cytokines on the viability of undifferentiated SH-SY5Y neuroblastoma 

cells 

Resazurin 

 Modest, statistically significant decreases in viability were observed after 

undifferentiated SH-SY5Y neuroblastoma cells were treated with human IFN-α2A (6.25 

ng/mL, 12.5 ng/mL, 25 ng/mL and 50 ng/mL) and human IFN-γ (6.25 ng/mL, 12.5 

ng/mL and 25 ng/mL).  A modest increase in proliferation was observed after 
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undifferentiated SH-SY5Y cells were exposed to 2000 pM of TNF-α as seen in figure 

122 below. 
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Figure 122 – Changes to the viability of undifferentiated SH-SY5Y neuroblastoma 

cells after 24 h exposure to pro-inflammatory cytokines (n = 9) 

 

LDH assay  

Significant increases in LDH activity were observed after undifferentiated SH-

SY5Y neuroblastoma cells were exposed to IL-6, IL-1β and TNF-α approximately 10-

fold as seen in figure 123 below.  No changes in LDH were observed after 

undifferentiated SH-SY5Y neuroblastoma cells were exposed to IFN-α, IFN-γ and 

PGE2. 
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Figure 123 – Total LDH activity relative to cell number in undifferentiated SH-

SY5Y exposed to pro-inflammatory cytokines (n = 3) 

 

Free radical formation after undifferentiated SH-SY5Y neuroblastoma cells are exposed 

to cytokines 

DCFH-DA assay 

 A significant decrease in oxidative stress was observed after undifferentiated 

SH-SY5Y cells were exposed to IL-1β (200 pM and 2000 pM), IL-6 (2 pM) and TNF-α 

(2 pM, 20 pM, 200 pM and 2000 pM).  The decreases in IL-1β and IL-6 were modest in 

nature.  Conversely, TNF-α decreases free radical production by approximately 40% as 

seen in figure 124 below.  
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Figure 124 –Free radical production in undifferentiated SH-SY5Y neuroblastoma 

cells exposed to pro-inflammatory cytokines (n = 9) 

 

Markers of apoptosis after undifferentiated SH-SY5Y neuroblastoma cells are exposed 

to cytokines 

Annexin V activation 

 A decrease in annexin V activation was observed with a number of cytokine 

treatments in comparison to the vehicle control.  These included IFN-α2A (12.5 ng/mL 

and 25 ng/mL), IFN-γ (50 ng/mL), IL-1β (20 pM and 2000 pM), IL-6 (20 pM and 200 

pM) and TNF-α (20 pM and 200 pM) as seen in figure 125. 
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Figure 125 – Annexin V activation in undifferentiated SH-SY5Y neuroblastoma 

cells exposed to pro-inflammatory cytokines (n = 9) 

 

The effects of cytokines on necrosis measured using propidium iodide 

 In addition to a decrease in markers of apoptosis, a decrease in necrosis was also 

observed after the treatment of undifferentiated SH-SY5Y neuroblastoma cells with 

various cytokines.  These include IFN-α2A (50 ng/mL), IFN-γ (12.5 ng/mL), IL-1β (20 

pM and 200 pM), IL-6 (20 pM, 200 pM and 2000 pM) and TNF-α (200 pM and 2000 

pM) as seen in figure 126. 
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Figure 126 – Necrosis, measured using propidium iodide, in undifferentiated SH-

SY5Y neuroblastoma cells exposed to pro-inflammatory cytokines (n = 3) 

 

Differentiated SH-SY5Y neuroblastoma cells 

The effects of cytokines on the viability of differentiated SH-SY5Y neuroblastoma cells 

Resazurin 

 A modest decrease in the proliferation of differentiated SH-SY5Y 

neuroblastoma cells was observed after treatment with IFN-α2A (6.25 ng/mL, 12.5 

ng/mL, 25 ng/mL and 50 ng/mL).  A modest increase in proliferation was observed 

after the treatment of these cells with IL-6 (2000 pM) as seen in figure 127. 
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Figure 127 – Changes to the viability of differentiated SH-SY5Y neuroblastoma 

cells after 24 h exposure to pro-inflammatory cytokines (n = 9) 

 

LDH assay 

Statistically significant increases in LDH activity was observed after 

differentiated SH-SY5Y neuroblastoma cells were exposed to PGE2.  These increases 

were approximately double that of cells treated with the vehicle control and can be seen 

in figure 128 below. 
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Figure 128 – Changes to the viability of undifferentiated SH-SY5Y neuroblastoma 

cells after 24 h exposure to pro-inflammatory cytokines (n = 9) 

 

Free radical formation in differentiated SH-SY5Y neuroblastoma cells exposed to 

cytokines 

DCFH-DA assay 

 Increased free radical production was observed after differentiated SH-SY5Y 

neuroblastoma cells were exposed to TNF-α (20 pM and 200 pM).  Conversely, IL-6 

(2000 pM) exposure decreased the production of free radicals.  All changes were 

modest in nature as seen in figure 129 below. 
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Figure 129 – Free radical production in differentiated SH-SY5Y neuroblastoma 

cells exposed to pro-inflammatory cytokines (n = 9) 

 

Annexin V activation as a measurement of apoptosis 

 Annexin V activation was increased in differentiated SH-SY5Y neuroblastoma 

cells exposed to IFN-γ (25 ng/mL).  Conversely, decreased annexin V activation was 

observed in these cells exposed to IFN-α2A (12.5 ng/mL and 50 ng/mL), IFN-γ (12.5 

ng/mL and 50 ng/mL), IL-1β (20 pM and 2000 pM), IL-6 (20 pM) and TNF-α (20 pM 

and 2000 pM). 
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Figure 130 – Annexin V activation in differentiated SH-SY5Y neuroblastoma cells 

exposed to pro-inflammatory cytokines (n = 3) 

 

Propidium iodide as a measure of necrosis 

 Increased necrosis, measured using propidium iodide, was observed after 

differentiated SH-SY5Y neuroblastoma cells were treated with TNF-α (2000 pM).  

Decreased necrosis was observed after these cells were treated with IFN-α2A (12.5 

ng/mL and 50 ng/mL), IFN-γ (12.5 ng/mL and 50 ng/mL), IL-1β (20 pM and 2000 pM) 

and TNF-α (20 pM) as seen in figure 131 below. 
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Figure 131 – Necrosis, measured using PI, in differentiated SH-SY5Y 

neuroblastoma cells exposed to pro-inflammatory mediators (n = 3) 

 

4.4.6 Toxicity of antidepressant medications on undifferentiated and differentiated 

SH-SY5Y neuroblastoma cells 

 

The effects of antidepressant drugs on the viability of undifferentiated and differentiated 

SH-SY5Y neuroblastoma cells 

Undifferentiated SH-SY5Yneuroblastoma cells 

Resazurin 

 Undifferentiated SH-SY5Y neuroblastoma cells exposed to various 

antidepressant medications for 24 h resulted in significant decreases in the viability of 

these cells in a concentration-dependent manner.  Amitriptyline (100 µM and 1000 
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µM), fluoxetine (100 µM and 1000 µM) and venlafaxine (1000 µM) all significantly 

decreased the viability of undifferentiated SH-SY5Y neuroblastoma cells by 

approximately 50%, 80% and 20%, respectively.  Conversely, low concentrations of 

these compounds, that is 10 µM, significantly increased the viability of these cells as 

seen in figure 132 below.  
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Figure 132 – Changes in the viability of undifferentiated SH-SY5Y neuroblastoma 

cells exposed to amitriptyline, fluoxetine and venlafaxine (n = 9) 

 

Differentiated SH-SY5Y neuroblastoma cells 

 Exposure of differentiated SH-SY5Y neuroblastoma cells exposed to 

antidepressant medications resulted in concentration-dependent decreases in viability.  

Amitriptyline (1000 µM), fluoxetine (10 µM, 100 µM and 1000 µM) and venlafaxine 

(100 µM) all significantly decreased the viability of these cells by approximately 80% 

and 10%, respectively.  Amitriptyline (10 µM and 100 µM) both significantly increased 

the viability of differentiated SH-SY5Y neuroblastoma cells as seen in figure 133 

below. 
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Figure 133 – Changes in the viability of differentiated SH-SY5Y neuroblastoma 

cells exposed to amitriptyline, fluoxetine and venlafaxine (n = 9) 

 

LDH assay 

Undifferentiated SH-SY5Y neuroblastoma cells 

 No statistically significant changes in total LDH activity were observed in 

undifferentiated SH-SY5Y neuroblastoma cells exposed to the antidepressants 

amitriptyline, fluoxetine and venlafaxine as seen in figure 134.  
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Figure 134 – Total LDH activity relative to cell number after undifferentiated SH-

SY5Y neuroblastoma cells were exposed to amitriptyline, fluoxetine and 

venlafaxine (n = 3) 
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Differentiated SH-SY5Y neuroblastoma cells 

 Statistically significant increases in LDH release were observed in a 

concentration-dependent manner after differentiated SH-SY5Y neuroblastoma cells 

were exposed to amitriptyline, with 4-fold increases after exposure to 1000 µM.  

Furthermore, statistically significant increases in LDH release were observed after 24 h 

exposure to fluoxetine (1000 µM) with 4-fold increases, as seen in figure 135. 
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Figure 135 – Total LDH activity relative to cell number after differentiated SH-

SY5Y neuroblastoma cells were exposed to amitriptyline, fluoxetine and 

venlafaxine (n = 3) 

 

Free radical production after exposure to antidepressant medications 

DCFH-DA assay 

Undifferentiated SH-SY5Y 

 Statistically significant increases in free radical production was observed after 

exposure of undifferentiated SH-SY5Y neuroblastoma cells to 1000 µM of 

amitriptyline, fluoxetine and venlafaxine as measured in the DCFH-DA assay.  Two-
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fold increases in total LDH activity were observed after undifferentiated SH-SY5Y 

were exposed to 1000 µM amitriptyline and fluoxetine as seen in figure 136 below. 
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Figure 136 – Free radical production in undifferentiated SH-SY5Y neuroblastoma 

cells after exposure to amitriptyline, fluoxetine and venlafaxine (n = 9) 

 

Differentiated SH-SY5Y neuroblastoma cells 

 Statistically significant increases in free radical production were observed after 

exposure of differentiated SH-SY5Y neuroblastoma cells to fluoxetine (1000 µM), 

approximately 1-fold higher in comparison to the vehicle control.  Although not 

statistically significant, trending increases in free radical production were observed after 

these cells were exposed to amitriptyline.  Furthermore, statistically significant 

decreases in free radical production was observed after the exposure of these cells to 

venlafaxine (100 µM), however this was modest in nature as seen in figure 137 below. 
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Figure 137 – Free radical production in differentiated SH-SY5Y neuroblastoma 

cells after exposure to amitriptyline, fluoxetine and venlafaxine (n = 9) 

 

DHR 123 

Undifferentiated SH-SY5Yneuroblastoma cells 

 Mitochondrial oxidative stress was measured using DHR 123.  It was found the 

undifferentiated SH-SY5Y neuroblastoma cells exposed to amitriptyline (1000 µM), 

fluoxetine (100 µM and 1000 µM) and venlafaxine (100 µM and 1000 µM) showed 

increased production of mitochondrial superoxide, 7-fold, 4-fold and 2-fold, 

respectively, as seen in figure 138.  Conversely, exposure to amitriptyline (10 µM) and 

venlafaxine (10 µM) resulted in decreased mitochondrial superoxide production, 

however, this was modest in nature. 
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Figure 138 – Mitochrondrial free radical production in undifferentiated SH-SY5Y 

neuroblastoma cells after exposure to amitriptyline, fluoxetine and venlafaxine (n 

= 9) 

 

Differentiated SH-SY5Y neuroblastoma cells 

 Differentiated SH-SY5Y neuroblastoma cells exposed to amitriptyline (1000 

µM), fluoxetine (100 µM and 1000 µM) and venlafaxine (100 µM and 1000 µM) 

showed increased production of mitochondrial superoxide using the DHR 123 assay as 

shown in figure 139.  Approximate 2-fold increases were observed in cells treated with 

amitriptyline and venlafaxine and approximate 12-fold increases were observed after 

exposure to fluoxetine in comparison to cells treated with vehicle control. 
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Figure 139 – Mitochrondrial free radical production in differentiated SH-SY5Y 

neuroblastoma cells after exposure to amitriptyline, fluoxetine and venlafaxine (n 

= 9) 

 

Annexin V activation  

Undifferentiated SH-SY5Yneuroblastoma cells 

 Annexin V activation was observed in undifferentiated SH-SY5Y 

neuroblastoma cells after they were exposed to amitriptyline (1000 µM) and fluoxetine 

(100 µM and 1000 µM).  Increases in the magnitude of 3-fold were observed in 

comparison to the vehicle control for all three conditions as seen in figure 140.  
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Figure 140 – Annexin V activation in undifferentiated SH-SY5Y neuroblastoma 

cells after exposure to amitriptyline, fluoxetine and venlafaxine (n = 3) 

 

Differentiated SH-SY5Y neuroblastoma cells 

 Annexin V activation was observed after exposure of differentiated SH-SY5Y 

neuroblastoma cells to amitriptyline (1000 µM), fluoxetine (100 µM and 1000 µM) and 

venlafaxine (100 µM and 1000 µM) as seen in figure 141.  Increases in annexin V 

activation was in the magnitude of 5-fold after amitriptyline and fluoxetine exposure in 

comparison to cells treated with vehicle control. 
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Figure 141 – Annexin V activation in differentiated SH-SY5Y neuroblastoma cells 

after exposure to amitriptyline, fluoxetine and venlafaxine (n = 3) 

 

Necrosis measured using propidium iodide 

Undifferentiated SH-SY5Y 

 Necrosis, using propidium iodide dye, was observed after exposure of 

undifferentiated SH-SY5Y neuroblastoma cells to amitriptyline (1000 µM) and 

fluoxetine (100 µM and 1000 µM) as seen in figure 142.  Amitriptyline (1000 µM) and 

fluoxetine (100 µM and 1000 µM) increased necrosis 3-fold in comparison to cells 

treated with vehicle control. 
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Figure 142 – Necrosis, measured using PI, in undifferentiated SH-SY5Y 

neuroblastoma cells after exposure to amitriptyline, fluoxetine and venlafaxine (n 

= 3) 

 

Differentiated SH-SY5Y neuroblastoma cells 

 Necrosis, using propidium iodide dye, was observed after exposure of 

differentiated SH-SY5Y neuroblastoma cells to amitriptyline (1000 µM) and fluoxetine 

(10 µM, 100 µM and 1000 µM) as seen in figure 143.  Amitriptyline (1000 µM) and 

fluoxetine (1000 µM) increased necrosis 30-fold and 40-fold, respectively in 

comparison to cells treated with vehicle control. 
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Figure 143 – Necrosis, measured using PI, in differentiated SH-SY5Y 

neuroblastoma cells after exposure to amitriptyline, fluoxetine and venlafaxine (n 

= 3) 

 

4.5 Discussion 

The aim of this chapter was to develop a number of in vitro cell-based models to 

assess parameters associated with depression and the toxicity of pharmacological 

compounds.  Two models were developed and optimised for this purpose, a neuronal 

model to assess the neurotoxic effects of coffee constituents and a model of 

inflammation to assess the effects of coffee constituents. 

 

4.5.1 Development of a model of interferon-induced inflammation 

In the current study, the effects of numerous IFNs including human IFN-α2a, 

porcine IFN-α, human IFN-β, human IFN-γ, murine IFN-γ and human IFN-λ3 were 

assessed for their stimulatory properties in both undifferentiated and PMA differentiated 

THP-1 human monocytic cells.  Very few changes in the parameters assessed were 

observed in undifferentiated THP-1 cells after exposure to any of the IFNs.  Small 
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increases in viability were observed after undifferentiated THP-1 cells were exposed to 

24 h of human IFN-α2a, human IFN-β, human IFN-γ, murine IFN-γ and human IFN-λ3.  

Furthermore, limited increases in pro-inflammatory cytokine production were observed 

in undifferentiated THP-1 cells contrary to previous reports in literature [273].  

Statistically significant increases in IL-6 production were observed in undifferentiated 

THP-1 cells after they were exposed to 50 ng/mL of IFN-λ3.  Similarly, the only 

increase in TNF-α concentration was observed after exposure to 12.5 ng/mL and 50 

ng/mL of murine IFN-γ and increased IL-1β concentrations were only observed after 

exposure to 25 ng/mL porcine IFN-α and 12.5 ng/mL of murine IL-1β. 

Significant changes, in response to IFN stimulus, were observed in IDO activity.  

IDO activity was measured via the quantification of KYN and Trp and subsequently 

calculating the ratio of KYN to Trp.  Significant increases in IDO activity were 

observed in undifferentiated THP-1 cells exposed to human IFN-γ, consistent with 

previously described results [274, 390].  No other treatment altered IDO activity. 

PMA differentiated THP-1 cells displayed somewhat different results to those of 

undifferentiated THP-1 cells.  Large, significant increases in the viability of these cells 

was observed after they were exposed to human IFN-β.  Smaller increases in viability 

were observed after these cells were exposed to porcine IFN-α (400 units/mL), murine 

IFN- γ (200 and 400 units/mL) and human IFN-λ3 (50 ng/mL).  Furthermore, 

statistically significant increases in a number of pro-inflammatory cytokines was 

observed.  These included increases in IL-6 concentrations after differentiated THP-1 

monocytic cells were exposed to 50 ng/mL of human IFN-γ and IFN-λ3, increases in 
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TNF-α after exposure to human IFN-β (25 ng/mL) and mouse IFN-γ (25 ng/mL) and 

increases in IL-1β after exposure to human IFN-β (25 and 50 ng/mL) and IFN-λ3 (25 

ng/mL).  Furthermore, IDO activity was shown to be increased by both IFN-γ and IFN-

α2A, however, the latter produced a much weaker response. 

 

Studies have shown that there is significant differences in the species with 

regards to IFNs [391].  It has been shown that there is a lack of homology between 

human IFNs and IFNs from other species [391].  Given this, the results observed in the 

current study are expected. 

 

As described earlier, inflammation has been shown to play an important role in 

the pathophysiology of depression [15, 38, 58-60, 123].  Furthermore, IFN therapy has 

been shown to precipitate symptoms within one week on initiating therapy in human 

patients [229, 230].  Based on this, the aim of this study was to develop a model of IFN-

induced inflammation to use to test compounds of interest. 

