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Understanding how dietary components regulate and interact with cell signalling responses is fundamental in explaining how 

human diet can alter the risk of acquiring certain diseases, such as cancer. The exploitation of the cellular response to dietary 

components systematically and rationally, by the application of mathematical modelling tools, is an unexplored field that 

could enhance our knowledge of the role of diet in cell signalling and consequently in Human Health. A schematic approach 

is being proposed for the first time to start giving form to this objective. The approach is illustrated using a specific system 

that involves studying the influence of the flavonol (-) epicatechin (present in cocoa and tea) on the activation of the pro-

survival signalling pathways - ERK Map kinase and PI3K-Akt - in neuronal cells. The time courses generation of key 

components of this signalling system in response to (-) epicatechin revealed some important transient characteristics and it 

represents simultaneously the first stage in the development of a mathematical approach in this area. 
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Introduction 
 

Signal transduction system is an important part of a 

cell. It constitutes a complex and robust signalling 

machinery, comprising proteins and signalling molecules 

interacting in large networks, that dictates biological 

outcomes such as cell growth, differentiation, migration, 

and apoptosis. However, the complexity of signalling 

phenomena cannot be easily gauged. The dynamic 

properties beyond the triggering of a particular response are 

difficult to understand just by intuitive reasoning. 

It is widely reported that the origins of many human 

diseases, including cancer, diabetes and neuronal disorders, 

are in the functioning or malfunctioning of signalling 

components. By creating detailed maps of signalling 

networks, scientists are beginning to understand what goes 

wrong in disease at a molecular level and hopefully how to 

fix the abnormal circuitry. The transition from knowledge 

of the maps of cellular signalling networks to understanding 

physiological functions of the cell and their regulatory 

dynamics is, at the present state of development, a crucial 

step. The only way to realize such transition is by applying 

mathematical modelling and computer simulation in the 

context of the theory of dynamical systems [1]. Exploiting 

these cellular signalling networks in a rational and 

systematic way involves developing mechanistic and 

quantitative understanding of how signals govern cell 

responses. Therefore, there has been an increasing interest 

in developing mathematical models to assess the behaviour 

of these complex signalling systems. Recent advances have 

demonstrated that molecular signalling networks can be 

accurately modelled in mathematical terms [2]. 

In the field of therapy quantitative models can help to 

identify target proteins that give rise to therapeutic effects 

when partially inhibited or when partially activated, 

depending on the case. Mathematical models can also be 

used to identify appropriate drug concentrations which will 

have the right impact at the cellular signalling level. In 

addition to the application of mathematical tools for the 

development of drugs and therapy, there is another 

application area, currently unexplored, that involves 

understanding the effect of dietary components on human 

health. The general importance of diet to health, in 

particular, how the ingestion of foods rich in certain 

components can influence health, has been widely reported. 

Extensive research in the last few years has revealed 

that the regular consumption of foods such as fruits and 

vegetables can reduce the risk of acquiring certain diseases 

as cancer, chronic diseases and age-related diseases, as 

Alzheimer. More importantly, there is growing evidence 

suggesting that dietary components can directly and 

indirectly modulate cell signalling pathways, and this fact 

can be in the origin of the beneficial effects observed. The 

elucidation of the mechanism by which these dietary 

components are regulating the cellular transduction system 

is key to the understanding of how dietary components alter 

the risks of acquiring certain diseases and therefore 

valuable in the context of therapy and prevention. We 

propose to exploit the cellular response to dietary 

components in a rational and systematic way, by the 

application of mathematical modelling of cell signalling 

pathways. This is a relatively unexplored area and one of 

the main objectives is to investigate how mathematical tools, 

already used to study cell signalling pathways, can be 

useful in the field of nutrition.  