 

THP-1 human monocytic cells were chosen as the cell line in the current study 

for a number of reasons.  THP-1 cells are human leukemic monocyte cells and can be 

differentiated into macrophage and microglial-like cells with the addition of a number 

of stimuli that will be discussed below [268, 271, 273, 392].  
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THP-1 cells have been shown to express various enzymes associated with the 

KP and have the ability to synthesise KMs. THP-1 cells have been shown to produce 

statistically significant increases in both KYN and QA production after treatment with 

LPS, IFN-γ or TNF-α through the upregulation of IDO [393] resulting in significant 

increases in the production of KMs [168].  Additionally, IFN-γ has been shown to 

induce KMO in this cell lines [393], indicating a favour towards the “neurotoxic arm” 

of the KP. 

 

Investigations into the differentiated THP-1 cells were then undertaken to 

identify an optimal model of inflammation.  A number of different agents have been 

investigated in the differentiation of THP-1 cells to induce the change from monocytic 

phenotype to microglial like phenotype.  Amongst these agents are 1, 25-

dihydroxyvitamin D3 (VD3) and phorbol-12-myristate-13-acetate (PMA) [268, 271].   It 

has been shown that PMA differentiation results in a closer macrophage phenotype with 

similarity in surface markers and increased cytokine release [268, 271] and as a result, it 

has been chosen as the differentiation agent in this study.   

 

The differentiation protocol of THP-1 cells was based on a previously optimised 

method but required a high level of optimisation due to the potent stimulatory effects of 

IFN-γ and other IFNs tested.  Previous studies have shown that IFN-γ can cause a 

number of significant changes to monocytic cells.  Amongst these are morphological 

changes, changes in the expression of surface antigens and increases in the production 

of cytokines [273].  It has been shown that THP-1 cells exposed to IFN-γ resulted in the 

increased production of IL-1β, IL-6 and TNF-α [273]. 
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These results suggest PMA differentiated THP-1 cells stimulated with IFN-γ and 

IFN-α2A provide significant similarities to microglial cells and appear to be appropriate 

to use as a surrogate microglial cell model to investigate the anti-inflammatory effects 

of compounds.  To further confirm the appropriateness of this model, the effects of 

antidepressants on inflammatory markers in both IFN-γ and IFN-α2A stimulated THP-1 

cells were assessed.  These results confirmed that this model was in fact appropriate to 

assess these factors. 

 

4.5.2 The effects of antidepressant medications on markers of inflammation in 

differentiated THP-1 cells 

The antidepressants amitriptyline, fluoxetine and venlafaxine were all evaluated 

for their effects on inflammation in IFN-α2A and IFN-γ stimulated differentiated THP-1 

cells.  All three of these antidepressant medications are known to modulate various 

parameters of inflammation.   

 

Significant decreases in the viability of differentiated THP-1 cells were observed 

after exposure to high concentrations amitriptyline, fluoxetine and venlafaxine with the 

addition of either IFN-α2A or IFN-γ affording some protection from the decrease in 

viability.  Furthermore, the effects of the antidepressants alone and in combination with 

IFN-α2A and IFN-γ failed to show any significant increases in free radical production 

with decreases in free radical production in some cases.  From these results, it is 

apparent that the mechanism by which differentiated THP-1 cell display decreased 

viability is one that is independent to that of free radical production. 
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The effects of the three antidepressants on parameters of inflammation in IFN-

α2A and IFN-γ stimulated THP-1 cells were then assessed.  IDO activity was the first 

parameter addressed with all three of the antidepressants, amitriptyline, fluoxetine and 

venlafaxine decreasing the activity of IDO to some degree in both IFN-α2A and IFN-γ 

stimulated THP-1 cells. 

 

The effects of the antidepressant medications on the pro-inflammatory cytokines 

was also assessed.  Similar results were observed for THP-1 cells stimulated with both 

IFN-α2A and IFN-γ.   Pre-treatment with amitriptyline for 24 h prior to either IFN-α2A 

or IFN-γ stimulus, resulted in a significant decrease in the concentrations of IL-6 at all 

three concentrations tested along with TNF-α (1000 µM) after exposure to IFN-α2A.  

Conversely, increases in IL-1β concentrations were observed after pre-treatment with all 

three concentrations tested, along with venlafaxine (1000 µM) after exposure to IFN-

α2A.  Similar results were observed with exception to TNF-α concentrations.  

Differentiated THP-1 cells stimulated with IFN-γ showed increased TNF-α 

concentrations whereas those stimulated with IFN-α2A showed decreased TNF-α 

production.  Again, venlafaxine (100 µM) pre-treatment of differentiated THP-1 cells 

yielded similar results, with the exception of TNF-α concentration, in IFN-γ stimulated 

cells. 

 

As outlined earlier, numerous classes of antidepressant medications are currently 

marketed for the treatment of depression including the TCAs [351], SSRIs [351], and 

SNRIs [351].   The TCA, amitriptyline, decreased parameters of inflammation 

investigated in the current study.     
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In the current study, amitriptyline, a TCA, to decrease the concentrations IL-6 

and TNF-α produced by differentiated THP-1 cells stimulated with either IFN-γ or IFN-

α2A in a concentration-dependent manner.  Previous studies have shown amitriptyline to 

decrease the pro-inflammatory TNF-α, consistent with the findings of the current study 

but increases IL-6, another pro-inflammatory cytokine in treatment responders ex vivo 

[353].  Furthermore, TNF-α concentrations and IL-1β concentrations were decreased in 

rat microglia after treatment with amitriptyline [356-358].  One plausible explanation 

for the differences in the effects of amitriptyline on the concentrations of IL-6 may be 

due to the study design.  The current study is an in vitro study and the study in literature 

is an ex vivo study.   To date, there have been no studies assessing the effects of 

amitriptyline on IDO activity.   

 

Fluoxetine, an SSRI, was assessed for its effects on pro-inflammatory cytokines 

in the current study.  Fluoxetine was shown to decrease the production of IL-6 in both 

IFN-γ and IFN-α2A stimulated THP-1 cells.  Conversely, IL-1β production was shown 

to be increased in both models.  TNF-α production, however, was increased in the IFN-γ 

model but decreased in the IFN-α2A model.  To date, there have been no studies 

assessing the effects of fluoxetine on the inflammatory cytokines in in vitro models.   

 

The SNRI venlafaxine was evaluated in the current study for its anti-

inflammatory effects.  Pre-treatment venlafaxine was shown to decrease IL-6 and 

increase IL-1β production in both IFN-γ and IFN-α2A stimulated THP-1 cells.  TNF-α 
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production on the other hand was shown to be increased in IFN-γ stimulated cells at 100 

µM but decreased at 1000 µM and in IFN-α2A stimulated cells.   

 

SNRIs, as their name suggests, inhibit the re-uptake of both serotonin and 

noradrenaline from the synaptic cleft via the inhibition of SERT and NET [366].  The 

SNRI venlafaxine has been the widest studied compound in the class and has been 

shown to have a number of effects on inflammatory mediators.  This drug has very little 

effects on TNF-α levels in vivo [360] but decreases pro-inflammatory IL-6 production 

[359, 365].  The results in the current study are consistent with the results observed in 

literature with exception to the concentration of TNF-α observed after IFN-γ stimulated 

cells were treated with 100 µM of venlafaxine.   

 

The current study, in combination with previous studies, shows that changes to 

inflammatory mediators occur after inflammatory cells are treated with all classes of 

antidepressants.  This indicates that this effect may play an important role in their 

mechanisms of action.  These results support the neuroinflammatory hypotheses of 

depression and the role of neuroinflammation in the pathophysiology of depression.  

However, due to the limited number of studies and the lack of consistency of the 

observations outlined, further studies are required to fully assess the effects of 

antidepressant medications on cytokine production.  

 

The current study showed all three antidepressants, amitriptyline, fluoxetine and 

venlafaxine all decreased IDO activity in a concentration-dependent manner in both 



 
 

363 

IFN-γ and IFN-α2A stimulated THP-1 cells.   Specific studies assessing the effects of 

antidepressants on IDO activity have yet to be undertaken.  A number of other 

metabolites in the KP have however been assessed.  As outlined in the introduction, 

fluoxetine and amitriptyline increased the concentration of the neuroprotective Trp 

catabolite, KA and decreased the concentration of the neurotoxic catabolite 3-HK in 

glial cell cultures in a time-dependent manner.  Amitriptyline showed a higher increase 

in KA than fluoxetine but both antidepressants had relatively the same effect in 

decreasing the levels of 3-HK [369].  Additionally, fluoxetine and amitriptyline, at a 

concentration of 10 µM, were found to strongly induce the expression of both Kat1 and 

Kat2, enzymes responsible for the biosynthesis of KA [369].  Given their effects on 

other parameters in the KP, the effects on IDO in the current study appear to be 

plausible. 

 

In conclusion, this study suggests that PMA differentiated THP-1 cells 

stimulated with IFN-γ and IFN-α2A are acceptable to assess various inflammatory 

parameters.  Limitations do exist in this model, most notably the lack of increase in the 

concentrations of IL-1β and TNF-α.  Further optimisation of this model is warranted in 

the future. 

 

4.5.3 Development of a model of differentiation of SH-SY5Y neuroblastoma cells 

As outlined earlier, a number of models of differentiation of SH-SY5Y 

neuroblastoma cells have been previously described.  One such model of interest in 

depression is a method by which SH-SY5Y neuroblastoma cells are chemically treated 

with dbcAMP to produce a cell more closely aligned phenotypically with noradrenergic 
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neurons [284].  In the current study, a previously described method was optimised for 

use in the current study [284].  dbcAMP was assessed for its effects on the viability of 

SH-SY5Y neuroblastoma cells using the resazurin reduction assay.  It was found that no 

significant effects on viability occurred with exposure to dbcAMP.  Furthermore, it was 

shown that morphological changes occurred when these cells were treated with 100 µM 

dbcAMP.  These changes were consistent with a more neuronal phenotype, that is 

displaying longer and more neurite projections.  This was confirmed using both crystal 

violet staining and a neurite stain.  Furthermore, NA concentrations were shown to be 

significantly increased after treatment with 100 µM dbcAMP.  This optimisation 

differed quite significantly to the method described by Kume et al [284].  The current 

differentiation method used standard media required to culture SH-SY5Y 

neuroblastoma cells in comparison to the high cost neuron specific media used in the 

published study [284].  Furthermore, through the introduction of replacing the dbcAMP 

48 h into the process, resulted in a 10-fold lower concentration of dbcAMP exposure to 

differentiate the cells [284]. 

 

4.5.4 Toxicity of kynurenine metabolites on undifferentiated and differentiated 

SH-SY5Y neuroblastoma cells 

As outlined previously, a number of the KMs are known neurotoxins and have 

been shown to play a role in the pathophysiology of depression [58, 60, 160].  To date, 

numerous studies have evaluated a number of in vitro models on their effectiveness to 

assess KM toxicity [394].  Studies have utilised SH-SY5Y neuroblastoma cells but have 

found that these cells are unsuitable for the assessment of KM toxicities [394]. 
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The current study assessed the effects of KMs alone and in combination after 24 

h and 72 h exposure to undifferentiated and dbcAMP differentiated SH-SY5Y 

neuroblastoma cells.  Consistent with previous studies, significant decreases in viability 

were shown in undifferentiated SH-SY5Y neuroblastoma cells exposed to the 

neurotoxic KMs 3-HK and 3-HA at 1000 µM for 24 h.   Again, consistent with 

literature, no change in viability was observed after undifferentiated SH-SY5Y 

neuroblastoma cells were treated for 24 h with any concentration of QA.   These results 

were confirmed with the results obtained in the LDH activity.  Although not statistically 

significant, increases in total LDH activity were observed in cells exposed to 1000 µM 

3-HK and 3-HA.  Likewise, no changes in LDH activity was observed after 

undifferentiated SH-SY5Y neuroblastoma cells were exposed to QA (1000 µM). 

 

To further investigate and confirm the mechanism by which 3-HK and 3-HA 

alters parameters associated with apoptosis, necrosis and oxidative stress.  Increased 

annexin V activation was observed after undifferentiated SH-SY5Y neuroblastoma cells 

were exposed to 1000 µM of 3-HK and 3-HA.  When these results are taken into 

consideration with the corresponding increased trends of mitochondrial oxidative stress 

and necrosis, it appears that the mechanism by which these neuroactive KMs exert their 

toxicity towards these cells is via an apoptosis pathway.  These results are consistent 

with literature after a number of studies have shown that these compounds exert their 

cytotoxicity via apoptotic pathways in a number of cell lines [166, 168, 395, 396].  

Given the involvement of oxidative stress in the apoptotic pathway [397], it appears 

plausible that this may be one mechanism by which apoptosis is induced in these cells. 
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The effects of 24 h exposure of combinations of the neurotoxic KMs on 

undifferentiated SH-SY5Y neuroblastoma cells was then investigated as a possible 

model to assess the toxicity of KMs.  It was found that several concentrations of 3-HK 

and QA, 3-HA and QA and 3-HK, 3-HA and QA afforded very modest decreases in the 

viability of SH-SY5Y neuroblastoma cells.    These results are supported in that only a 

very small increase in annexin V activation, indicating apoptosis, is observed in 

undifferentiated SH-SY5Y neuroblastoma cells.   

 

Furthermore, the effects of 72 h exposure of KMs alone and in combination 

were assessed on the viability of undifferentiated SH-SY5Y neuroblastoma cells.  As 

seen in undifferentiated SH-SY5Y neuroblastoma cells exposed to 3-HK and 3-HA for 

24 h, significant decreases in viability were only observed after treatment to 1000 µM 

concentrations.  Conversely, modest statistically significant increases in viability were 

observed after undifferentiated SH-SY5Y neuroblastoma cells were QA.  

 

The results observed suggest, consistent with literature, that undifferentiated SH-

SY5Y neuroblastoma cells are an unsuitable model to assess the neurotoxicity of KMs.  

Furthermore, this suggests that undifferentiated SH-SY5Y neuroblastoma cells may not 

be the best model to use in neurotoxicity studies. 

 

To further investigate the use of SH-SY5Y neuroblastoma cells as a model to 

use in neurotoxicity studies, dbcAMP differentiated SH-SY5Y neuroblastoma cells 

were assessed for their appropriateness for KM toxicity studies. 
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Similar results were observed after dbcAMP differentiated SH-SY5Y 

neuroblastoma cells were treated with KM for 24 h.  Statistically significant decreases 

in the viability of these cells was observed after exposure to 1000 µM 3-HK and 3-HA 

comparable to those of undifferentiated SH-SY5Y neuroblastoma cells.  Again, 

combinations of KMs did not significantly alter the viability of dbcAMP differentiated 

SH-SY5Y neuroblastoma cells.   

 

Seventy-two hour exposure of KMs to differentiated SH-SY5Y neuroblastoma 

cells to KMs showed no significant decreases in viability.  However, 72 h exposure of 

differentiated SH-SY5Y neuroblastoma cells to a combination of 3-HK, 3-HA and QA 

produced a concentration-dependent decrease in viability.  These results suggest that 

dbcAMP differentiated SH-SY5Y neuroblastoma cells provide a more realistic in vitro 

model to assess neurotoxicity. 

 

The difficulty using immortal cells in the evaluation of KM toxicity can be 

attributed to role of this pathway in tumour cells and immune surveillance [398].  A 

number of strategies have been undertaken in the past in an attempt to sensitise SH-

SY5Y neuroblastoma cells to the neurotoxic effects of KMs [394].  Strategies include 

glucose deprivation and retinoic acid differentiation [394].  Neither of these strategies 

were successful in sensitising SH-SY5Y neuroblastoma cells to the toxic effects of KMs 

[394]. 
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The current study has highlighted that dbcAMP differentiated SH-SY5Y 

neuroblastoma cells provide a better model to assess the neurotoxic effects of KMs.  

The direct effects of cytokines were then assessed in both differentiated and 

undifferentiated SH-SY5Y neuroblastoma cells to further evaluate the appropriateness 

of this model as a surrogate neuronal cell. 

 

4.5.5 Toxicity of cytokines on undifferentiated and differentiated SH-SY5Y 

neuroblastoma cells 

The effects of numerous pro-inflammatory cytokines and markers of 

inflammation were assessed for their effects on undifferentiated and differentiated SH-

SY5Y neuroblastoma cells.  No significant changes to the viability of both 

undifferentiated and differentiated SH-SY5Y neuroblastoma cells was observed in this 

study.  At best, a modest decrease in viability was observed in undifferentiated SH-

SY5Y cells treated with IFN-α and IFN-γ.  Similarly, treatment with IFN-α also 

decreased the viability of differentiated SH-SY5Y neuroblastoma cells. 

 

Studies assessing the effects of these compounds on mechanisms of cell death 

showed that a number of them are beneficial towards cell survival.  This includes the 

decrease in oxidative stress after undifferentiated SH-SY5Y cells were exposed to IL-

1β, IL-6 and TNF-α.  Furthermore, decreased annexin V activation was observed after 

these cells were exposed to IFN-α, IFN-γ, IL-1β, IL-6 and TNF-α.  These results 

correspond to those observed using propidium iodide suggesting a decrease in necrosis 

in these cells after exposure to markers of inflammation. 
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The effects of markers of inflammation on differentiated SH-SY5Y 

neuroblastoma cells produced opposing results to those observed in undifferentiated 

SH-SH5Y neuroblastoma cells.  Statistically significant increase in oxidative stress 

were observed in differentiated SH-SY5Y neuroblastoma cells exposed to TNF-α.  

Furthermore, non-significant trends of increased oxidative stress is observed in 

differentiated SH-SY5Y neuroblastoma cells exposed to IFN α, IFN-γ, PGE2 and IL-1β.  

The increases in oxidative stress however do not correspond to increased annexin V 

activation.   

 

Given the role of these pro-inflammatory markers in the neuroinflammation, 

neuroprotection and neurotoxicity [399-401], further studies are required to fully 

elucidate the role of the inflammatory markers in neurotoxicity.  Given that dbcAMP 

differentiated SH-SY5Y neuroblastoma cells are more susceptible to the toxic effects of 

these mediators than their undifferentiated counterpart, suggests that they may be more 

appropriate for the use in neurotoxicity studies.  

 

4.5.6 Toxicity of antidepressant medications on undifferentiated and differentiated 

SH-SY5Y neuroblastoma cells 

To further evaluate the use of undifferentiated and differentiated SH-SY5Y 

neuroblastoma cells as a model for neurotoxicity studies, the toxicity of various 

antidepressant medications including amitriptyline, fluoxetine and venlafaxine were 

investigated. 
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Significant differences between the viability of undifferentiated and 

differentiated SH-SY5Y neuroblastoma cells were observed especially at lower 

concentrations.  Significant decreases in viability were observed in undifferentiated SH-

SY5Y neuroblastoma cells were exposed to amitriptyline (100 and 1000 µM), 

fluoxetine (100 and 1000 µM) and venlafaxine (1000 µM).  In contrast, the viability of 

differentiated SH-SY5Y neuroblastoma cells also decreased but to a lesser degree than 

that of the undifferentiated SH-SY5Y neuroblastoma cells.  Amitriptyline only 

decreased the viability of differentiated SH-SY5Y neuroblastoma cells at 1000 µM, 

fluoxetine 100 µM decreased the viability of differentiated SH-SY5Y neuroblastoma 

cells to a lesser degree and 1000 µM venlafaxine had no effect on the viability of SH-

SY5Y neuroblastoma cells. 

 

Further studies were undertaken to assess if the mechanisms of cell death varied 

between undifferentiated and differentiated SH-SY5Y neuroblastoma cells.  Significant 

increases in oxidative stress were observed after undifferentiated SH-SY5Y 

neuroblastoma cells exposed to 1000 µM of amitriptyline, fluoxetine and venlafaxine.  

Conversely, only statistically increases in oxidative stress were seen after differentiated 

SH-SY5Y neuroblastoma cells were treated with 1000 µM of fluoxetine.  However, 

mitochondrial oxidative stress was increased consistently with the viability results in 

both undifferentiated and dbcAMP differentiated SH-SY5Y neuroblastoma cells.  

Furthermore, corresponding increases in annexin V activation and necrosis were 

observed in both undifferentiated and differentiated SH-SY5Y neuroblastoma cells.  

These results suggest that mitochondrial oxidative stress induced apoptosis is the main 

mechanism by which antidepressants exert their toxic effects on both undifferentiated 

and differentiated SH-SY5Y cells.  Furthermore, the data shows that differentiated SH-
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SY5Y neuroblastoma cells are affected less than their undifferentiated counterparts 

suggesting that differentiated SH-SY5Y neuroblastoma cells provide a more accurate 

representation of human neurons. 

 

These results are consistent with literature.  Studies have shown, that at high 

concentrations, amitriptyline is toxic to primary rat neurons, HT22-cells and PC-12 cells 

in concentrations comparable to the current study [402, 403].  Furthermore, the level of 

toxicity at 100 µM concentrations is more closely aligned to the result observed in the 

dbcAMP differentiated SH-SY5Y neuroblastoma cells in comparison to those observed 

in the undifferentiated phenotype [402].  Amitriptyline has also been shown to elicit 

these effects via an apoptotic mechanism of cell death [402].  Likewise, this is 

consistent with the findings of the current study with both annexin V activation and 

alteration to the membrane potential, consistent with apoptosis [388], present in both 

undifferentiated and differentiated SH-SY5Y neuroblastoma cells exposed to 

amitriptyline. 

 

Fluoxetine has previously been shown to cause cytotoxic effects in a 

concentration-dependent manner in HT22-cells and PC-12 cells [403].  Again, the 

degree of cytotoxicity observed was consistent with the results obtained in the current 

study [403].  To date, no studies have assessed the neurotoxicity of venlafaxine.  The 

current study suggests that venlafaxine is far less neurotoxic than amitriptyline and 

fluoxetine. 
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Significant phenotypic differences were observed in the current study between 

dbcAMP differentiated and undifferentiated SH-SY5Y neuroblastoma cells.  This study 

indicates the dbcAMP differentiated SH-SY5Y cells may be used as a surrogate 

neuronal-like cell and may be more appropriate to evaluate the neurotoxicity of 

compounds. 

 

4.6 Conclusion  

The aim of the current study was to develop two in vitro models as alternatives 

for using human primary cells.  The first of these was a surrogate microglial-like cell 

model and the second a surrogate neuronal-like model.  This study was successful in 

validating the use of an IFN-induced inflammatory model using PMA differentiated 

THP-1 human monocytic cells.  Furthermore, the second model, a surrogate neuronal-

like cell model was again successfully valid as a more neuronal phenotype than 

undifferentiated SH-SY5Y neuroblastoma cells.  These models provided the essential 

features of the cell lines required, although, with any in vitro model, limitations do 

exist.  One such limitation is that in the current study, the antidepressants investigated in 

the study amitriptyline, fluoxetine and venlafaxine, were only used in the original state 

however, in vivo, these three drugs undergo extensive metabolism to a number of active 

metabolites.  Further studies assessing the effects of these metabolites on the viability of 

the neuronal-like cells is warranted.  
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Chapter 5 – The effects of key bioactive coffee constituents of parameters of 

inflammation and neurotoxicity 

5.1 Introduction 

As outlined in chapter one, coffee is a very popular beverage with numerous 

bioactive constituents [1].  This study has already shown that caffeinated coffee displays 

possible antidepressant-like effects in an in vivo model of LPS-induced inflammatory 

depression along with caffeine however, this was not seen with decaffeinated coffee.  

Caffeine however produced a much smaller protective effect suggesting that caffeine in 

combination with other bioactive coffee constituents is required to observe the full 

potential protective effects.  These results align with the observations of the 

epidemiological studies [3, 4, 6-8, 11].  Chapter three then highlighted that one of the 

bioactive coffee constituents, FA, was decreased after the decaffeination process.  Given 

this and the previous literature outlined in chapter one on the potential mechanisms by 

which these compounds may be beneficial in depression,  the effects of key bioactive 

coffee constituents, alone and in combination with caffeine, were further investigated 

for their potential mechanisms of action in depression using the in vitro models 

developed in chapter four.   

 

Coffee contains many bioactive constituents including numerous polyphenol and 

alkaloid compounds [124].  Polyphenols have been shown to have numerous biological 

effects including beneficial effects on cardiovascular and metabolic disorders, 

inflammation and cancer, oxidative stress, cerebral ischaemia, obesity and functioning 

of the brain.  With specific regards to the brain, polyphenols, in general, have been 

shown to prevent neuroinflammation along with possessing antioxidant properties and 
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the ability to modulate neurotransmitter levels [32].  Furthermore, the alkaloids present 

in coffee, caffeine and trigonelline have also shown a number of beneficial effects in 

both depression and parameters associated with the pathophysiology of depression [3, 4, 

6-8, 11, 34].  The specific coffee constituents of interest in the current study, caffeine, 

CA, CGA, FA, PA and trigonelline have been described in depth in section 1.2.2. 

 

Two in vitro cell-based models were developed and outlined in chapter four for 

the evaluation of the effects of coffee constituents on markers of inflammation and the 

toxicity of these compounds on neuronal cells.  A surrogate microglial-cell model was 

developed in chapter four using IFN-stimulated PMA differentiated THP-1 cells.  PMA 

differentiated THP-1 monocytic cells have been widely used as a surrogate microglial- 

or macrophage-like cell in literature [268, 271, 273, 379, 392].  These cells have been 

shown to display many of the key features of macrophages and microglial cells as 

presented in chapter 4. 

 

The model of PMA differentiated THP-1 human monocytic cells used in the 

current study was stimulated with either IFN-γ or IFN-α2A to produce an activated 

microglial-like cell model.  A number of key features were observed in this model 

including increased IL-6 production, increased PGE2 production and increased IDO 

activity.  All three of these markers are well-known to be associated with 

neuroinflammation and observed in activated microglial cells [33].  Furthermore, these 

three markers are known biomarkers associated with depression [60, 229, 230, 404].  As 

with any model, this model has its limitations.  Two other inflammatory cytokines that 

are normally secreted from microglial cells in their activated state, IL-1β and TNF-α, 
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were not significantly raised in this model.  Although these markers were not raised in 

the current model, the fact that other important markers including IL-6, IDO and PGE2 

were suggests that this model is appropriate for the preliminary evaluation of the effects 

of coffee constituents, both alone and in combination with caffeine, on markers of 

inflammation. 

 

A second important parameter to evaluate is the effects of coffee constituents on 

the viability of neuronal cells.  As highlighted in chapter one, the beneficial effects of 

coffee are observed in a J shaped relationship [3, 4].  That is, at high concentrations 

coffee has negative health effects, namely increased risk of suicide and anxiety [5, 21, 

22, 28].  One possible pathway by which this occurs may be via neuronal cell toxicity.   

 

The neuronal-like model outlined in chapter four was used in the current study 

to evaluate the effects of key bioactive coffee constituents on viability.  SH-SY5Y 

neuroblastoma cells are routinely used in neurotoxicology studies [277, 337] but to date 

these compounds have not been tested in this cell line.  Furthermore, given the 

differences in the phenotypes of undifferentiated and differentiated SH-SY5Y 

neuroblastoma cells, both cell lines were used.  Literature reports that undifferentiated 

SH-SY5Y neuroblastoma cells are a predominantly dopaminergic phenotype [405] and 

the dbcAMP differentiated SH-SY5Y neuroblastoma cells were shown to be 

noradrenergic in nature in both the study undertaken in chapter four and in literature 

[284]. 
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A number of studies have investigated the protective properties of the key 

biologically active constituents of coffee against known toxins of SH-SY5Y 

neuroblastoma cells, but the direct effects of these compounds on both undifferentiated 

and differentiated SH-SY5Y cells have yet to be determined.  Given this and the human 

data suggesting the potential harms of coffee consumption, particularly at high 

concentrations, the effects of these compounds were assessed in the two models 

outlined above.   

 

It is expected that this study will provide information relating to the effects of 

coffee constituents, both alone and in combination with caffeine, on markers of 

inflammation in a surrogate microglial model.  Literature suggests that the 

pathophysiology of depression is multifactorial and involves components of 

inflammation, oxidative stress and alterations to Trp catabolism [60].  Coffee, a well–

accepted and consumed beverage, has been shown to have antidepressant-like activity 

and a number of the key bioactive constituents to have anti-inflammatory and 

antioxidant activities [52, 57, 88, 94, 96, 97].  To date, however, these effects have 

never been evaluated in a differentiated monocytic model.  Furthermore, the effects of 

these compounds on Trp catabolism have yet to be investigated.  As a result, this study 

investigated key bioactive coffee constituents on IFN-γ and IFN-α-induced 

inflammation in differentiated THP-1 human monocytic cells.  

 

Furthermore, this study will also provide an insight into the effects that key 

bioactive coffee constituents have on the two phenotypically different neuronal-like 

cells, that is undifferentiated and dbcAMP differentiated SH-SY5Y neuroblastoma cells.  



 
 

377 

It is proposed that this component of the study will provide information on the potential 

harms of coffee consumption, particularly at high concentrations, in light of the 

epidemiological studies. 

 

 There is a large amount of recently published literature that has implicated 

coffee as having antidepressant-like activity.  The focus of this study is firstly to 

evaluate firstly evaluate the toxicity of key bioactive coffee constituents on the viability 

of undifferentiated and differentiated SH-SY5Y neuroblastoma cells and THP-1 human 

monocytic cells.  Secondly, the effects of these compounds on parameters associated 

with inflammation will be evaluated in an IFN-γ and IFN-α stimulated THP-1 human 

monocytic cell-based model. 

 

5.2 Hypothesis aims and objectives 

5.2.1 Hypothesis 

The primary hypothesis of this study is that key bioactive coffee constituents 

including caffeine, CA, CGA, FA, PA and trigonelline will alter inflammatory response 

in IFN-γ and IFN-α2A stimulated THP-1 human monocytic cells as a surrogate model of 

activated microglial cells. 

 

The secondary hypothesis of this study is that the key bioactive coffee 

constituents including caffeine, CA, CGA, FA, PA and trigonelline will not reduce the 

viability of undifferentiated and dbcAMP differentiated SH-SY5Y neuroblastoma cells 

as models of dopaminergic and noradrenergic neurons. 
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5.2.2 Aims and objectives 

The primary aim of this study was to evaluate the anti-inflammatory properties 

of key bioactive coffee constituents on IFN-γ and IFN-α2A stimulated THP-1 monocytic 

cells as a surrogate model of activated microglial cells.   

 

 This aim will be achieved through the following objectives: 

 Assessing the effects of coffee constituents, alone and in combination with 

caffeine, on viability, free radical production, IL-6, IL-1β, TNF-α and IDO 

activity. 

 

The secondary aim of this study was to assess the effects of key bioactive coffee 

constituents on the viability of undifferentiated and differentiated SH-SY5Y 

neuroblastoma cells as models of phenotypically different neuronal-like cells. 

 

This aim will be achieved through the following objectives: 

 Assessing the effects of coffee constituents on the viability of undifferentiated 

and dbcAMP differentiated SH-SY5Y neuroblastoma cells; and 

 Assessing the effects of coffee constituents on specific cell death mechanism 

including oxidative stress, apoptosis and necrosis; and 

 Assessing the effects of coffee constituents on cAMP concentrations to indicate 

if the effects are at a receptor level or signal transduction level in 

undifferentiated and dbcAMP differentiated SH-SY5Y neuroblastoma cells. 
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5.3 Materials and methods 

5.3.1 The effects of key bioactive coffee constituents, alone and in combination with 

caffeine, on markers of inflammation in a surrogate microglial cell model 

Routine cell culture 

THP-1 cells 

 THP-1 human monocytic cells were grown and maintained according to the 

methods outlined in section 4.3.4. 

 

Differentiation of THP-1 human monocytic cells  

The differentiation of THP-1 cells was undertaken according to the methods 

described in section 4.3.1.  Briefly, THP-1 cells were seeded at 3 x 10
5
 cells/mL of 

trypan blue excluding cells in 24 or 96-well microtitre plates.  50 ng/mL of PMA was 

then added to each well and then left for the 5 days for the differentiation process to 

occur.  The THP-1 cells were then used for the assays described below. 

 

Preparation of working solutions 

Stock solutions of all compounds of interest including caffeine (PCCA, 

Australia), CA (Sigma-Aldrich, St Louis, MO, USA), CGA (Sigma-Aldrich, St Louis, 

MO, USA), FA (Sigma-Aldrich, St Louis, MO, USA), PA (Sigma-Aldrich, St Louis, 

MO, USA), trigonelline (Sigma-Aldrich, St Louis, MO, USA) and salsolinol (Sigma-

Aldrich, St Louis, MO, USA) were made up to a concentration of 10 mM in sterile PBS 

and were further diluted in media to produce the working solutions.  Human IFN-γ 

(ORF genetics, Iceland) and human IFN-α2a (PeproTech, NJ, USA) were made up to a 
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concentration of 100 µg/mL in PBS containing 0.1% BSA (Sigma-Aldrich, St Louis, 

MO, USA) and were further diluted in media to produce the working solutions.  PMA 

(Sigma-Aldrich, St Louis, MO, USA) was made up in DMSO to a concentration of 2 

mM and was further diluted in media to produce the working solutions.   All stock 

solutions were stored at -20°C and working solutions prepared fresh on the day of the 

experiment. 

 

The effects of key bioactive constituents on the viability of differentiated THP-1 cells 

Resazurin 

 The resazurin reduction viability assay was performed according to the methods 

outlined in section 4.3.1.  Briefly, cells were plated and treated with the appropriate 

compound according to the methods described in section 5.3.1 and 22 µL or 55 µL of a 

440 µM of resazurin was added to each well of a 96 or 24 well plate respectively and 

the plates incubated for 4 h.  The reduction of resazurin to resorufin was determined by 

fluorescence. 

 

The effects of key bioactive coffee constituents on the production of free radicals in 

differentiated THP-1 cells 

2',7'-dichlorofluorescein assay  

The DCFH-DA assay was performed according to the methods outlined in 

section 4.3.1.  Briefly, cells were plated and treated with the appropriate compound 

according to the methods described in section 5.3.1.  The spent media was then replaced 

with serum free media containing 10 µM of DCFH-DA and the plates incubated for 30 

min and the fluorescence subsequently read. 
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The effects of key bioactive coffee constituents on IDO activity in differentiated THP-1 

cells 

 IDO activity was assessed using the HPLC protocol outlined in section 2.3.8.  

Briefly, the concentrations of Trp and KYN were quantified in spent supernatant, using 

HPLC, and the ratio of KYN to Trp calculated and used as a measure of IDO activity.   

 

Quantification of TNF-α concentrations 

 TNF-α concentrations were quantified using the protocol outlined in section 

4.3.1. Briefly, the TNF-α human ELISA kit (PeproTech, Rocky Hill, NJ, USA) was 

used to quantify TNF-α concentrations present in spent supernatants and was performed 

according to the manufacturer’s recommendations. 

 

Quantification of IL-6 concentrations 

 IL-6 concentrations were quantified using the protocol outlined in section 4.3.1.  

Briefly, the IL-6 human ELISA kit (PeproTech, Rocky Hill, NJ, USA) was used to 

quantify IL-6 concentrations present in spent supernatants and was performed according 

to the manufacturer’s recommendations. 

 

Quantifications of IL-1β concentrations 

 1L-1β concentrations were quantified using the protocol outlined in section 

4.3.1.  Briefly, the IL-1β human ELISA kit (Abcam, Melboure, Australia) was used to 

quantify IL-1β concentrations present in spent supernatants and was performed 

according to the manufacturer’s recommendations. 
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5.3.2 The effect of key bioactive coffee constituents on the viability on neuronal-

like cells 

Routine cell culture 

Human neuroblastoma cells (SH-SY5Y) were obtained from Sigma-Aldrich (St 

Louis, MO, USA).  Cells were grown and maintained at 37ºC and 5% CO2 in complete 

Dulbecco’s Modified Eagle Medium (DMEM) (Gibco, Mulgrave, Victoria, Australia) 

containing 4.5 g/L of glucose, L-glutamine, 110 mg/L of sodium pyruvate, phenol red, 

10% foetal bovine serum (Bovogen, Australia) and 0.1 mg/1mL of gentamicin (Gibco, 

Mulgrave, Victoria, Australia). 

 

Differentiation of SH-SY5Y neuroblastoma cells 

Differentiation of SH-SY5Y neuroblastoma cells was undertaken as previously 

described in section 4.3.3.  Briefly, cells were plated and 100µM of dbcAMP added.  A 

subsequent media change, with media containing 100 µM of dbcAMP, was done 48 h 

later and the cells left to differentiate for a further 24 h, with a total differentiation time 

of 72 h.   

 

Resazurin proliferation assay 

 The resazurin reduction viability assay was performed according to the methods 

outlined in section 4.3.1 with minor modifications.  Briefly, cells were plated and 

treated with the appropriate compound according to the methods described in section 

5.3.2 and the media was replaced with fresh media containing 44 µM of resazurin was 
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added to each well and the plates incubated for 3 h.  The reduction of resazurin to 

resorufin was determined by fluorescence. 

 

LDH assay 

The LDH assay was performed according to the methods outlined in section 

4.3.4.  Briefly, cells were plated and treated with the appropriate compound according 

to the methods described in section 5.3.2.  The LDH cytotoxicity kit (Cayman 

Chemical, Michigan, USA) was used to determine LDH leakage and was performed 

according to the manufacturer’s instructions. 