Keeping this objective in mind a specific system was 

identified to start illustrating the potential of this new 

approach. This system relates to the influence of the 

flavonol (-) epicatechin, present in cocoa and tea, on the 

activation of pro-survival signalling pathways- ERK Map 

kinase and Pi3K-Akt- in neuronal cells. There has been 

intense interest in the potential of flavonoids to modulate 

neuronal function and prevent age-related 

neurodegeneration. There is a wide-range of flavonoids 

known to protect cultured neurons against 

neurodegenerative disease-relevant insults and one of the 

most effective is (-) epicatechin [3]. It has become clear that 

the neuroprotective actions of (-) epicatechin is not just 

related to their H-donating antioxidant potential but also to 

the modulation of protein kinase signalling cascades. (-) 

Epicatechin and its metabolite 3´-O-methyl-(-)-epicatechin 

have been shown to stimulate phosphorylation of ERK1/2, 

a mitogen activated protein kinase (MAPK) and the 

downstream transcription factor CREB. (-) Epicatechin was 

also reported to activate Akt/PKB, one of the main 

downstream effectors of PI3K, a pivotal kinase in neuronal 

survival [4]. 

The real importance of this observation resides in the 

fact that CREB-mediated gene expression plays a role in 

memory formation, in part, through the up-regulation of 

receptors and growth factors that are involved in synaptic 

strengthening [5,6]. Consequently, molecules that are able 

to stimulate signalling pathways leading to the activation of 

CREB could modulate synaptic efficacy and potentially 

improve cognition. However, the identity of the primary (-) 

epicatechin interacting site in neurons is still unknown [7]. 

By following the time evolution of the signalling 

response to epicatechin, an idea of how this process is 
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occurring can arise. If we could follow the evolution of 

each signalling molecule in both pathways and then 

evaluate how that evolution is being reflected in CREB 

activation, it can give us an important clue about, for 

example, the kinetic contribution of each pathway over time 

to the activation of CREB. A future mathematical 

modelling approach might help to rationalize and 

understand the mechanism by which the flavonol (-) 

epicatechin is regulating the activation of ERK and Akt 

pathways. 

Why model? What is its potential in the field of 

nutrition? 

 
The following sections illustrate examples of the 

different ways in which mathematical models have been 

used and open the way to a future application in the field of 

Nutrition. 

i)  Why Make Models? Organizing Different Information 

into a Coherent Whole 

 

The cellular response induced by dietary components 

can be intricate, as the final response is a result of the 

activation and/or inhibition of several pathways 

simultaneously. However, apart from the mechanistic 

complexity associated with these systems, an additional 

level of complexity is reached due to the several known 

possible cross-talks between different signalling pathways. 

Even if, at first, we focus in the modulatory effect of the 

dietary component in each pathway separately, ultimately 

we are seeking to understand the cellular response to the 

dietary component as a whole. We want to know ”What do 

these signalling pathways do acting together?”; “What is 

exactly the mechanism by which they are acting?” or “Why 

are they acting that way to induce that specific final 

response?”. Answering these questions clearly requires a 

capability for integrating a considerable amount of 

information. Mathematical modelling constitutes a way of 

compiling information about the functioning of a system. It 

can organize and comprise all the important features and 

give, simultaneously, a clearer idea of the cellular response, 

as well as its physiological significance. 

The cell treatment with dietary component can be 

carried out following different strategies; and, as a result, it 

can generate vast amounts of interesting data (time-courses 

carried out to different concentrations of the dietary 

component, for instance). A mathematical model permits, in 

fact, a simultaneous analysis of all the experimental results 

and it can, eventually predict situations that are not yet 

demonstrated experimentally. 

The signalling systems are, per se, quite complex and 

in order to characterize the specific response to a dietary 

component it can be necessary to combine a large amount 

of different information. A mathematical model is, 

undoubtedly, a powerful tool to assemble and synthesise the 

biological knowledge acquired and it is, essentially, a 

powerful tool to enhance that knowledge. 

ii)  Why Make Models? To describe logically the 

component´s interactions in the system  

 

All the information assembled can fit into a reasonable 

conceptual qualitative picture of the overall system. 

However, the question arises whether, when all of these 

interactions and relationships are written down 

systematically, in explicit mathematical language, the 

resulting mathematical model exhibits behaviour consistent 

with experimental observations?  