 

Free radical formation 

DCFH-DA assay 

The DCFH-DA assay was performed according to the methods outlined in 

section 4.3.4.  Briefly, cells were plated and treated with the appropriate compound 

according to the methods described in section 5.3.2.  The spent media was then replaced 

with serum free media containing 10 µM of DCFH-DA and the plates incubated for 30 

min and the fluorescence subsequently read. 

 

DHR 123 assay 

The DHR 123 assay was performed according to the methods outlined in section 

4.3.4.  Briefly, cells were plated and treated with the appropriate compound according 

to the methods described in section 5.3.2.  The spent media was then replaced with 
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serum free media containing 25 µM of DHR 123 and the plates incubated for 30 min 

and the fluorescence subsequently read. 

 

MitoSOX Red 

MitoSOX Red was used to measure mitochondrial superoxide formation.  Cells 

were seeded at a density of 2 × 10
5 

cells/mL, incubated for 24 h and then treated as 

described earlier.  Following incubation for 24 h, medium above the cells was replaced 

with media containing MitoSOX Red reagent (5 µM) for 10 minutes at 37°C protected 

from light.  Cells were then washed twice with PBS and fluorescence due to the 

oxidized dye (excitation 510 nm; emission 580 nm) was measured using a Tecan 

Infinite M200 Pro (Tecan, Mannedorf, Switzerland).    

 

Apoptosis 

Annexin V activation 

The Annexin V-FITC assay was performed according to the methods outlined in 

section 4.3.4.  Briefly, cells were plated and treated with the appropriate compound 

according to the methods described in section 5.3.2.  The Annexin V-FITC apoptosis kit 

(Cayman Chemical, Michigan, USA) was used to measure annexin V activation and 

was performed according to the manufacturer’s instructions. 

 

Caspase-3 measurement  

Caspase activation has been identified as playing an important role in apoptosis.  

There are two pathways of caspase activation that have been identified to date – the cell 
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surface death receptor and the mitochondrial-initiated pathway.  Specifically, caspase-3 

is activated in mitochondrial-initiated pathway and is widely accepted as a marker of 

apoptosis [406, 407]. 

 

This assay uses a specific caspase-3 substrate, N-Ac-DEVD-N’-MC-R110, 

which upon cleavage by active caspase-3, generates a highly fluorescent product that 

can be measured using excitation and emission wavelengths of 485 and 535 nm 

respectively [408]. 

 

The Caspase-3 fluorescence assay kit purchased from Sapphire Bioscience 

(Cayman Chemical, Michigan, USA) consisting of Caspase-3 substrate N-Ac-DEVD-

N’-MC-R110, active caspase-3 standard, caspase-3 inhibitor N-Ac-Asp-Glu-Val-Asp-

CHO, caspase-3 dithiothreitol (1 M), caspase-3 assay buffer and cell-based assay lysis 

buffer and used. 

 

Caspase-3 activation was used as index of apoptosis. Cells were seeded at a 

density of 2 × 10
5 

cells/mL, incubated for 24 h and then treated as described earlier in 

section 5.3.1. Following incubation for a further 24 h, caspase-3 activity was 

determined using a caspase-3 fluorescence assay kit (Cayman Chemicals, Michigan, 

USA). All steps were performed according to the manufacturer’s instructions.  Briefly, 

the culture medium of treated cells in 96-well microtitre plates was aspirated and 200 

µL of caspase-3 assay buffer added to each well and the microtitre plate subsequently 

centrifuged at 400 x g for 10 min using an Eppendorf 5810 R centrifuge.  The 
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supernatant was then aspirated and 100 µL of the cell-based assay lysis buffer added to 

each well.  The plate was then left to incubate at room temperature for 30 minute on an 

orbital shaker.  After incubation, the plate was then centrifuged at 400 x g for 10 min 

using an Eppendorf 5810 R centrifuge and 90 µL of supernatant transferred to a black 

96-well microtitre plate and 10 µL of the caspase-3 assay buffer and 100 µL of the 

caspase-3 substrate solution were added to the wells and the plates were then incubated 

at 37ºC for 30 minutes.  The fluorescence intensity was then read at excitation 485 nm 

and emission 535 nm using a Tecan Infinite M200 Pro (Tecan, Mannedorf, 

Switzerland).      

 

Necrosis 

Propidium iodide fluorimetry 

The propidium iodide assay was performed according to the methods outlined in 

section 4.3.4.  Briefly, cells were plated and treated with the appropriate compound 

according to the methods described in section 5.3.2.  The Annexin V-FITC apoptosis kit 

(Cayman Chemical, Michigan, USA) was used to measure propidium iodide 

fluorescence and was performed according to the manufacturer’s instructions. 

 

Cyclic AMP assay  

The Cyclic AMP EIA kit (Cayman Chemical, Michigan, USA), was used in this 

study.  This assay is a competitive EIA and is based on the competition between free 

cAMP and a cAMP-acetylcholinesterase conjugate for a limited number of cAMP-

specific binding sites.  The amount of cAMP-acetylcholinesterase able to bind will be 
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inversely proportional to the amount of cAMP in the sample.  An acetylcholinesterase 

substrate is then added to each well to enzymatically produce a yellow product that is 

then measured spectrophotometrically at 412 nm.  The intensity of the product is 

inversely proportional to the concentration of free cAMP in the sample. 

 

The cyclic AMP EIA assay kit (Cayman Chemicals, Michigan, USA) was used 

in this study and contained cyclic AMP EIA antiserum, cyclic AMP AChE Tracer, 

cyclic AMP EIA standard, EIA buffer concentrate (10X), wash buffer concentrate 

(400X), polysorbate 20, mouse anti-rabbit IgG coated plate, Ellman’s reagent, acetic 

anhydride, potassium hydroxide, EIA tracer dye and EIA antiserum dye. 

 

To determine the effects of 24 h exposure of bioactive coffee constituents on 

cAMP concentrations in undifferentiated and differentiated SH-SY5Y neuroblastoma 

cells, cells were treated according to the protocols outlined in section 5.3.2 above.  All 

steps were performed according to the manufacturer’s instructions.  Briefly, all buffers, 

samples and assay specific reagents were prepared according to the manufacturer’s 

instructions.  The appropriate amount of EIA buffer, cAMP EIA standards, samples, 

cAMP AChE tracer and cAMP EIA antiserum were added to the appropriate wells of 

the pre-coated plate and the plate incubated for 18 h at 4°C.  Following the appropriate 

incubation, the plate was developed by adding 200 µL of freshly reconstituted Ellman’s 

reagent to each well along with 5 µL of tracer to the total activity wells.  The plate was 

then left to develop for 2 h on an orbital shaker protected from light.  UV absorbance 

was read using a Tecan Infinite M200 Pro (Tecan, Mannedorf, Switzerland) at 405 nm. 
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5.3.3 Statistical analysis 

One-way ANOVA with Tukey’s post hoc test (were significance was observed) 

were used in this study and were performed using GraphPad InStat version 3.06 (2003) 

with P < 0.05 (*,#), P < 0.01 (**,##), and P < 0.001 (***,###).  All graphs were drawn 

using Graphpad Prism v6 (San Diego, USA). 
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5.4 Results 

5.4.1 The effects of key bioactive coffee constituents, alone and in combination with 

caffeine, on markers of inflammation in a surrogate microglial cell model 

 

The effects of key bioactive coffee constituents on the proliferation of undifferentiated 

and differentiated THP-1 human monocytic cells 

Resazurin proliferation assay  

The resazurin reduction assay was used to assess the effects of key bioactive 

coffee constituents on the proliferation of undifferentiated and differentiated THP-1 

human monocytic cells. 

 

Undifferentiated THP-1 monocytic cells 

 The exposure of undifferentiated THP-1 cells to various concentrations of the 

key bioactive coffee constituents resulted in an alteration in their proliferation in a 

number of cases.  CGA (10 μM, 100 μM and 1000 μM) and PA (1000 μM) significantly 

decreased the proliferation of undifferentiated THP-1 human monocytic cells.  

Conversely, PA (10 μM and 100 μM) and trigonelline (100 μM and 1000 μM) both 

increased the proliferation of undifferentiated THP-1 human monocytic cells.  All 

changes in viability were modest in nature with exception to the decreases in viability 

caused by PA 1000 µM, where a 50% decrease in viability was observed, as seen in 

figure 144 below. 
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Figure 144 – Viability of undifferentiated THP-1 cells after 24 h exposure to key 

bioactive coffee constituents using the resazurin reduction assay (n = 9) 
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Differentiated THP-1 monocytic cells 

 The exposure of differentiated THP-1 human monocytic cells to key bioactive 

coffee constituents altered the proliferation of these cells.  Caffeine (1 μM, 10 μM and 

100 μM), CGA (100 μM) and PA (100 μM) all significantly decreased the proliferation 

of the differentiated THP-1 human monocytic cells.  Conversely, CA (100 μM) and FA 

(1 μM and 10 μM) both increased the proliferation of THP-1 human monocytic cells as 

seen in figure 145 below.  All changes observed were modest in nature. 
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Figure 145  – Viability of differentiated THP-1 cells after 24 h exposure to key 

bioactive coffee constituents using the resazurin reduction assay (n = 9) 

 

Changes in the proliferation of differentiated THP-1 human monocytic cells 

were observed after these cells were exposed to key bioactive coffee constituents in 
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combination with caffeine (100 μM) for 24 h.  An increase in the proliferation of 

differentiated THP-1 human monocytic cells was observed in cells treated with CA + 

100 μM caffeine (100 μM).  Conversely, a decrease in proliferation was observed in 

cells exposed to CGA + 100 μM of caffeine (100 μM) and PA + 100 μM caffeine (1 μM 

and 10 μM) as seen in figure 146 below.  All changes observed were modest in nature. 
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Figure 146 – Viability of differentiated THP-1 cells after 24 h exposure to key 

bioactive coffee constituents in combination with caffeine using the resazurin 

reduction assay 
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 Modest decreases in the viability of differentiated THP-1 human monocytic cells 

pre-treated with several of key bioactive coffee constituents and then treated with IFN-γ 

was observed.  Decreases in viability were observed after these cells were pre-treated 

with caffeine (100 µM) and trigonelline (1 µM).  Conversely, pre-treatment with caffeic 

acid (100 µM) and subsequent treatment with IFN-γ afforded a modest increase in 

viability in comparison to the vehicle control as seen in figure 147 below. 
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Figure 147 – Viability of differentiated THP-1 cells after 24 h exposure to key 

bioactive coffee constituents and interferon gamma using the resazurin reduction 

assay (n = 9) 
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 No changes in the viability of differentiated THP-1 cells pre-treated with key 

bioactive coffee constituents in combination with 100 µM of caffeine and treated with 

human IFN-γ was observed as seen in figure 148 below. 
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Figure 148 – Viability of differentiated THP-1 cells after 24 h pre-treatment with 

key bioactive coffee constituents in combination with 100 µM caffeine and 

treatment with interferon gamma using the resazurin reduction assay (n = 9) 

 

 A modest decrease in the viability of differentiated THP-1 cells pre-treated with 

caffeine (1 µM) and PA (1 µM, 10 µM and 100 µM) and treated with IFN-α2A was 

observed in comparison to the vehicle control as seen in figure 149 below. 
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Figure 149 – Viability of differentiated THP-1 cells after 24 h exposure to key 

bioactive coffee constituents and interferon alpha using the resazurin reduction 

assay (n = 9) 

 

 A very small decrease in the viability of THP-1 cells pre-treated with CGA (1 

µM and 10 µM) and subsequently treated with human IFN-α2A in comparison to the 

vehicle control was observed.  No other changes to viability were observed as seen in 

figure 150 below. 
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Figure 150 – Viability of differentiated THP-1 cells after 24 h pre-treatment with 

key bioactive coffee constituents in combination with 100 µM caffeine and 

treatment with interferon alpha using the resazurin reduction assay (n = 9) 

 

The effects of key bioactive coffee constituents on free radical production in 

differentiated THP-1 human monocytic cells 

DCFH-DA assay  

 The effect of 24 h exposure of key bioactive coffee constituents on the 

production of free radicals in differentiated THP-1 human monocytic cells was 

evaluated using DCFH-DA.  A number of changes were observed.  Caffeine (1 µM, 10 

µM and 100 µM), FA (1 µM, 10 µM and 100 µM), PA (100 µM) and trigonelline (100 

µM) were shown to significantly decrease free radical production in differentiated THP-

1 human monocytic cells.  Conversely, CA (1 µM, 10 µM and 100 µM), CGA (10 µM) 

and PA (1 µM and 10 µM) were shown to significantly increase the production of free 
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radicals as seen in figure 151.  Approximate 50% reductions in free radical production 

were observed in differentiated THP-1 cells was observed after treatment with caffeine, 

FA, PA and trigonelline and modest increases were observed in cells treated with CA 

and CGA as seen in figure 151 below. 
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Figure 151 – Free radical production in differentiated THP-1 cells after 24 h 

exposure to key bioactive coffee constituents using the DCFH-DA assay (n = 9) 
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 Differences in free radical production were observed in differentiated THP-1 

human monocytic cells that have had 24 h exposure to key bioactive coffee constituents 

in combination with 100 µM caffeine.  Decreases in free radical production were 

observed after exposure to CA + 100 µM caffeine (100 µM) and CGA + 100 µM 

caffeine (100 µM).  Conversely, increases in free radical production were observed after 

exposure to CGA + 100 µM caffeine (10 µM), FA + 100 µM caffeine (1 µM) and 

trigonelline + 100 µM caffeine (1µM, 10 µM and 100 µM).  All changes were modest 

in nature as seen in figure 152.  
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Figure 152 – Free radical production in differentiated THP-1 cells after 24 h 

exposure to key bioactive coffee constituents in combination with caffeine using the 

DCFH-DA assay 
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 An increase in the free radical production in differentiated THP-1 cells pre-

treated with caffeine (10 µM) and subsequently treated with human IFN-γ in 

comparison to the vehicle control was observed.  This increase was in the magnitude of 

approximately 50% higher than vehicle control.  No other changes to free radical 

production was observed with other treatments as seen in figure 153 below. 
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Figure 153 – Free radical production in differentiated THP-1 cells after 24 h 

exposure to key bioactive coffee constituents using the DCFH-DA assay (n = 9) 

 

 A significant decrease in free radical production was observed after 

differentiated THP-1 cells were pre-treated with PA (100 µM) and subsequently treated 

with IFN-γ in comparison to the vehicle control.  Conversely, pre-treatment of THP-1 

cells with trigonelline (1 µM) in combination with 100 µM caffeine and treated with 

IFN-γ afforded an increase in the free radical production of approximately 50% in 

comparison to the vehicle control as seen in figure 154 below. 
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Figure 154 – Free radical production in differentiated THP-1 cells after 24 h 

exposure to key bioactive coffee constituents in combination with caffeine using the 

DCFH-DA assay 

 

 An increase in the free radical production in differentiated THP-1 cells pre-

treated with caffeine (1 µM) and PA (1 µM) and subsequently treated with human IFN-

γ in comparison to the vehicle control was observed.  This increase was in the 

magnitude of approximately 25% higher than vehicle control.  No other changes to free 

radical production were observed with other treatments as seen in figure 155 below. 
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Figure 155 – Free radical production in differentiated THP-1 cells after 24 h pre-

treatment to key bioactive coffee constituents and interferon alpha using the 

DCFH-DA assay (n = 9) 

 

 A significant increase in free radical production was observed after 

differentiated THP-1 cells were pre-treated with FA (1 µM) and subsequently treated 

with IFN-α2A in comparison to the vehicle control.  This afforded an increase in the free 

radical production of approximately 20% in comparison to the vehicle control as seen in 

figure 156 below. 
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Figure 156 – Free radical production in differentiated THP-1 cells after 24 h 

exposure to key bioactive coffee constituents in combination with caffeine using the 

DCFH-DA assay 

 

The effects of key bioactive coffee constituents on markers of inflammation in interferon 

gamma stimulated differentiated THP-1 monocytic cell 

Caffeine 

IDO activity  

 IDO activity was measured by quantifying Trp and KYN levels and 

subsequently taking the ratio of KYN to Trp as a measure of the activity of the enzyme.  

All three concentrations (1 µM, 10 µM and 100 µM) of caffeine assessed showed 

significant inhibitory effects on the activity of IDO.  Decreases in the magnitude of 

approximately 7-fold was observed, as seen in figure 157. 
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Figure 157 – a) The effects of caffeine exposure of interferon gamma-induced 

tryptophan concentrations; b) The effects of caffeine exposure on interferon 

gamma-induced kynurenine concentrations; c) The effects of caffeine exposure on 

interferon gamma-induced IDO activity where # indicates in comparison to the 

vehicle control and * indicates in comparison to IFN stimulus 

 

Cytokines 

 In the current model, statistically significant increases in pro-inflammatory 

cytokines are only observed in IL-6 concentrations after treatment with IFN-γ, however, 

trends of increase are observed in IL-1β concentrations and a trend of decrease observed 

in TNF-α concentrations.  Statistically significant decreases in IL-6 concentrations were 

observed after IFN-γ stimulated cells were exposed to caffeine (1 µM and 10 µM).  

Trends in the increase in TNF-α concentrations were observed after 24 h exposure to 

caffeine however these were not statistically significant.  IL-6 concentrations decreased 

by approximately half and returned to the levels seen in cells treated with vehicle, as 

seen in figure 158 below. 

 

A B C 



 
 

408 

V
e
h

ic
le

 c
o

n
tr

o
l

IF
N

 

1
 

M

1
0
 

M

1
0
0
 

M

0

5

1 0

1 5

[C a ffe in e ]

[I
L

-6
] 

n
g

/m
L

# #

**

V
e
h

ic
le

 c
o

n
tr

o
l

IF
N

 

1
 

M

1
0
 

M

1
0
0
 

M

0

5 0

1 0 0

1 5 0

[C a ffe in e ]

[I
L

-1


] 
p

g
/m

L

V
e
h

ic
le

 c
o

n
tr

o
l

IF
N

 

1
 

M

1
0
 

M

1
0
0
 

M

0 .0

0 .1

0 .2

0 .3

0 .4

0 .5

[C a ffe in e ]

[T
N

F
- 

] 
n

g
/m

L

 

Figure 158 – The effects of 24 h exposure of interferon gamma-stimulated THP-1 

human monocytic pre-treated with caffeine on a) IL-6; b) IL-1β; and c) TNF-α 

where * indicates in comparison to the vehicle control and # indicates in 

comparison to IFN stimulus. 

 

Caffeic acid 

IDO activity  

 24 h pre-treatment of differentiated THP-1 human monocytic cells with CA 

afforded corrections to the human IFN-γ depletion of Trp, caused an increase in KYN 

and a resultant increase in IDO activity.  CA was shown to significantly increase the 

Trp concentration present in the samples at 1 µM and 100 µM with an observed 

trending increase in cells treated with 10 µM.  Furthermore, corresponding decreases in 

KYN concentration will all three concentrations of CA tested afforded a statistically 

significant decrease in comparison to IFN-γ alone.  This subsequently resulted in a 

significant decrease in IDO activity at all three concentrations tested by approximately 

3-fold as seen in figure 159. 
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Figure 159 - a) The effects of caffeic acid exposure of interferon gamma-induced 

tryptophan concentrations; b) The effects of caffeic acid exposure on interferon 

gamma-induced kynurenine concentrations; c) The effects of caffeic acid exposure 

on interferon gamma-induced IDO activity where # indicates in comparison to the 

vehicle control and * indicates in comparison to IFN stimulus 

 

Cytokines 

 Pre-treatment of differentiated THP-1 cells with CA resulted in the decrease in 

IL-6 concentrations after exposure to 10 µM and increases in TNF-α concentrations at 1 

µM, 10 µM and 100 µM in comparison to IFN-γ stimulus alone as seen in figure 160. 
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Figure 160 – The effects of 24 h exposure of interferon gamma-stimulated THP-1 

human monocytic pre-treated with caffeic acid on a) IL-6; b) IL-1β; and c) TNF-α 

where * indicates in comparison to the vehicle control and # indicates in 

comparison to IFN stimulus 

 

Chlorogenic acid 

IDO activity  

CGA was shown to significantly increase the Trp concentration present in the 

samples at all three concentrations tested.  Furthermore, corresponding statistically 

significant decreases in KYN concentration was observed at 1 µM with 1 µM and 100 

µM trending towards significance in comparison to IFN-γ alone.  This subsequently 

resulted in a significant decrease in IDO activity at all three concentrations tested by 

approximately 5-fold as seen in figure 161. 
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Figure 161 - a) The effects of chlorogenic acid exposure of interferon gamma-

induced tryptophan concentrations; b) The effects of chlorogenic acid exposure on 

interferon gamma-induced kynurenine concentrations; c) The effects of 

chlorogenic acid exposure on interferon gamma-induced IDO activity where # 

indicates in comparison to the vehicle control and * indicates in comparison to IFN 

stimulus 

 

Cytokines 

Pre-treatment of differentiated THP-1 cells with CGA resulted in the non-

significant decrease in IL-6 concentrations after exposure to all three concentrations 

tested.  Non-significant increase in IL-1β were observed along with significant increases 

in TNF-α concentrations at 1 µM, 10 µM and 100 µM in comparison IFN-γ stimulus 

alone as seen in figure 162. 
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Figure 162 – The effects of 24 h exposure of interferon gamma-stimulated THP-1 

human monocytic pre-treated with chlorogenic acid on a) IL-6; b) IL-1β; and c) 

TNF-α where * indicates in comparison to the vehicle control and # indicates in 

comparison to IFN stimulus. 

 

Ferulic acid 

IDO activity  

FA was shown to not significantly alter the Trp concentration present in the 

samples at all three concentrations tested.  Statistically significant decreases in KYN 

concentration were however observed at all three concentrations tested in comparison to 

IFN-γ alone.  This subsequently resulted in a significant decrease in IDO activity at all 

three concentrations tested in comparison to IFN-γ alone by approximately 50% as seen 

in figure 163. 
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Figure 163 - a) The effects of ferulic acid exposure of interferon gamma-induced 

tryptophan concentrations; b) The effects of ferulic acid exposure on interferon 

gamma-induced kynurenine concentrations; c) The effects of ferulic acid exposure 

on interferon gamma-induced IDO activity where # indicates in comparison to the 

vehicle control and * indicates in comparison to IFN stimulus 

 

Cytokines 

Pre-treatment of differentiated THP-1 cells with FA resulted in the non-

significant decrease in IL-6 concentrations after exposure to all three concentrations 

tested.  Significant increases in IL-1β were observed at 10 µM and 100 µM along with 

significant increases in TNF-α concentrations at 1 µM, 10 µM and 100 µM in 

comparison to IFN-γ stimulus alone as seen in figure 164. 
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Figure 164 – The effects of 24 h exposure of interferon gamma-stimulated THP-1 

human monocytic pre-treated with ferulic acid on a) IL-6; b) IL-1β; and c) TNF-α 

where * indicates in comparison to the vehicle control and # indicates in 

comparison to IFN stimulus. 

 

Pyrogallic acid 

IDO activity  

PA was shown to not significantly alter the Trp concentration present in the 

samples at all three concentrations tested however a trending decrease was observed.  

Statistically significant decreases in KYN concentration were however observed at 10 

µM and non-significant decreases at 1 µM and 100 µM in comparison to IFN-γ alone.  

This subsequently resulted in a significant increase in IDO activity at all three 

concentrations tested in comparison to IFN-γ alone as seen in figure 165. 
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Figure 165 - a) The effects of pyrogallic acid exposure of interferon gamma-

induced tryptophan concentrations; b) The effects of pyrogallic acid exposure on 

interferon gamma-induced kynurenine concentrations; c) The effects of pyrogallic 

acid exposure on interferon gamma-induced IDO activity where # indicates in 

comparison to the vehicle control and * indicates in comparison to IFN stimulus 

 

Cytokines 

Pre-treatment of differentiated THP-1 cells with PA resulted in the non-

significant decrease in IL-6 concentrations in an apparent concentration-dependent 

manner after exposure to all three concentrations tested.  Furthermore, non-significant 

decreases in IL-1β were observed at 10 µM and 100 µM along with significant increases 

in TNF-α concentrations at 1 µM, 10 µM and 100 µM in comparison to IFN-γ stimulus 

alone as seen in figure 166. 
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Figure 166 – The effects of 24 h exposure of interferon gamma-stimulated THP-1 

human monocytic pre-treated with pyrogallic acid on a) IL-6; b) IL-1β; and c) 

TNF-α where * indicates in comparison to the vehicle control and # indicates in 

comparison to IFN stimulus. 

 

Trigonelline 

IDO activity  

Trigonelline was shown to not significantly alter the Trp concentration present 

in the samples at all three concentrations tested however, statistically significant 

increases in KYN concentration were observed at all three concentrations tested in 

comparison to IFN-γ alone.  This however did not lead to any change in IDO activity in 

comparison to IFN-γ alone as seen in figure 167. 
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Figure 167 - a) The effects of trigonelline exposure of interferon gamma-induced 

tryptophan concentrations; b) The effects of trigonelline exposure on interferon 

gamma-induced kynurenine concentrations; c) The effects of trigonelline exposure 

on interferon gamma-induced IDO activity where # indicates in comparison to the 

vehicle control and * indicates in comparison to IFN stimulus 

 

Cytokines 

Pre-treatment of differentiated THP-1 cells with trigonelline resulted in the non-

significant increase in IL-6 concentrations after exposure to all three concentrations 

tested.  Furthermore, non-significant increases in IL-1β were observed at all three 

concentrations tested with significant increases in TNF-α concentrations, of 

approximately 50%, at 1 µM, 10 µM and 100 µM in comparison to IFN-γ stimulus 

alone as seen in figure 168 below. 
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Figure 168 – The effects of 24 h exposure of interferon gamma-stimulated THP-1 

human monocytic pre-treated with trigonelline on a) IL-6; b) IL-1β; and c) TNF-α 

where * indicates in comparison to the vehicle control and # indicates in 

comparison to IFN stimulus. 

 

Caffeine + caffeic acid 

IDO activity  

CA in combination with 100 µM caffeine was shown to not significantly alter 

the Trp concentration present in the samples at all three concentrations tested.  Non-

significant increases in KYN concentration were however observed at all three 

concentrations tested in comparison to IFN-γ alone.  This subsequently resulted in no 

change in IDO activity at all three concentrations tested in comparison to IFN-γ alone as 

seen in figure 169 below. 
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Figure 169 - a) The effects of caffeic acid in combination with 100 µM caffeine 

exposure of interferon gamma-induced tryptophan concentrations; b) The effects 

of caffeic acid in combination with 100 µM caffeine exposure on interferon 

gamma-induced kynurenine concentrations; c) The effects of caffeic acid in 

combination with 100 µM caffeine exposure on interferon gamma-induced IDO 

activity where # indicates in comparison to the vehicle control and * indicates in 

comparison to IFN stimulus 

 

Cytokines 

Pre-treatment of differentiated THP-1 cells with CA in combination with 

caffeine (100 µM) resulted in the non-significant concentration-dependent decrease in 

IL-6 concentrations after exposure to 10 µM and 100 µM.  Furthermore, significant 

increases in IL-1β concentrations, an approximate 1000-fold increase, were observed at 

all three concentrations tested as well as significant increases in TNF-α concentrations, 

by approximately 30%, at 1 µM, 10 µM and 100 µM in comparison to IFN-γ stimulus 

alone as seen in figure 170 below. 
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Figure 170 – The effects of 24 h exposure of interferon gamma-stimulated THP-1 

human monocytic pre-treated with caffeic acid in combination with 100 µM 

caffeine on a) IL-6; b) IL-1β; and c) TNF-α where * indicates in comparison to the 

vehicle control and # indicates in comparison to IFN stimulus. 

 

Caffeine + chlorogenic acid 

IDO activity  

CGA in combination with 100 µM caffeine was shown to not significantly alter 

the Trp concentration present in the samples at all three concentrations tested however 

trending decreases were observed.  Significant decreases in KYN concentration were 

however observed at 10 µM and 100 µM in comparison to IFN-γ alone.  This 

subsequently resulted in no change in IDO activity at all three concentrations tested in 

comparison to IFN-γ alone as seen in figure 171 below. 
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Figure 171 - a) The effects of chlorogenic acid in combination with 100 µM caffeine 

exposure of interferon gamma-induced tryptophan concentrations; b) The effects 

of chlorogenic acid in combination with 100 µM caffeine exposure on interferon 

gamma-induced kynurenine concentrations; c) The effects of chlorogenic acid in 

combination with 100 µM caffeine exposure on interferon gamma-induced IDO 

activity where # indicates in comparison to the vehicle control and * indicates in 

comparison to IFN stimulus 

 

Cytokines 

Pre-treatment of differentiated THP-1 cells with CGA in combination with 100 

µM caffeine resulted in the non-significant concentration-dependent changes in IL-6 

concentrations after exposure to 100 µM.  Statistically significant decreases in IL-6 

concentrations were observed after cells were pre-treated with 1 µM (p < 0.01) and 10 

µM (p < 0.01).  Furthermore, significant increases in IL-1β, in the magnitude of 

approximately 1000-fold, were observed at all three concentrations tested as well as 

significant increases in TNF-α concentrations, by approximately 30%, at 1 µM, 10 µM 

and 100 µM in comparison to IFN-γ stimulus alone as seen in figure 172 below. 
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Figure 172 – The effects of 24 h exposure of interferon gamma-stimulated THP-1 

human monocytic pre-treated with chlorogenic acid in combination with 100 µM 

caffeine on a) IL-6; b) IL-1β; and c) TNF-α where * indicates in comparison to the 

vehicle control and # indicates in comparison to IFN stimulus. 

 

Caffeine + ferulic acid 

IDO activity  

FA in combination with 100 µM caffeine was shown to not significantly alter 

the Trp concentration present in the samples at all three concentrations tested however 

trending decreases were observed.  Significant decreases in KYN concentration were 

however observed at 10 µM and 100 µM in comparison to IFN-γ alone.  This 

subsequently resulted in no change in IDO activity at all three concentrations tested in 

comparison to IFN-γ alone as seen in figure 173 below. 
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Figure 173 - a) The effects of ferulic acid in combination with 100 µM caffeine 

exposure of interferon gamma-induced tryptophan concentrations; b) The effects 

of ferulic acid in combination with 100 µM caffeine exposure on interferon 

gamma-induced kynurenine concentrations; c) The effects of ferulic acid in 

combination with 100 µM caffeine exposure on interferon gamma-induced IDO 

activity where # indicates in comparison to the vehicle control and * indicates in 

comparison to IFN stimulus 

 

Cytokines 

Pre-treatment of differentiated THP-1 cells with FA in combination with 100 

µM caffeine resulted in the non-significant changes in IL-6 concentrations after 

exposure to all three concentrations tested.  Furthermore, significant decreases in IL-1β 

concentrations, approximately 40-fold decreases, were observed at all three 

concentrations tested as well as significant increases in TNF-α concentrations, by 

approximately 30%, at 1 µM, 10 µM and 100 µM in comparison to IFN-γ stimulus 

alone as seen in figure 174 below. 
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Figure 174 – The effects of 24 h exposure of interferon gamma-stimulated THP-1 

human monocytic pre-treated with ferulic acid in combination with 100 µM 

caffeine on a) IL-6; b) IL-1β; and c) TNF-α where * indicates in comparison to the 

vehicle control and # indicates in comparison to IFN stimulus. 

 

Caffeine + pyrogallic acid 

IDO activity  

PA in combination with 100 µM caffeine was shown to significantly increase 

Trp concentrations at 1 µM and cause a trending decrease at 10 µM and 100 µM, 

however this was not statistically significant.  Significant decreases in KYN 

concentration were however observed at 10 µM and 100 µM in comparison to IFN-γ 

alone.  This however resulted in no change in IDO activity at all three concentrations 

tested in comparison to IFN-γ alone as seen in figure 175 below. 
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Figure 175 - a) The effects of pyrogallic acid in combination with 100 µM caffeine 

exposure of interferon gamma-induced tryptophan concentrations; b) The effects 

of pyrogallic acid in combination with 100 µM caffeine exposure on interferon 

gamma-induced kynurenine concentrations; c) The effects of pyrogallic acid in 

combination with 100 µM caffeine exposure on interferon gamma-induced IDO 

activity where # indicates in comparison to the vehicle control and * indicates in 

comparison to IFN stimulus 

 

Cytokines 

Pre-treatment of differentiated THP-1 cells with PA in combination with 100 

µM caffeine resulted in the significant decrease in IL-6 concentrations after exposure to 

100 µM.  Furthermore, significant decreases in IL-1β concentrations, approximately 40-

fold decreases, were observed at all three concentrations tested as well as significant 

increases in TNF-α concentrations, by approximately 30%, at 1 µM, 10 µM and 100 

µM in comparison to IFN-γ stimulus alone as seen in figure 176 below. 
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Figure 176  – The effects of 24 h exposure of interferon gamma-stimulated THP-1 

human monocytic pre-treated with pyrogallic acid in combination with 100 µM 

caffeine on a) IL-6; b) IL-1β; and c) TNF-α where * indicates in comparison to the 

vehicle control and # indicates in comparison to IFN stimulus. 

 

Caffeine + trigonelline 

IDO activity  

Trigonelline in combination with 100 µM caffeine was shown to non-

significantly decrease Trp concentrations at all three concentrations tested.  Significant 

decreases in KYN concentration were however observed at all three concentrations 

tested in a concentration-dependent manner in comparison to IFN-γ alone.  This 

however resulted in no change in IDO activity at all three concentrations tested in 

comparison to IFN-γ alone as seen in figure 177. 
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Figure 177 - a) The effects of trigonelline in combination with 100 µM caffeine 

exposure of interferon gamma-induced tryptophan concentrations; b) The effects 

of trigonelline in combination with 100 µM caffeine exposure on interferon 

gamma-induced kynurenine concentrations; c) The effects of trigonelline in 

combination with 100 µM caffeine exposure on interferon gamma-induced IDO 

activity where # indicates in comparison to the vehicle control and * indicates in 

comparison to IFN stimulus 

 

Cytokines 

Pre-treatment of differentiated THP-1 cells with trigonelline in combination with 

100 µM caffeine resulted in the significant decrease in IL-6 concentrations, 

approximately 3-fold, after exposure to all three concentrations tested.  Furthermore, 

significant decreases in IL-1β concentrations, approximately 40-fold, were observed at 

all three concentrations tested however no change in TNF-α concentrations was 

observed in comparison to IFN-γ stimulus alone as seen in figure 178 below. 
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Figure 178 – The effects of 24 h exposure of interferon gamma-stimulated THP-1 

human monocytic pre-treated with trigonelline in combination with 100 µM 

caffeine on a) IL-6; b) IL-1β; and c) TNF-α where * indicates in comparison to the 

vehicle control and # indicates in comparison to IFN stimulus. 

 

The effects of key bioactive coffee constituents on markers of inflammation in 

interferon alpha2a stimulated differentiated THP-1 monocytic cell 

Caffeine 

IDO activity  

Caffeine was shown to significantly increase Trp concentrations at 10 µM.  

Exposure to 1 µM and 100 µM resulted in a non-significant increase.  Significant 

increases in KYN concentration were however observed at all three concentrations 

tested in a concentration-dependent manner in comparison to IFN-α2A alone.  This 

resulted in an approximate 3-fold decrease in IDO activity at all three concentrations 

tested in comparison to IFN-α2A alone as seen in figure 179. 
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Figure 179 - a) The effects of caffeine exposure of interferon alpha-induced 

tryptophan concentrations; b) The effects of caffeine exposure on interferon alpha-

induced kynurenine concentrations; c) The effects of caffeine exposure on 

interferon alpha-induced IDO activity where # indicates in comparison to the 

vehicle control and * indicates in comparison to IFN stimulus 

 

Cytokines 

Pre-treatment of differentiated THP-1 cells with caffeine resulted in the 

significant decrease in IL-6 concentrations, by approximately 50%, after exposure to all 

three concentrations tested.  Furthermore, significant increases in IL-1β concentrations, 

in the magnitude of approximately 20-fold increases, were observed at all three 

concentrations tested as well as increases in TNF-α concentrations by approximately 

30% increases, in comparison to IFN-α2A stimulus alone as seen in figure 180. 
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Figure 180 – The effects of 24 h exposure of interferon alpha-stimulated THP-1 

human monocytic pre-treated with caffeine on a) IL-6; b) IL-1β; and c) TNF-α 

where * indicates in comparison to the vehicle control and # indicates in 

comparison to IFN stimulus. 

 

Caffeic acid 

IDO activity  

CA was shown to significantly increase Trp concentrations at all three 

concentrations tested.  Significant increases in KYN concentration were observed at 1 

µM in comparison to IFN-α2A alone.  This resulted in an approximate 5-fold decrease in 

IDO activity at all three concentrations tested in comparison to IFN-α alone as seen in 

figure 181 below. 
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Figure 181 - a) The effects of caffeic acid exposure of interferon alpha-induced 

tryptophan concentrations; b) The effects of caffeic acid exposure on interferon 

alpha-induced kynurenine concentrations; c) The effects of caffeic acid exposure 

on interferon alpha-induced IDO activity where # indicates in comparison to the 

vehicle control and * indicates in comparison to IFN stimulus 

 

Cytokines 

Pre-treatment of differentiated THP-1 cells with CA resulted in the significant 

decrease of approximately 50% of IL-6 concentrations after exposure to all three 

concentrations tested.  Furthermore, significant increases in IL-1β concentrations, 

approximately 3-fold in magnitude, were observed at all three concentrations tested as 

well as increases in TNF-α concentrations by approximately 20% increases in 

comparison to IFN-α2A stimulus alone as seen in figure 182 below. 
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Figure 182 – The effects of 24 h exposure of interferon alpha-stimulated THP-1 

human monocytic pre-treated with caffeic acid on a) IL-6; b) IL-1β; and c) TNF-α 

where * indicates in comparison to the vehicle control and # indicates in 

comparison to IFN stimulus. 