The mathematical model of the NF-κB regulatory 

model is a successful example showing that the picture of 

molecular-level interactions and regulation described 

previously in the literature is in fact consistent with the 

observed behaviour of the system as a whole [8]. The two-

feedback-loop regulatory module of nuclear κB (NF-κB) 

signalling pathway was modelled by means of ordinary 

differential equations in response to extracellular signals 

such as tumour necrosis factor or interleukin-1. The model 

involves two-compartment kinetics of the activators IκB 

(IKK) and NF-κB, the inhibitors A20 and IκBα, and their 

complexes. One regulatory loop involves the inhibitor IκBα, 

whose mechanism is already known and the second one 

involves the inhibitor A20, whose mechanism was not 

completely established by then. Based in some previous 

observations [9,10] it was assumed, in the model, that the 

inhibitory effect exerted by A20 was performed just by 

inactivating the activator IKK. The inclusion of A20 in the 

mathematical model developed by Lipniacki et al., [8] 

revealed the second important feedback loop in the NF-κB 

regulatory module and confirmed the mechanism by which 

it exerts its inhibitory effect. 

The Lipniacki et al., [8]  model is a good example to 

show how these quantitative tools can help biological 

scientists to test their hypothesis, providing, in this case, a 

clear understanding of the importance of an inhibiting 

component (A20) in the regulatory system and clarifying 

the mechanism by which it occurs. As this example shows 

up, one of the main reasons why it is valuable modelling in 

mathematical terms is exactly to describe logically the 

importance of specific components or interactions in the 

functioning of the whole system. In particular, we are 

interested to benefit from these modelling in the field of 

cellular response to dietary components. Curiously, NF-kβ 

is known as the “Holy Grail” in cancer prevention and 

therapy [11], as NF-kβ activation has been shown to 

regulate the expression of hundreds of genes involved in 

cellular transformation, proliferation, anti-apoptosis, 

invasion and metastasis [12]. Additionally, the inhibition of 

the NF-kβ regulatory module by several dietary 

components is widely reported in the literature [13, 14, 15, 

16, 17, 18]. It is precisely in this type of biological 

problems, involving modulatory actions of diet, that we 

seek to benefit from the predictive power of mathematical 

tools. Following this example of NF-kβ pathway, in which 

a mathematical model describing the main features of the 

regulatory system was already established, it would be 

worthwhile to investigate how can we take advantage of 

what was already done and make an effort to adapt it to 

describe a regulatory action of dietary components. 

Ultimately, we are interested in testing, for instance, at 

what concentrations of dietary component it is possible to 

induce the final response, in this case the inhibition of NF-

kβ, in a short period of time. It could be interesting to 

evaluate also how a variation in component´s concentration 

influences the time to reach that response. Additionally, a 

time versus dose administered can be constructed which can 

guarantee the constitutive inactivation of the signalling 

pathway in cancer cells. Depending on the objective, a 

variety of strategies can be tested using the mathematical 

model avoiding time-consuming laboratory experiments.  
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iii)  Why Make Models? To discover new strategies 

 
Metabolic Engineering uses mathematical modelling 

to describe the metabolic fluxes of the framework of 

metabolic pathways. The fundamental objective is to 

elucidate the factors and mechanisms responsible for the 

control of metabolic flux. A better understanding of the 

control of flux provides the basis for rational modification 

of metabolic pathways. Metabolic Engineering constitutes 

the basis to implement the necessary changes to the cellular 

system (environmental conditions or genetic modifications) 

that are likely to be the most effective to attain a certain 

objective. There are currently a large number of 

applications of Metabolic Engineering:  maximize the yield 

and productivity of microorganism processes; the expansion 

of the range of substances that can be metabolized by an 

organism; the formation of new and novel products, the 

general improvement of cellular properties and the 

xenobiotic degradation [19]. 

 At the heart of Metabolic Engineering, mathematical 

modelling provides a systematic improvement of the 

strategies adopted and the discovery of new strategies over 

a broad range of contexts and applications. These 

mathematical tools can be seen as a way of establishing a 

rational relationship between the manipulating 

environmental conditions and the desired cellular end-

response [20]. 