 

Chlorogenic acid 

IDO activity  

CGA was shown to significantly increase Trp concentrations at all three 

concentrations tested.  Significant increases in KYN concentration were observed at all 

concentrations tested in comparison to IFN-α2A alone.  This resulted in an approximate 

5-fold increase in IDO activity at all three concentrations tested in comparison to IFN-

α2A alone as seen in figure 183 below. 
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Figure 183 - a) The effects of chlorogenic acid exposure of interferon alpha-

induced tryptophan concentrations; b) The effects of chlorogenic acid exposure on 

interferon alpha-induced kynurenine concentrations; c) The effects of chlorogenic 

acid exposure on interferon alpha-induced IDO activity where # indicates in 

comparison to the vehicle control and * indicates in comparison to IFN stimulus 

 

Cytokines 

Pre-treatment of differentiated THP-1 cells with CGA resulted in the significant 

decrease in IL-6 concentrations, approximately 50%, after exposure to all three 

concentrations tested.  Furthermore, significant concentration-dependent increases in 

IL-1β concentrations, approximately 2-fold in magnitude were observed at all three 

concentrations tested as well as increases in TNF-α concentrations by approximately 

20% increase, in comparison to IFN-α2A stimulus alone as seen in figure 184 below. 
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Figure 184 – The effects of 24 h exposure of interferon alpha-stimulated THP-1 

human monocytic pre-treated with chlorogenic acid on a) IL-6; b) IL-1β; and c) 

TNF-α where * indicates in comparison to the vehicle control and # indicates in 

comparison to IFN stimulus. 

 

Ferulic acid 

IDO activity  

FA was shown to have no effect on Trp concentrations at all three 

concentrations tested.  Non-significant increases in KYN concentrations were observed 

at all concentrations tested in comparison to IFN-α2A alone.  This resulted in a 

concentration-dependent decrease in IDO activity at all three concentrations tested in 

comparison to IFN-α2A alone as seen in figure 185 below. 
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Figure 185 - a) The effects of ferulic acid exposure of interferon alpha-induced 

tryptophan concentrations; b) The effects of ferulic acid exposure on interferon 

alpha-induced kynurenine concentrations; c) The effects of ferulic acid exposure 

on interferon alpha-induced IDO activity where # indicates in comparison to the 

vehicle control and * indicates in comparison to IFN stimulus 

 

Cytokines 

Pre-treatment of differentiated THP-1 cells with FA resulted in the significant 

decrease in IL-6 concentrations after exposure to all three concentrations tested.  

Furthermore, significant concentration-dependent increases in IL-1β concentrations 

were observed at all three concentrations tested as well as an increase in TNF-α 

concentrations in comparison to IFN-α2A stimulus alone as seen in figure 186 below. 
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Figure 186 – The effects of 24 h exposure of interferon alpha-stimulated THP-1 

human monocytic pre-treated with ferulic acid on a) IL-6; b) IL-1β; and c) TNF-α 

where * indicates in comparison to the vehicle control and # indicates in 

comparison to IFN stimulus. 

 

Pyrogallic acid 

IDO activity  

PA was shown to significantly increase Trp concentrations at 10 µM and 100 

µM.  PA (1 µM) also increased the concentration of Trp however this was not 

statistically significant.  Significant increases in KYN concentration were observed at 1 

µM and 10 µM in comparison to IFN-α2A alone.  This resulted in a decrease in IDO 

activity at all three concentrations tested in comparison to IFN-α2A alone however only 

decrease caused by 10 µM and 100 µM were statistically significant as seen in figure 

187 below. 
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Figure 187 - a) The effects of pyrogallic acid exposure of interferon alpha-induced 

tryptophan concentrations; b) The effects of pyrogallic acid exposure on interferon 

alpha-induced kynurenine concentrations; c) The effects of pyrogallic acid 

exposure on interferon alpha-induced IDO activity where # indicates in 

comparison to the vehicle control and * indicates in comparison to IFN stimulus 

 

Cytokines 

Pre-treatment of differentiated THP-1 cells with PA resulted in the significant 

decrease in IL-6 concentrations after exposure to all three concentrations tested.  

Furthermore, significant increases in IL-1β concentrations were observed at 1 µM and 

10 µM as well as significant increases in TNF-α concentrations in comparison to IFN-

α2A stimulus alone as seen in figure 188 below. 
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Figure 188 – The effects of 24 h exposure of interferon alpha-stimulated THP-1 

human monocytic pre-treated with pyrogallic acid on a) IL-6; b) IL-1β; and c) 

TNF-α where * indicates in comparison to the vehicle control and # indicates in 

comparison to IFN stimulus. 

 

Trigonelline 

IDO activity  

Trigonelline was shown to significantly increase Trp concentrations at 10 µM.  

Trigonelline (1 µM and 100 µM) also increased the concentration of Trp however this 

was not statistically significant.  Significant increases in KYN concentration were 

observed at all concentrations tested in comparison to IFN-α2A alone.  This resulted in a 

decrease in IDO activity at all three concentrations tested in comparison to IFN-α2A 

alone however the only decrease caused by 100 µM was statistically significant as seen 

in figure 189 below. 
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Figure 189 - a) The effects of trigonelline exposure of interferon alpha-induced 

tryptophan concentrations; b) The effects of trigonelline exposure on interferon 

alpha-induced kynurenine concentrations; c) The effects of trigonelline exposure 

on interferon alpha-induced IDO activity where # indicates in comparison to the 

vehicle control and * indicates in comparison to IFN stimulus 

 

Cytokines 

Pre-treatment of differentiated THP-1 cells with trigonelline resulted in the 

significant decrease in IL-6 concentrations after exposure to all three concentrations 

tested.  Furthermore, significant increases in IL-1β concentrations were observed at 1 

µM and 100 µM as well as significant increases in TNF-α concentrations at all 

concentrations tested were observed  in comparison to IFN-α2A stimulus alone as seen in 

figure 190 below. 
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Figure 190 – The effects of 24 h exposure of interferon alpha-stimulated THP-1 

human monocytic pre-treated with pyrogallic acid on a) IL-6; b) IL-1β; and c) 

TNF-α where * indicates in comparison to the vehicle control and # indicates in 

comparison to IFN stimulus. 

 

Caffeine + caffeic acid 

IDO activity  

CA in combination with 100 µM caffeine was shown to have no effect on Trp 

concentrations in comparison to IFN-α2A alone.  Significant increases in KYN 

concentration were observed at 1 µM and 100 µM in comparison to IFN-α2A alone.  

This resulted in no change in IDO activity at any of the concentrations tested in 

comparison to IFN-α2A alone as seen in figure 191 below. 
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Figure 191 - a) The effects of caffeic acid in combination with 100 µM caffeine 

exposure of interferon alpha-induced tryptophan concentrations; b) The effects of 

caffeic acid in combination with 100 µM caffeine exposure on interferon alpha-

induced kynurenine concentrations; c) The effects of caffeic acid in combination 

with 100 µM caffeine exposure on interferon alpha-induced IDO activity where # 

indicates in comparison to the vehicle control and * indicates in comparison to IFN 

stimulus 

 

Cytokines 

Pre-treatment of differentiated THP-1 cells with CA in combination with 100 

µM caffeine resulted in the significant increase in IL-6 concentrations after exposure to 

all three concentrations tested.  Furthermore, significant decreases in IL-1β 

concentrations were observed at 100 µM and 1000 µM however no significant changes 

in TNF-α concentrations were observed in comparison to IFN-α2A stimulus alone as 

seen in figure 192 below. 
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Figure 192 – The effects of 24 h exposure of interferon alpha-stimulated THP-1 

human monocytic pre-treated with caffeic acid in combination with 100 µM 

caffeine on a) IL-6; b) IL-1β; and c) TNF-α where * indicates in comparison to the 

vehicle control and # indicates in comparison to IFN stimulus. 

 

Caffeine + chlorogenic acid 

IDO activity  

CGA in combination with 100 µM caffeine was shown to have no effect on Trp 

concentrations in comparison to IFN-α2A alone.  Significant increases in KYN 

concentration were observed at all concentrations tested in comparison to IFN-α2A 

alone.  This resulted in a significant decrease in IDO activity after exposure to 100 µM 

was a statistically significant decrease in comparison to IFN-α2A alone as seen in figure 

193 below. 
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Figure 193 - a) The effects of chlorogenic acid in combination with 100 µM caffeine 

exposure of interferon alpha-induced tryptophan concentrations; b) The effects of 

chlorogenic acid in combination with 100 µM caffeine exposure on interferon 

alpha-induced kynurenine concentrations; c) The effects of chlorogenic acid in 

combination with 100 µM caffeine exposure on interferon alpha-induced IDO 

activity where # indicates in comparison to the vehicle control and * indicates in 

comparison to IFN stimulus 

 

Cytokines 

Pre-treatment of differentiated THP-1 cells with CGA in combination with 100 

µM caffeine resulted in the significant increase in IL-6 concentrations after exposure to 

10 µM.  Furthermore, significant decreases in IL-1β concentrations were observed at all 

three concentrations tested however no significant changes in TNF-α concentrations 

were observed  in comparison to IFN-α2A stimulus alone as seen in figure 194 below. 
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Figure 194 – The effects of 24 h exposure of interferon alpha-stimulated THP-1 

human monocytic pre-treated with chlorogenic acid in combination with 100 µM 

caffeine on a) IL-6; b) IL-1β; and c) TNF-α where * indicates in comparison to the 

vehicle control and # indicates in comparison to IFN-α stimulus. 

 

Caffeine + ferulic acid 

IDO activity  

FA in combination with 100 µM caffeine was shown to have no effect on Trp 

concentrations in comparison to IFN-α2A alone.  Significant increases in KYN 

concentration were observed at 1 µM in comparison to IFN-α2A alone.  This resulted in a 

significant decreases in IDO activity at 1 µM only in comparison to IFN-α2A alone as 

seen in figure 195 below. 
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Figure 195 - a) The effects of ferulic acid in combination with 100 µM caffeine 

exposure of interferon alpha-induced tryptophan concentrations; b) The effects of 

ferulic acid in combination with 100 µM caffeine exposure on interferon alpha-

induced kynurenine concentrations; c) The effects of ferulic acid in combination 

with 100 µM caffeine exposure on interferon alpha-induced IDO activity where # 

indicates in comparison to the vehicle control and * indicates in comparison to IFN 

stimulus 

 

Cytokines 

Pre-treatment of differentiated THP-1 cells with FA in combination with 100 

µM caffeine resulted significant increases in IL-6 concentrations after exposure to 10 

µM and 100 µM.  Furthermore, significant decreases in IL-1β concentrations were 

observed at all three concentrations tested however no significant changes in TNF-α 

concentrations were observed  in comparison to IFN-α2A stimulus alone as seen in figure 

196 below. 

A B C 



 
 

446 

V
e
h

ic
le

 c
o

n
tr

o
l

IF
N

 

1
0
 

M

1
0
0
 

M

1
0
0
0
 

M

0

1

2

3

4

[F e ru lic  a c id  +  1 0 0 M  c a ffe in e ]

[I
L

-6
] 

n
g

/m
L

# # # #

V
e
h

ic
le

 c
o

n
tr

o
l

IF
N

 

1
0
 

M

1
0
0
 

M

1
0
0
0
 

M

0

1 0

2 0

3 0

4 0

[F e ru lic  a c id  +  1 0 0 M  c a ffe in e ]

[I
L

-1


] 
p

g
/m

L

# # # # # # # ## # # #

V
e
h

ic
le

 c
o

n
tr

o
l

IF
N

 

1
0
 

M

1
0
0
 

M

1
0
0
0
 

M

0 .0

0 .2

0 .4

0 .6

[F e ru lic  a c id  +  1 0 0 M  c a ffe in e ]

[T
N

F
- 

] 
n

g
/m

L

 

Figure 196 – The effects of 24 h exposure of interferon alpha-stimulated THP-1 

human monocytic pre-treated with ferulic acid in combination with 100 µM 

caffeine on a) IL-6; b) IL-1β; and c) TNF-α where * indicates in comparison to the 

vehicle control and # indicates in comparison to IFN stimulus. 

 

Caffeine + pyrogallic acid 

IDO activity  

PA in combination with 100 µM caffeine was shown to have no effect on Trp 

concentrations in comparison to IFN-α2A alone.  No significant changes in KYN 

concentration were observed at any of the concentrations tested in comparison to IFN-

α2A alone.  This resulted in significant decreases in IDO activity at 10 µM and 100 µM 

in comparison to IFN-α2A alone as seen in figure 197 below. 
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Figure 197 - a) The effects of pyrogallic acid in combination with 100 µM caffeine 

exposure of interferon alpha-induced tryptophan concentrations; b) The effects of 

pyrogallic acid in combination with 100 µM caffeine exposure on interferon alpha-

induced kynurenine concentrations; c) The effects of pyrogallic acid in 

combination with 100 µM caffeine exposure on interferon alpha-induced IDO 

activity where # indicates in comparison to the vehicle control and * indicates in 

comparison to IFN stimulus 

 

Cytokines 

Pre-treatment of differentiated THP-1 cells with PA in combination with 100 

µM caffeine resulted in the significant increase in IL-6 concentrations after exposure to 

all concentrations tested.  Furthermore, significant decreases in IL-1β concentrations 

were observed at all three concentrations tested however no significant changes in TNF-

α concentrations were observed  in comparison to IFN-α2A stimulus alone as seen in 

figure 198 below. 
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Figure 198 – The effects of 24 h exposure of interferon alpha-stimulated THP-1 

human monocytic pre-treated with pyrogallic acid in combination with 100 µM 

caffeine on a) IL-6; b) IL-1β; and c) TNF-α where * indicates in comparison to the 

vehicle control and # indicates in comparison to IFN stimulus. 

 

Caffeine + trigonelline 

IDO activity  

Trigonelline in combination with 100 µM caffeine was shown to increase Trp 

concentrations after exposure to 10 µM in comparison to IFN-α2A alone.  Significant 

increases in KYN concentration were observed at 1 µM in comparison to IFN-α2A alone.  

This resulted in a decrease in IDO activity at all concentrations tested in comparison to 

IFN-α2A alone as seen in figure 199 below. 
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Figure 199  - a) The effects of trigonelline in combination with 100 µM caffeine 

exposure of interferon alpha-induced tryptophan concentrations; b) The effects of 

trigonelline in combination with 100 µM caffeine exposure on interferon alpha-

induced kynurenine concentrations; c) The effects of trigonelline in combination 

with 100 µM caffeine exposure on interferon alpha-induced IDO activity where # 

indicates in comparison to the vehicle control and * indicates in comparison to IFN 

stimulus 

 

Cytokines 

Pre-treatment of differentiated THP-1 cells with trigonelline in combination with 

100 µM caffeine resulted in the significant increase in IL-6 concentrations after 

exposure to 1 µM.  Furthermore, significant decreases in IL-1β concentrations were 

observed at all three concentrations tested however no significant changes in TNF-α 

concentrations were observed  in comparison to IFN-α2A stimulus alone as seen in figure 

200 below. 
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Figure 200 – The effects of 24 h exposure of interferon alpha-stimulated THP-1 

human monocytic pre-treated with trigonelline in combination with 100 µM 

caffeine on a) IL-6; b) IL-1β; and c) TNF-α where * indicates in comparison to the 

vehicle control and # indicates in comparison to IFN stimulus. 

 

5.4.2 The effect of key bioactive coffee constituents on the viability on neuronal-

like cells 

Decreased viability of undifferentiated and differentiated SH-SY5Y neuroblastoma cells 

Resazurin reduction assay  

The viability of undifferentiated and differentiated SH-SY5Y neuroblastoma 

cells after 24 h exposure to key biologically active constituents of coffee was evaluated 

using the resazurin reduction assay and was confirmed using the LDH cytotoxicity 

assay.  Decreased viability was observed after 24 h exposure to various coffee 

constituents in both undifferentiated and differentiated SH-SY5Y neuroblastoma cells.  

Exposure of undifferentiated SH-SY5Y neuroblastoma cells to 1000 μM of CA, CGA, 

PA and the positive control salsolinol resulted in a statistically significant decrease in 

viability as seen in figure 201.  Exposure of differentiated SH-SY5Y neuroblastoma 

cells to 1000 μM of caffeine, CA, CGA, PA and the positive control salsolinol resulted 
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in a statistically significant decrease in viability as seen in figure 201.  Statistically 

significant differences were seen between undifferentiated and differentiated SH-SY5Y 

neuroblastoma cells exposed to coffee constituents.  Caffeine (1000 μM) was shown to 

only reduce the viability of differentiated SH-SY5Y neuroblastoma cells, while CA 

(1000 μM) and CGA (1000 μM) decreased viability to a greater degree in 

undifferentiated SH-SY5Y neuroblastoma cells (p < 0.05).  CA and CGA (1000 µM) 

decreased the viability in undifferentiated and differentiated SH-SY5Y cells by 

approximately 70 and 50% and 70 and 40% respectively.  Furthermore, PA (1000 µM) 

decreased the viability of both undifferentiated and differentiated SH-SY5Y 

neuroblastoma cells by approximately 60%. 
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Figure 201 - Viability of undifferentiated and differentiated SH-SY5Y 

neuroblastoma cells after 24 h exposure to bioactive coffee constituents using the 

resazurin reduction assay 
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Statistically significant increases in LDH activity were seen in differentiated 

SH-SY5Y neuroblastoma cells after 24 h exposure to PA (1000 μM) and the positive 

control salsolinol (p < 0.001).  Increases after exposure to PA were approximately 30-

fold higher than the total activity observed in comparison to the vehicle control. 

Likewise, statistically significant increases in LDH activity were observed after 

undifferentiated SH-SY5Y neuroblastoma cells were treated with CA, CGA and PA (p 

< 0.001), approximately 12-fold, 10-fold and 20-fold in nature, respectively.  

Furthermore, statistically significant differences between undifferentiated and 

differentiated SH-SY5Y neuroblastoma cells exposed to 1000 µM of caffeine, CGA, FA 

and trigonelline for 24 h were observed as seen in figure 202. 
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Figure 202 - Total LDH activity relative to cell number of undifferentiated and 

differentiated SH-SY5Y neuroblastoma cells exposed to bioactive coffee 

constituents 

 

Exposure of undifferentiated and differentiated SH-SY5Y neuroblastoma cells on the 

production of free radicals 

2’,7’-Dichlorodihydrofluorescein diacetate (DCFH-DA) 

The 2’,7’-Dichlorodihydrofluorescein diacetate (DCFH-DA) assay and 

dihydrohodamine-1,2,3 (DHR) were used to assess the effects of biologically active 

coffee constituents on oxidative stress.  Exposure of 1000 μM of CA, CGA and PA to 
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undifferentiated SH-SY5Y neuroblastoma cells for 24 h resulted in increases in 

oxidative stress (p < 0.05), approximately 6-fold, 6-fold and 2-fold in nature, as 

measured by DCFH-DA.  In differentiated SH-SY5Y neuroblastoma cells 24 h 

exposure to1000 μM of PA resulted in increased free radical production compared to 

vehicle control (p < 0.05).  The increased free radical production effects were not seen 

in differentiated SH-SY5Y neuroblastoma cells exposed to1000 μM of CA and CGA for 

24 h as seen in figure 203.  
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Figure 203 - Measurement of oxidative stress using the DCFH-DA assay in 

undifferentiated and differentiated SH-SY5Y neuroblastoma cells 
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Dihydrorhodamine 123 

Statistically significant increases in intracellular oxidative stress using the 

dihydrorhodamine assay were shown in undifferentiated SH-SY5Y neuroblastoma cells 

exposed to 1000 μM of CA, CGA, PA and the positive control (all p < 0.0001) with 

approximate 7-fold, 5-fold and 4-fold increases, respectively.  Likewise, statistically 

significant increases in intracellular oxidative stress were observed in differentiated SH-

SY5Y neuroblastoma cells exposed to CA (p < 0.001), and PA (p < 0.0001) although to 

a lesser degree than that observed in undifferentiated SH-SY5Y neuroblastoma cells as 

seen in figure 204.  CA and PA only increased intracellular oxidative stress in 

differentiated SH-SY5Y cells approximately 3-fold and 2-fold and showed significantly 

lower production than their undifferentiated counterparts. 
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Figure 204 - Measurement of oxidative stress using the DHR 123 assay in 

undifferentiated and differentiated SH-SY5Y neuroblastoma cells (n = 9) 
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MitoSOX Red 

In addition to the other marker of oxidative stress, DCFH-DA and DHR 123, 

MitoSOX red was used as a further indicator for oxidative stress.  MitoSOX red is a 

probe specific for mitochondrial oxidative stress.  Undifferentiated SH-SY5Y 

neuroblastoma cells showed greater mitochondrial oxidative stress than their 

differentiated counterpart.  Furthermore, CA, CGA and PA all increased mitochondrial 

free radical production as seen in figure 205. 
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Figure 205 - Measurement of oxidative stress using the MitoSOX assay in 

undifferentiated and differentiated SH-SY5Y neuroblastoma cells (n=1) 
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Increased apoptosis in undifferentiated and differentiated SH-SY5Y cells exposed to 

bioactive coffee constituents for 24 h  

Annexin V and caspase-3 activation assays were used to evaluate the effects of 

bioactive coffee constituents on apoptotoic pathways in undifferentiated and 

differentiated SH-SY5Y neuroblastoma cells.   

 

Annexin V activation 

Increased annexin V activation was observed in undifferentiated SH-SY5Y 

neuroblastoma cells exposed to CA (1000 μM), CGA (1000 μM) and PA (1000 μM) 

along with the positive control salsolinol (1000 μM) (p < 0.001), all approximately 5-

fold increases, indicating apoptosis.  Likewise, increased annexin V activation was 

observed in differentiated SH-SY5Y neuroblastoma cells with 24 h exposure to CA 

(1000 µM), CGA (1000 µM), PA (1000 μM) and the positive control salsolinol (1000 

μM) (p < 0.01).  PA increased annexin V activation by approximately 2-fold and CA 

and CGA increased it approximately by 1-fold.   Trends of increased annexin V 

activation were seen in differentiated SH-SY5Y neuroblastoma cells exposed to CA and 

CGA for 24 h however these are not statistically significant as seen in figure 206. 
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Figure 206 - Annexin V activation in undifferentiated and differentiated SH-SY5Y 

neuroblastoma cells exposed to bioactive coffee constituents (n = 3) 

 

Caspase-3 activation 

Caspase-3 activation, a marker of apoptosis, was increased in undifferentiated 

SH-SY5Y neuroblastoma cells after 24 h exposure to CA (1000 μM), and salsolinol 

(1000 μM).  CA increased caspase-3 activation by approximately 2-fold.  Additionally, 

although not statistically significant, a trending increase in caspase-3 can be seen after 

PA (1000 μM) exposure.  Likewise, caspase-3 activation was observed in differentiated 

SH-SY5Y neuroblastoma cells exposed for 24 h to CA (1000 μM), PA (1000 μM) and 

salsolinol (1000 μM) as seen in figure 207. CA and PA increased caspase-3 activation 

by approximately 2-fold and 4-fold, respectively. 
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Figure 207 - Caspase-3 activation in undifferentiated and differentiated SH-SY5Y 

neuroblastoma cells after exposure to bioactive coffee constituents (n = 3) 

 

Necrosis measured using propidium Iodide 

Increased cellular necrosis was measured using propidium iodide.  Statistically 

significant increases in necrosis in relation to control were seen in undifferentiated SH-

SY5Y with 24 h exposure to CA (1000 μM), CGA (1000 μM) and PA (1000 μM), all 

approximately 5-fold increases. Although not statistically significant, a trending 

increase of necrosis was observed after 24 h exposure of undifferentiated SH-SY5Y 

neuroblastoma cells to salsolinol (1000 μM) as seen in figure 208.  Two-fold increases 

in necrosis were observed in differentiated SH-SY5Y neuroblastoma cells treated with 

PA for 24 h (p < 0.0001). 
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Figure 208 - Percentage necrosis in comparison to the vehicle control using PI 

assay in undifferentiated and differentiated SH-SY5Y neuroblastoma cells exposed 

to bioactive coffee constituents (n = 3) 

 

Cyclic AMP 

 cAMP concentrations were quantified after exposure of SH-SY5Y 

neuroblastoma cells using an ELISA kit.  Statistically significant increases in cAMP 

levels in undifferentiated SH-SY5Y neuroblastoma cells were observed after exposure 

to all of the bioactive coffee constituents tested.  It was found that caffeine (100 μM and 

1000 μM), CA (1000 μM), CGA (100 μM and 1000 μM), FA (1000 μM), PA (100 μM 

and 1000 μM) and trigonelline (1000 μM) all significantly increased cAMP production.  

Furthermore, the increases in cAMP levels in caffeine, CA, FA, PA and trigonelline 

were all shown to be in a concentration-dependent manner as seen in figure 209 below. 

 



 
 

463 

 Exposure of differentiated SH-SY5Y neuroblastoma cells to key bioactive 

coffee constituents likewise resulted in similar increases in cAMP concentrations for 

some but not all coffee constituents.  This study showed that caffeine (100 μM and 1000 

μM), CA (100 μM and 1000 μM), CGA (100 μM and 1000 μM) to increase cAMP 

concentrations and trigonelline (100 μM) to decrease cAMP concentrations.  The major 

difference between these results and those observed for the undifferentiated cells is the 

lack of concentration-dependence as seen in figure 209 below. 
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Figure 209 – a) cAMP concentrations produced by undifferentiated SH-SY5Y 

neuroblastoma cells after exposure to key bioactive coffee constituents; b) cAMP 

concentrations produced by differentiated SH-SY5Y neuroblastoma cells after 

exposure to key bioactive coffee constituents. 

 

5.5 Discussion  

This study is the first to assess the effects of key bioactive coffee constituents, 

either alone or in combination with caffeine, on pro-inflammatory mediators in IFN-γ or 

alpha stimulated differentiated THP-1 human monocytic cells.  This model served as a 
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surrogate microglial cell to assess the effects of these compounds on parameters of 

neuroinflammation.  

 

The effects of key bioactive coffee constituents were evaluated for their toxicity 

towards undifferentiated and differentiated THP-1 human monocytic cells, using the 

model developed in chapter four.  Small decreases in viability were observed after 

undifferentiated THP-1 cells were exposed to CGA (all three concentrations tested) and 

100 µM of PA.  Furthermore, PA (1 µM and 10 µM) and trigonelline (10 µM and 100 

µM) increased the viability of undifferentiated THP-1 cells.  Similar results were 

observed in differentiated THP-1 cells.  Significant decreases in viability were observed 

in these cells after exposure to caffeine (1 µM, 10 µM and 100 µM), CGA (100 µM) 

and PA (100 µM).  Conversely, increases in the viability of these cells was increased 

after 24 h treatment with CA (100 µM) and FA (1 µM and 10 µM).  Furthermore, the 

effects of a combination of 100 µM caffeine combination with various combinations of 

the other key bioactive coffee constituents, on viability were assessed.  Significant 

changes to the viability in comparison to the effects observed after treatment with the 

constituents alone only occurred in THP-1 cells treated with a combination of caffeine 

and FA and caffeine and PA.  FA treatment alone (1 µM) increased the viability of these 

cells however, when combined with caffeine, this increase was lost.  Furthermore, after 

treatment with PA alone (1 µM), no change in viability was shown, whereas, when 

combined with caffeine (100 µM), the viability of these cells decreased.  Given these 

results, it appears that caffeine decreases the viability of these cells in combination with 

FA and PA. 
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The effect of coffee constituents on free radical production using the DCFH-DA 

assay was evaluated.  Decreases in free radical production were observed in these cells 

exposed to caffeine, FA, PA (100 µM) and trigonelline (100 µM).  Conversely, CA, 

CGA and PA (10 µM and 100 µM) all increased the free radical production.  These 

results are consistent with previous reported literature.  Caffeine, FA and trigonelline 

are well known to have antioxidant properties [409].  Caffeine and FA have been shown 

extensively to display antioxidant properties in both in vitro cell-based models and in 

vivo animal models [48, 49, 84, 96].  However, to date, the antioxidant effects of 

trigonelline had only been studied in an in vivo study, suggesting the current study is the 

first to describe the possible antioxidant effects in vivo [409].  The other compounds of 

interest, CA, CGA and PA are all well known to have dose and condition specific 

effects on free radical formation [64, 88, 97, 103, 106, 108].  All three of these 

compounds have been shown to have antioxidant effects but can also be pro-oxidant in 

nature.  Given this, it is not surprising to observe concentration-dependent changes in 

free radical formation. 

 

The effect of caffeine (100 µM) in combination with various concentrations of 

coffee constituents was evaluated.  Significant decreases in free radical formation were 

observed in THP-1 cells exposed to caffeine (100 µM) and CA (100 µM) and CGA 

(100 µM).  Furthermore, significant increases in free radical production were observed 

in THP-1 cells exposed to caffeine (100 µM) and CGA (10 µM), FA (1 µM) and 

trigonelline (all concentrations tested).  These results suggest that caffeine may act as an 

antioxidant or a pro-oxidant when combined other bioactive coffee constituents. 
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Key bioactive coffee constituents were then assessed for their effects on markers 

of inflammation in IFN-γ and IFN-α2A stimulated differentiated THP-1 cells.  Four 

marker of inflammation were assessed including IDO activity and the three cytokines 

IL-6, IL-1β and TNF-α.  IDO activity was seen to be significantly decreased after 24 h 

pre-treatment with caffeine, CA, CGA and FA in IFN-γ stimulated differentiated THP-1 

cells.  Furthermore, treatment with PA further increased IDO activity and trigonelline 

had no effect on IDO activity.  Similar results were observed in IFN-α2A THP-1 cells 

with exception to PA and trigonelline.  Both of these compounds showed a 

concentration-dependent decrease in IDO activity with a maximal decrease in IDO 

activity at 100 µM.  Furthermore, when cells were pre-treated with a combination of 

caffeine (100 µM) and various concentrations of other key bioactive coffee constituents, 

no significant changes in IDO activity in IFN-γ stimulated THP-1 cells were observed.  

In contrast, IDO activity was shown to be decreased in IFN-α2A stimulated THP-1 cells 

after 24 h pre-treatment with caffeine (100 µM) in combination with CGA (100 µM), 

FA (1 µM), PA (10 µM and 100 µM) and trigonelline (1 µM, 10 µM and 100 µM).           

 

The various key bioactive coffee constituents were shown to have a variety of 

effects on IL-6, IL-1β and TNF-α in both IFN-γ and IFN-α2A stimulated THP-1 cells. 

IL-6 concentrations were found to be decreased in IFN-γ stimulated THP-1 cells pre-

treated with caffeine (1 µM and 10 µM) and CA (10 µM).  Likewise, IL-6 

concentrations were decreased in IFN-α2A stimulated THP-1 cells pre-treated with all 

six of the coffee constituents.  Furthermore, IL-1β concentrations were shown to be 

increased in IFN-γ stimulated THP-1 cells pre-treated with FA (10 µM and 1s00 µM) 

and in IFN-α2A stimulated THP-1 cells pre-treated with all six of the coffee constituents 

tested.  Likewise, TNF-α concentrations were increased in IFN-γ stimulated THP-1 cells 
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pre-treated with CA, CGA, PA and trigonelline and after pre-treatment with all six of 

the coffee constituents in IFN-α2A stimulated THP-1 cells.   

 

Combinations of caffeine (100 µM) and other coffee constituents were then 

assessed for their effects on pro-inflammatory cytokines in IFN-γ and IFN-α2A 

stimulated THP-1 cells.  IL-6 concentrations were shown to be decreased after pre-

treatment with caffeine in combination with PA (1000 µM) and trigonelline in IFN-γ 

stimulated THP-1 cells.  Additionally, IL-6 concentrations were increased after IFN-α2A 

stimulated THP-1 cells were pre-treated with all of the coffee constituents in 

combination with caffeine.  Furthermore, changes to IL-1β concentrations were 

observed in both IFN-γ and IFN-α2A stimulated THP-1 cells.  In IFN-γ stimulated cells, 

pre-treatment with caffeine in combination with CA and CGA afforded increases in the 

IL-1β concentrations whereas pre-treatment with caffeine in combination with FA, PA 

and trigonelline afforded decreases in IL-1β concentrations.  The changes in 

concentration of IL-1β were slightly different in IFN-α2A THP-1 cells.  Pre-treatment 

with caffeine in combination with all five of the remaining constituents of interest 

afforded significant decreases in IL-1β concentrations.  Changes in TNF-α 

concentrations were only seen in IFN-γ stimulated THP-1 cells pre-treated with caffeine 

and other constituents of coffee.  Pre-treatment with caffeine in combination with CA, 

CGA, FA and PA resulted in increases in the concentration of TNF-α in IFN-γ 

stimulated THP-1 cells.   

   

Countless studies have shown the role of pro-inflammatory cytokines in the 

upregulation of IDO activity including IFN-γ, IFN-α, TNF-α and IL-1 [15, 59, 60, 122].  
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In the current study, IFN-γ, the most potent stimulator of IDO activity [410], and IFN-

α2A were used as stimuli.  As seen in chapter four, both IFN-γ and IFN-α2A significantly 

increased IDO activity.  The effects of coffee constituents alone and in combination 

with caffeine were assessed in each of the models.  Differences were noted in the 

activities of a number of the coffee constituents between the two models.  In the IFN-

α2A model, all six coffee constituents studied, caffeine, CA, CGA, FA, PA and 

trigonelline all significantly decreased the activity of IDO.  IFN-γ on the other hand, 

decreased the activity of IDO after the cells were pre-treated with caffeine, CA, CGA 

and FA but trigonelline did not alter IDO activity and PA increased IDO activity.  As 

there are no previous studies done to assess the effects of the coffee constituents on IDO 

activity, with the exception of caffeine, it is difficult to predict why this may have been 

observed.  One possible explanation may be due to the potency of IFN-γ as an inducer 

of IDO.  As outlined above, IFN-γ is the most potent inducer of IDO activity.  It is 

possible that the mechanism by which PA and trigonelline exert their inhibitory effects 

on IDO in IFN-α2A stimulated THP-1 cells may not be potent enough to exert their 

effect in IFN-γ stimulated cells. Another possible explanation for the differences 

observed may be related to the difference in cell signalling between the IFN-γ, a type II 

IFN, and IFN-α2A, a type I IFN as outlined above.  Unfortunately, this study is unable to 

assess the factors responsible for the differences but future studies are recommended to 

further elucidate the mechanisms responsible for these differences. 

 

Caffeine’s effects on IDO have previously been evaluated in a human study.  

These results showed IDO activity was increased [37], which is the opposite of what is 

observed in the current study.  One possible explanation for this difference may be due 

to the concentration of caffeine.  In a previous study, a very large dose of caffeine was 
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given to subjects that may not correlate to the concentrations used in the current study 

[37].  Furthermore, given that the published study was a human study, it is impossible to 

control for all confounding factors and stimulus of IDO.  In the current study, the only 

stimulus that cells were receiving was IFN.  In a human study, there are many possible 

inducers of IDO including other circulating cytokines and free radicals [58, 60]. 

 

In addition to the comparison between the two types of IFN, comparisons were 

then also made between the coffee constituents alone and in combination with caffeine 

for each of the IFN models.  Significant differences between the coffee constituents 

alone and in combination with caffeine were observed in the IFN-γ stimulus model.  

When constituents were combined with 100 µM of caffeine, all of the observed 

decreases and increases in IDO activity were no longer seen.  CA in combination with 

caffeine was the only combination of caffeine and coffee constituent that was different 

to the results observed in the coffee constituent alone group in IFN-α2A stimulated THP-

1 cells. All other combinations were still decreased but to a much lesser degree.   These 

results suggest that coffee constituents alone, especially caffeine, CA, CGA and FA, 

may provide better protection against IFN-γ induced increases in IDO activity.  

However, given the limitations of the model used in the current study, further studies 

confirming these results are recommended. 

 

From the results obtained for the cytokines, a number of compounds 

significantly decreased IL-6 concentrations.  Given the proposed role of IL-6 in 

depression [58, 60], these compounds may be of interest for further investigation.  