Following the successful example of Metabolic 

Engineering in the discovery of new metabolic strategies, 

can we establish a parallelism with cell signalling in the 

context of the response to dietary components? Can we 

benefit from mathematical modelling to create new diet 

strategies to improve Human Health?  As shown in Table 1, 

it is possible to make a logical correspondence between 

these two fields. Metabolic Engineering is focused on 

understanding cellular metabolism, measuring the 

metabolic fluxes in the cell and modelling it in 

mathematical terms. However, we are focused on 

understanding cell signalling pathways measuring protein 

cascades activation and modelling it, as well. One main 

goal of Metabolic Engineering is to establish quantitatively 

how external parameters, like pH, temperature, oxygen, 

substrate type and concentration govern metabolic 

pathways. However, we are seeking to understand how 

dietary components regulate the signal transduction system. 

In both cases, we intend to manipulate the external 

conditions (substrate concentration or dietary component 

concentration) in order to achieve a particular goal. While 

in Metabolic Engineering this goal involves production of 

food, development of products in pharmaceutical field or 

environmental issues; in cellular response to dietary 

components, the main objective is related to prevention and 

therapy of human diseases. Mathematical modelling can not 

only be a useful tool to understand the cellular response to 

dietary components, but also, and consequently, a great 

instrument to rationally define a food intake strategy.  

iv)  Why Make Models? To make important corrections in 

the conventional wisdom, giving a step ahead in the current 

knowledge  

 

There are numerous situations in biological science 

research that are extremely complicated and hard to analyze. 

These include signal transduction systems. In such 

situations, it is not difficult to misinterpret results of an 

experiment or even commit major conceptual errors. 

Mathematical modelling and the subsequent model analysis 

can aid considerably in avoiding such mistakes or in 

identifying errors [20]. There are several examples 

demonstrating how mathematical modelling helps to make 

important corrections in the scientific knowledge. Douglas 

Lauffenberger and his collaborators [21] carefully 

formulated a mathematical description of the network of 

processes involved in receptor-mediated phenomena, which 

had an important impact in the scientific research of those 

systems. 

 
Table 1- Parallelism between Metabolic Engineering and the 

potential mathematical description of the cellular response to 

dietary components. In both fields, mathematical modelling 

plays a central role to understand how the manipulating 

environmental conditions affect positively or negatively the 

cellular system in different contexts. 

Cell Systems 
Environmental 

Conditions 

Measurable 

Quantities 

in the Cell 

Desired effects 

in: 

Metabolic 

System 

Parameters like 

pH, temperature, 

dissolved oxygen, 

aeration rate, 
substrate 

concentration 

 

Metabolic 

fluxes 

Pharmaceutical 

and Food 

Industry; 

Environmental 
issues 

Signal 

Transduction 

System 

Dietary 

components (type 

and 

concentration) 

Protein 

cascades 

activation 

Human Health: 

Prevention and 

Therapy 

  

To Manipulate 

 

To Model 

 

To find new 

strategies 

 

The affinity of binding to a receptor has been accepted 

as being synonymous of effectiveness of the ligand in 

activating or inhibiting the response through the receptor 

[20]. However, the model developed by Lauffenberger and 

his collaborators [21] showed that an epidermal growth 

factor (EGF) mutant which binds more weakly to the EGF 

receptor than other forms of EGF can have greater activity 

to stimulate cell proliferation, due to a  more rapid 

trafficking kinetics [22] . Accordingly, an effective ligand is 

not necessarily the one that binds strongly to the receptor, 

but that one that operates more effectively within the entire 

system. 

This is a great example of how mathematical 

modelling, specifically in cell signalling, can enhance the 

current knowledge, by the identification and subsequently 

correction of some errors. This is an additional very good 

reason to apply these quantitative principles to cell 

signalling response to dietary components, mainly because 

the mechanism by which the dietary component is 

regulating the signalling pathways is not clear in several 

cases (Table 3). Thus, to describe the hypothetical 

mechanism in mathematical terms could help to clarify the 

real modulatory action of the dietary component. At least, it 

could eliminate some hypothesis, and accelerate the 

research process. 