Decreased IL-6 concentrations were observed in INF-γ stimulated THP-1 cells pre-
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treated with caffeine and CA.  Furthermore, IFN-α2A stimulated THP-1 cells pre-treated 

with caffeine, CA, CGA, FA, PA and trigonelline all displayed decreased IL-6 

concentrations.  Conversely, IFN-α2A stimulated THP-1 cells pre-treated with caffeine 

in combination with CA, FA, PA and trigonelline all showed increased production of 

IL-6.  Previous studies have not shown IL-6 to influence IDO activity, which is 

supported by the current results.  Although IL-6 concentrations were increased in IFN-

α2A stimulated THP-1 cells pre-treated with caffeine in combination with FA, PA and 

trigonelline, IDO activity still decreased in these cells.  Furthermore, CGA [52], PA 

[106], CA [411] and FA [412] all have been shown previously to decrease IL-6 

concentrations.  Studies to date have not assessed the effects of combinations of caffeine 

and other bioactive coffee constituents on the production of IL-6. 

 

The other cytokines of interest in the current study, IL-1β and TNF-α were both 

found to be unchanged from the IFN stimulus control in chapter 4.  Despite this, 

significant increases and decreases in the concentrations of these cytokines were 

observed after pre-treatment with various coffee constituents alone and in combination 

with caffeine as outlined above.  Exposure to PMA, the differentiating agent in the 

current study, has been shown to increase concentration of IL-1β and TNF-α in the cells 

exposed to it [413].  This suggests that a number of coffee constituents, alone and in 

combination with caffeine, may modulate the effects of PMA on the production of IL-

1β and TNF-α, however further investigations are required. 

 

The cytotoxic effects of the coffee constituents, caffeine, CA, CGA, FA, PA and 

trigonelline were evaluated in the current study.  Furthermore, their effects on the 
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specific pathways of cell death were also evaluated.  Due to financial constraints, some 

assays were only able to be performed at one concentration.  This concentration was 

chosen based on the cytotoxicity of the compounds on the cells. 

 

 The cytotoxic effects of bioactive coffee constituents were measured using the 

reduction of resazurin to resofurin and LDH activity.  Numerous bioactive coffee 

constituents were shown to have cytotoxic effects towards SH-SY5Y neuroblastoma 

cells including CA (1000 µM), CGA (1000 µM) and PA (1000 µM) using the resazurin 

proliferation assay.  In further support to these observed effects, total LDH activity was 

raised significantly after 24 h exposure to CA (1000 µM), CGA (1000 µM) and PA 

(1000 µM) corresponding to the resazurin results.  Similar studies undertaken in other 

cancer cell lines have shown that both CGA and CA induce apoptotic cell death [414, 

415].  CGA was shown to cause apoptosis in a concentration-dependent manner via a 

mitochondria-dependent pathway [416].  Likewise, CA exposure has been shown to 

result in apoptosis however the mechanism by which this occurs has yet to be elucidated 

[414, 415].   

 

This study then further investigated the possible mechanisms by which these 

constituents caused cytotoxic effects.  The first potential mechanism investigated was 

free radical formation.  Free radical formation is central to various cell death pathways 

[417].  Studies have shown that ROS activation of JNK results in both intrinsic and 

extrinsic apoptosis signalling and necrotic cell death [417, 418].  This is mediated 

through prolonged activation of JNK, essential for subsequent cytochrome c and 

caspase-3 cleavage [417, 418]. 
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 The 2’,7’-Dichlorodihydrofluorescein diacetate (DCF) assay was used to assess 

the effects of biologically active coffee constituents on free radical production.  Again, 

the same patterns with regard to the different phenotypes were observed with free 

radical production as was with viability.  Undifferentiated SH-SY5Y neuroblastoma 

cells were shown to produce greater levels of free radicals when exposed to CA (1000 

μM), CGA (1000 μM) and PA (1000 µM), consistent with the results observed with 

viability.  Likewise, caffeine (1000 μM) was shown to increase free radical production 

in differentiated SH-SY5Y cells in greater levels than undifferentiated SH-SY5Y cells 

however this was not statistically significant.  Mitochondrial oxidative stress was 

measured using DHR 123 and MitoSOX Red in the current study.  Both of these assays 

showed that exposure of undifferentiated SH-SY5Y neuroblastoma cells to CA, CGA 

and PA resulted in greater increases in mitochondrial oxidative stress in comparison to 

their differentiated counterpart.  The exception to this was after undifferentiated SH-

SY5Y neuroblastoma cells were treated with FA, where mitochondrial oxidative stress 

decreased significantly in comparison to its differentiated counterpart.  Significant 

increases in mitochondrial oxidative stress were observed after undifferentiated SH-

SY5Y were exposed to CA, CGA and PA.  Furthermore, dbcAMP differentiated SH-

SY5Y cells exposed to CA and PA both showed increases in mitochondrial oxidative 

stress.  These results are consistent with the results obtained in the MitoSOX Red assay 

and complement the already presented results suggesting that the cytotoxicity of the 

relevant coffee constituents is via, at least in part, a free radical mediated pathway. 

 

Numerous coffee constituents have been shown to have antioxidant properties 

including CA and CGA [64, 88, 97, 254].  However, these properties are also 

concentration-dependent [64, 88, 97, 254].  It has been shown at high concentrations 
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that these compounds can actually act in a pro-oxidant manner. Furthermore, PA, 

another coffee constituent shown to increase free radical production in both phenotypes 

of SH-SY5Y cells, also has the ability to act as either a pro-oxidant or an antioxidant 

[103, 108]. 

 

The effects of key biologically active coffee constituents on apoptosis were then 

evaluated using caspase-3 and annexin V activation as markers of early and mid-

apoptosis, respectively.  Again, the results observed, particularly for annexin V 

activation, mirrored the observations of the viability assay.  Exposure of 

undifferentiated cells to CA (1000 μM), CGA (1000 μM) and PA (1000 μM) resulted in 

statistically significant increases in the level of annexin V activation.  Again, these 

results were significantly higher than those observed in the differentiated SH-SY5Y 

cells, with statistically significant increases seen only after exposure to PA (1000 μM).  

These results are however not mirrored with early markers of apoptosis, as observed in 

the caspase-3 activation assay.  Statistically significant increases in the activation of 

caspase-3 were observed after exposure of CA (1000 μM) in both undifferentiated and 

differentiated SH-SY5Y cells and PA (1000 μM) in differentiated SH-SY5Y cells.  

Several studies have shown CGA and CA to cause apoptosis [414-416], an effect seen 

with exposure of these compounds to differentiated SH-SY5Y cells.  One possible 

explanation is the high levels of free radical production after exposure of these cells to 

several of the key bioactive coffee constituents.  Free radical production in cells has 

been shown to mediate apoptosis [419].  The data presented in the current study 

suggests that this may be occurring.    
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Propidium iodide solution was used to measure the level of necrosis that 

exposure of each of the coffee constituents to undifferentiated and differentiated SH-

SY5Y resulted in.  Again, necrosis was increased in undifferentiated SH-SY5Y cells 

exposed to CA (1000 μM), CGA (1000 μM) and PA (1000 μM).  Necrosis was 

increased in differentiated SH-SY5Y cells exposed to PA (1000 μM) however this was 

not a statistically significant increase.   

 

To determine the possible role of signal transduction pathways in the death of 

undifferentiated and dbcAMP differentiated SH-SY5Y neuroblastoma cells, the effects 

of the coffee constituents on intracellular cAMP concentrations were assessed.  In cells 

that were pre-treated with coffee constituents that were shown to be cytotoxic above, 

namely CA, CGA and PA, intracellular cAMP concentrations were significantly raised 

in undifferentiated SH-SY5Y neuroblastoma cells.  Slightly different results were 

observed in dbcAMP SH-SY5Y cells.  CA and CGA both increased intracellular cAMP 

concentrations however PA did not.  Increased intracellular cAMP concentrations are 

associated with increased activity in signal transduction pathways [420].  This suggests 

that the cytotoxic effects observed after exposure of undifferentiated SH-SY5Y cells to 

CA, CGA and PA, and dbcAMP differentiated cells to CA and CGA, are mediated 

predominantly through cell signalling pathways.  Conversely, the cytotoxicity in 

dbcAMP SH-SY5Y cells exposed to PA is most likely mediated through a receptor 

level response.  Further studies are however required to fully elucidate the specific 

pathways that these compound mediate their effects through. 
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Many constituents of coffee have been shown to have beneficial effects in a 

number of disease conditions including Alzheimer’s disease, Parkinson’s disease and 

depression [124].  Many major constituents of coffee have been shown to have 

protective properties in a number of cells lines along with showing antioxidant activity 

[124].  However, to date, no studies have investigated the cytotoxic effects of key 

biologically active coffee constituents on undifferentiated or dibutyryl cyclic AMP 

differentiated SH-SY5Y neuroblastoma cells, a cell line commonly used in neuronal 

models of toxicity and inflammation.   

 

SH-SY5Y neuroblastoma cells are routinely used in neuronal toxicity and 

inflammation studies given their phenotypic resemblance to human foetal sympathetic 

neurons [278].  Furthermore these cells express many of the receptors expressed by 

primary human neurons including ionotropic and metabotropic NMDA receptors [279], 

various subunits of nicotinic acetylcholine receptors (nAChRs), 5-HT receptors, 

muscarinic receptors, adrenergic receptors and opioid receptors [278].  In addition to the 

receptors outlined above, these cells express the biosynthetic enzymes for noradrenaline 

along with numerous neuronal characteristics including the expression of neurofilament 

proteins, neuron specific enolase, gamma-aminobutyric acid (GABA) and 

norepinephrine uptake [280].  

 

This study has shown that a number of key bioactive coffee constituents have 

cytotoxic effects towards both undifferentiated and dbcAMP differentiated SH-SY5Y 

neuroblastoma cells.  These effects were mediated via numerous cell death pathways 
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including apoptosis and necrosis but appear to be commonly mediated by free radical 

production. 

 

5.6 Conclusion 

The current study has investigated the effects of key bioactive coffee 

constituents, both alone and in combination with caffeine, on markers of inflammation 

in IFN stimulated surrogate microglial-like cells.  Coffee constituents alone appeared to 

produce greater reductions in IDO activity after IFN stimulus in comparison to the 

constituents used in combination with 100 µM of caffeine.  It is difficult to identify a 

mechanism by which this may have occurred given the limitations of the study with 

regards to the evaluation of the effects of coffee constituents on the production of 

cytokines.  Furthermore, this study assessed the effects of coffee constituents on the 

viability of neuronal-like cells.  It was found that high concentrations of a number of the 

constituents including CA, CGA and PA were toxic towards both undifferentiated and 

dbcAMP differentiated SH-SY5Y, however, undifferentiated cells were more sensitive 

to these effects.  Furthermore, it appears that these effects are mediated through signal 

transduction pathways given the increases in cAMP.  In summary, there is evidence to 

suggest that coffee constituents may play a beneficial role in the pathophysiology of 

depression given their ability to modulate IDO and cytokines associated with 

depression.  Furthermore, coffee constituents also appear to have the ability to cause 

potential harm, especially at high concentrations. 
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Chapter 6 – Conclusion 

This study investigated the effects of coffee and its key bioactive constituents on 

behaviours of and biomarkers of depression.  This, in the first instance, was undertaken 

using an in vivo model of inflammatory depression.  This study assessed the effects of 

caffeine, caffeinated coffee and decaffeinated coffee in a well-accepted LPS model of 

inflammatory depression.  Furthermore, based on the observed results of the in vivo 

study, investigations into the differences in constituents found in caffeinated coffee and 

decaffeinated coffee were explored using quantitative, analytical HPLC.  Subsequently, 

in vitro evaluation of the specific mechanisms by which key bioactive coffee 

constituents, alone and in combination with caffeine, may elicit their effect were 

undertaken.  

 

Significant improvements in depressive-like behaviour were observed in this 

study after pre-treatment with both caffeine and caffeinated coffee in comparison to the 

LPS alone treatment group.  Pre-treatment with caffeine afforded a decrease in 

immobility time in both the FST and TST comparable to the positive control used in the 

study, imipramine.  Caffeinated coffee, however, afforded a further improvement in the 

immobility time, that is, a decrease in immobility time, 50% better than caffeine alone 

in both the TST and FST.  Furthermore, specific biomarkers associated with depression 

including IDO activity, PGE2 production and neopterin and biopterin concentrations 

were assessed.  IDO activity was decreased in animals pre-treated with caffeinated 

coffee and exposed to LPS comparable to the decreases shown with pre-treatment with 

imipramine.  The animals pre-treated with caffeine, however, did not show any changes 

in IDO activity in comparison to animals pre-treated with LPS alone.  Furthermore, 
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PGE2 production was significantly decreased in animals pre-treated with caffeine, 

caffeinated coffee and decaffeinated coffee and exposed to LPS in comparison to those 

animals only receiving LPS treatment alone.  Finally, the neopterin to biopterin ratio 

was evaluated and again, all three treatment groups that is caffeine, caffeinated coffee 

and decaffeinated coffee, all decreased the rate of conversion of neopterin to biopterin.   

 

These results suggest that the antidepressant-like activity of caffeinated coffee 

may be due to a reduction in IDO activity.  The observed reduction in IDO activity in 

all of the treatment and control groups correlates with the observations of the 

behavioural studies, with exception of animals pre-treated with caffeine.  Given this, it 

appears that the antidepressant-like effects may be mediated through a number of 

different mechanisms.  One such mechanism is through anti-inflammatory activities.  

Caffeine, caffeinated coffee and decaffeinated coffee all decreased PGE2 concentrations 

although pre-treatment with caffeinated coffee and decaffeinated coffee provided the 

greatest reduction in its concentration.  Conversely, the concentration of other pro-

inflammatory cytokines was unchanged in comparison to both saline and LPS controls.  

As highlighted earlier, this may be due to the tissue and time specific nature of the 

release of cytokines [146].  Future studies assessing the effects of caffeine, caffeinated 

coffee and decaffeinated coffee on the effect of these cytokines at the various time 

points is warranted in future studies.  Another possible mechanism by which caffeinated 

coffee may provide antidepressant-like activities is through the actions on A2ARs.  

Caffeine, an antagonist at A2ARs, has been shown to display antidepressant activities 

mediated via this effect [34, 36].  Given the mechanisms, it is possible that multiple 

mechanisms are working synergistically to result in the enhanced antidepressant-like 

activities of caffeinated coffee in comparison to caffeine and decaffeinated coffee.  One 
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limitation identified in the in vivo study is that an cyclooxygenase inhibitory activity 

was not evaluated.  Given the varying roles of cyclooxygenase-1 and -2 in 

neuroinflammation and the potential effects of caffeine, caffeinated coffee and 

decaffeinated coffee have on the inhibition of each of these enzymes, it is worth further 

investigating in future studies. 

      

Another possibility is that a constituent in caffeinated coffee, in addition to 

caffeine, is lost in the decaffeination process.  Caffeinated coffee is known to have 

many bioactive constituents with known antidepressant-like, anti-inflammatory and 

antioxidant activities [124] but to date, no studies have assessed if these constituents are 

lost through the decaffeination process. Analyses were undertaken assessing if any of 

the major constituents were missing from decaffeinated coffee.  Results showed that one 

compound, FA, was found to a lesser degree in decaffeinated coffee than caffeinated 

coffee in addition to caffeine.  Further in vitro studies were then undertaken to assess if 

specific mechanisms by which constituents both alone and in combination with caffeine 

altered inflammatory mediators was undertaken in a surrogate interferon stimulated 

microglial cell model. A number of bioactive coffee constituents including caffeine, 

CA, CGA and FA were shown to protect against IFN-γ induced increases in IDO 

activity.  Furthermore, pre-treatment with caffeine, CA, FA, PA and trigonelline 

protected against IFN-α induced increases in IDO activity.  Interestingly, when 

combined with caffeine, the protective effects of bioactive coffee constituents with 

regards to IDO activity are diminished.  All the protective effects are completely 

diminished in IFN-γ stimulated THP-1 cells and are significantly less in IFN-α 

stimulated differentiated THP-1 cells.  IDO activity is known to play an important role 

in the pathophysiology of depression [15, 58-60, 122, 229, 230].  Studies have shown 



 
 

480 

the correlation between the increase in depressive symptoms and the increase in IDO 

activity [229].  The current study suggests that key bioactive coffee constituents alone 

protect against IFN induced increases in IDO activity but due to limitations in the 

model, it was not possible to determine the mechanism by which this occurs.  

Furthermore, the effects on IDO activity are diminished when individual constituents 

are combined with caffeine.  One limitation identified in the study was that only one 

concentration of caffeine was tested which may have influenced the results.  

Furthermore, coffee constituents were only combined with caffeine and not with other 

coffee constituents.  Future studies investigating the effects of bioactive coffee 

constituents with various other concentrations of caffeine and other constituents is 

warranted to determine the possible mechanisms by which caffeinated coffee elucidates 

its antidepressant-like activity.  Furthermore, further studies investigating the effects of 

coffee constituents, alone and in combination, on the production of PGE2 would appear 

to be useful in further investigating these effects.  Given the interesting results obtained 

in the current study, it would be beneficial if the study were repeated in a primary cell 

model to confirm if these results are comparable between the two models.    

 

 Furthermore, there are a number of potential harms identified with the 

consumption of coffee and caffeine including anxiety and increased risk of suicide with 

high consumption of coffee [5, 21, 22, 26, 28, 37, 132, 133].  In the current study, 

possible causes for these harms were evaluated using a surrogate neuronal cell model.  

The study showed that a number of key bioactive coffee constituents including CA, 

CGA and PA all significantly decreased the viability of both undifferentiated and 

differentiated SH-SY5Y neuroblastoma cells, the neuronal-like model used in the 

current model.  Further studies were undertaken to assess specific cell death pathways 
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and it appears that the cytotoxicity of these compounds may be mediated via a free 

radical induced apoptotic pathway.  These results may provide an explanation as to why 

caffeine and caffeinated coffee cause symptoms of anxiety and an increased risk of 

suicide when consumed in high doses.  One limitation is that in the current study, the 

antidepressants investigated in the study amitriptyline, fluoxetine and venlafaxine, were 

only used in the original state however, in vivo, these three drugs undergo extensive 

metabolism to a number of active metabolites.  Further studies are warranted to further 

assess these effects in a primary cell model.   

 

In conclusion, this study has confirmed the hypotheses of the study, namely that 

caffeinated coffee along with key bioactive coffee constituents will be beneficial in 

behaviours and biomarkers associated with depression in both in vivo and in vitro 

models of depression and inflammation.  This study has shown that there are a number 

of possible mechanisms by which caffeinated coffee may elucidate its antidepressant 

action.  Furthermore, the results observed in the in vivo animal study assessing the 

effects of caffeine, caffeinated coffee and decaffeinated coffee on parameters of 

depression provide evidence to support the causal link between caffeinated coffee 

consumption and a reduced risk of depression.  These results correlate with the results 

observed in the epidemiological studies to provide further evidence to support the 

causal link.  The results observed in the current study support and justify the need for 

future high quality randomised controlled trials to assess the effects of coffee in humans 

and assessing its effects on related biomarkers. 
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