 

Mathematical modelling of cellular response to dietary 

components-A New Approach 

 
There are several diseases where it is becoming 

increasingly important to explain their origin and 

development on the basis of cell signalling pathways. The 

importance of mathematical modelling in understanding the 
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complexity of signalling systems and how this fact can be 

valuable in drug development is widely reported [23]. The 

additional observation of a direct influence of dietary 

components in cell signalling system is also valuable in the 

context of therapy and prevention. Therefore, mathematical 

modelling is already used to study cell signalling pathways, 

and, on the other hand, cellular response to dietary 

components is mediated mainly by regulation of cell 

signalling pathways. Therefore, it seems natural that the 

relationship Human Health ↔ Cell Signalling ↔ 

Mathematical Modelling could be extended to dietary 

components: 

 

Dietary Components ↔ Human Health ↔ Cell 

Signalling ↔ Mathematical Modelling 
 

The challenge is to integrate the fields of Mathematical 

Modelling and Nutrition and use this new approach to 

enhance the knowledge of the role of diet in cell signalling 

and human health. 

The modelling approaches are built according to what 

is already known and what information is being sought 

about the biological system under study. A mathematical 

model is developed to deal with a specific problem [24]. 

Hence, before thinking about modelling, it is crucial to 

define precisely the biological problem. In the present case, 

the establishment of the biological problem involves the 

identification of the potential diet effect in Human Health 

and the subsequently definition of the signalling pathways 

of interest and the dietary component known to interfere 

with those pathways.  

 
Table 2- Examples of systems involving interactions of dietary 

components, from different sources, with specific cell 

signalling pathways. In the examples presented, the mechanism 

by which the dietary component acts on the pathway has been 

reported. 

Dietary 

Component 

Dietary 

Source 

Cell 

Signalling 

Pathway 

Prevention 

/Therapy 
Ref. 

PKC 
Neuronal 
Protection 

[25, 
26] 

Epigallo- 
catechin 

gallate 
Green tea 

EGF receptor; 
NF-kβ 

Cancer 
[27, 
28] 

Resveratrol 

Red 

Grapes 

and Wine 

ERK MAP 

kinase 

Neuronal 

Protection 

[29 

,30] 

Curcumin 

Turmeric, 

curry 

mustard 

EGF receptor; 

JAK- STAT; 

NF-kβ 

Cancer 

[31,3

2,33,

28] 

JNK-1 and 
p38 MAP 

kinases 

Cancer; 
Inflammation 

[34] 

Capsaicin 

Red chilli; 
chilli 

peppers 
NF-kβ 

Inflammatory 

Response 
[15] 

Ursolic Acid 
Basil and 

rosemary 
NF-kβ Cancer [18] 

Piceatannol Red wine NF-kβ 
Cancer; 

Inflammation 
[13] 

Caffeic Acid 

Phenethyl 
ester (CAPE) 

Honey-bee 

propolis 
NF-kβ Cancer [17] 

 

The elucidation of the mechanisms of action of dietary 

components as modulators of cell signalling is essential to 

evaluate the regulatory potential of food in modifying the 

risks of acquiring certain diseases. However, it is frequently 

found cases in which the mechanism of action of these 

dietary components is unknown. In Table 2 and Table 3 are 

presented some examples of systems whose modulation 

mechanism by the dietary component is known and 

unknown, respectively. For each example, the dietary 

component as well as the signalling pathway involved has 

been identified, and its potential in prevention and therapy 

are stated. 

The modelling approach is carried out differently 

depending on the information about the regulatory 

mechanism: if the mechanism is known the modelling 

process can be based in a mechanistic description of the 

interactions that are translated to a set of ordinary 

differential equations. If not, the modelling approach has to 

follow a trial and error strategy, which means that a 

possible mechanism has to be hypothesized and carefully 

tested. The generation of the experimental time-courses 

data per se can give an indication of plausible mechanisms, 

which can be modelled and tested. If the model describes 

accurately the experimental data, one can proceeds to the 

validation and analysis of the model. If not, it may be 

evaluated if the model describes correctly the trend of 

experimental data, and in that case it could be just a 

question of parameter optimization. On the other hand, if 

the model does not describe the trend, it could be a problem 

related with the kinetics adopted, with the structure of the 

equations and eventually with the mechanism hypothesized. 

 
Table 3- Examples of systems involving interactions of dietary 

components from different sources, with specific cell signalling 

pathways. In the examples presented below, the mechanism of 

action of dietary component with the correspondent pathway is 

not known yet or not completely understood. *Not fully 

understood. 

Dietary 

Component 

Dietary 

Source 

Cell 

Signalling 

Pathway 

Prevention 

/Therapy 
Ref. 

Resveratrol 
Red Grapes 

and Wine 

Caspase 

Activation; 
NF-kβ 

Cancer 
[14, 

16] 

Indole-3-

carbinol 

Cruciferous 

vegetables 

MAP 

kinase 
Cancer [35] 

Phenethyl 

isothiocyanate 
* 

Radish; 

Cabbage 

ERK and 

p38 MAP 
kinases 

Cancer [36] 

Benzyl 
isothiocyanate 

* 

Garden 
cress 

p38 MAP 
kinase 

Cancer [36] 

Epicatechin Tea, cocoa 

ERK MAP 

kinase and 

PI3K/Akt 

Neuronal 

Protection 
[7] 

Genistein* Soybeans NF-kβ Cancer [37] 

Quercetin 

 

Apples and 

black tea 

ERK MAP 

kinase; 

JNK; 

PI3K/Akt 

Neuronal 

Protection 

[38, 

39] 

 

The scheme in Figure 1 is a proposal for a simplified 

approach to apply mathematical modelling tools to dietary 

modulation of cell signalling pathways. The future 

exploitation and development of this first approach would 

certainly be useful in the field of nutrition, giving a new 

insight and definitely a new perspective of the current 

questions needed to be answered. With this objective in 

mind, a first approach to study quantitatively a signalling 

system regulated by the flavonol (-) epicatechin, was 

undertaken.  
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Materials and Methods 

Materials  

(-) Epicatechin was purchased from Extrasynthase 

(Genay, France). The components of the boiling buffer for 

Western immunoblotting; tris, sodium dodecyl sulphate 

(SDS), glycerol, mercaptoethanol and bromophenol blue 

were all obtained from Sigma (Poole, UK). The tris, SDS, 

Bis-acrylamide, ammonium persulfate (APS) and TEMED 

used to make the gels were from Sigma (Poole, UK). The 

buffers used in Western immunoblotting contained tris, 

glycine, SDS, sodium chloride and polyoxyethylenesorbitan 

monolaurate (Tween 20) from Sigma (Poole, UK), 

methanol from Fisher Scientific Ltd (Loughborough, UK) 

and skimmed milk powder from Chivers. Hybond-ECL 

nitrocellulose membrane, the ECL Western blotting 

analysis system and x-ray film were obtained from 

Amersham Biosciences (Chalfont St.Giles, UK). Anti-

phospho-MAP kinase 1/2 (ERK1/2) and Anti-MAP kinase 

1/2 (ERK½.) antibodies were obtained from Upstate 

(Billerica, USA). Akt, anti-phospho-Akt, CREB and  

pCREBSer133 were all obtained from Cell Signalling 

Technologies (Danvers, USA). Anit-rabbit IgG (whole 

molecule)-peroxidase, developed in goat, was from Sigma 

(Poole, UK). Enhanced chemiluminescence (ECL) reagent 

and Hyperfilm-ECL were purchased from GE Healthcare.  

The developer and fixer were obtained from Kodak (NY, 

USA). Quantity One Software from Biorad (California, 

USA) was used to quantify protein bands. All other 

reagents were obtained from Sigma (Poole, UK) or Merck 

(New Jersey, USA). 

Primary cortical neurons culture 

 

Primary cultures of mouse cortical neurons were 

prepared from 14-16 day-old Swiss mouse embryos (NIH, 

Harlan, UK). Briefly, cortices were isolated by dissecting 

out the striata and removing the meninges under a 

stereomicroscope. Cortices were then mechanically 

dissociated, using a fire-polished glass Pasteur pipette in 

phosphate-buffered saline (PBS, Ca2+- and Mg2+ -free) 

supplemented with glucose (33mM). Cells were plated into 

60 mm well plates that had been coated overnight with 

15µg/ml poly-L-ornithine (Sigma, Poole, UK) and then 

with culture medium supplemented with 10% heat-

inactivated foetal bovine serum (FBS) (Gibco, Paisley, UK) 

for 2h. After removal of the final coating solution, cells 

were seeded (106 cells/ml) in a serum-free medium 

composed of a mixture of Dulbecco’s Modified Eagle 

Medium and F-12 nutrient (1:1 v/v) (Gibco, Paisley, UK) 

supplemented with glucose (33mM), glutamine (2mM), 

sodium bicarbonate (6.5 mM), HEPES buffer (pH7.4, 

5mM), streptomycin (100 µg/ml) and penicillin (100 

IU/ml). A mixture of hormones and salts composed of 

insulin (25µg/ml), transferrin (100µg/ml), putrescine 

(60µg/ml), progesterone (20nM) and sodium selenate 

(30nM) (all from Sigma, Poole, UK) was also added to the 

cell culture medium. The cells were cultured at 37°C in a 

humidified atmosphere of 95% air and 5% CO2 and were 

used after 5-6 days in vitro when the majority of cells were 

neuronal and there were <2% detectable glial elements, as 

determined by the lack of glial fibrillarly acidic protein 

(GFAP) immunoreactivity (not shown). 

Immunoblotting 

 

Following exposures to 300 nM of epicatechin for 5 

min, 15 min, 30 min, 1 hour, 2 hours, 6 hours, 12 hours, 16 

hours and 24 hours, neurons were washed with ice-cold 

PBS (+ EGTA 200 µM) and lysed on ice using Tris 

(50mM), Triton X-100 (0.1%), NaCl (150mM) and 

EGTA/EDTA (2 mM), containing mammalian protease 

inhibitor cocktail (1:100 dilution), sodium pyrophosphate (1 

mM), PMSF (10 µg/ml), sodium vanadate (1 mM) and 

sodium fluoride (50 mM).  Lysed cells were scraped and 

left on ice to solubilise for 45 min.  Lysates were 

centrifuged at 1,000xg for 5 min at 5oC to remove unbroken 

cell debris and nuclei.  Protein concentration in the 

supernatants was determined by the BCA protein assay kit   

Samples were incubated for 5 min at 95°C in boiling buffer 

(final conc. 62.5mM Tris, pH 6.8, 2% SDS, 5% 2-

mercaptoethanol, 10% glycerol and 0.0025% bromophenol 

blue).  Boiled samples (30 µg/lane) were run on 9 % SDS-

polyacrylamide gels and proteins were transferred to 

nitrocellulose membranes by semi-dry electroblotting (1.5 

mA/cm2).  The nitrocellulose membrane was then incubated 

in a blocking buffer (20mM Tris, pH 7.5, 150 mM NaCl; 

TBS) containing 4% (w/v) skimmed milk powder for 45 

min at room temperature followed by 2 x 5 min washes in 

TBS supplemented with 0.05% (v/v) Tween 20 (TTBS).  

Blots were then incubated with either a anti-phospho-Akt 

(Ser 473) pAb (1:1000), anti ERK1/ERK2 pAb (1:1000) 

and anti-phopho CREB (1:1000) in TTBS containing 1% 

(w/v) skimmed milk powder (antibody buffer) overnight at 

room temperature on a three dimensional rocking table.  

Figure 1- A schematic approach to model the signalling 

response to dietary components. 
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The blots were washed 2 x 10 min in TTBS and incubated 

with goat anti-rabbit IgG conjugated to HRP (1:1000 

dilution) for 60 min.  Finally blots were washed 2 x 10 min 

in TTBS rinsed in TBS and exposed to ECL-reagent for 1-

5 min and developed. Bands were analyzed using BioRad 

Quantity One 1-D Analysis software. Molecular weights of 

the bands were calculated from comparison with pre-

stained molecular weight markers (MW 27,000 – 180,000 

and MW 6,500 - 45,000, Sigma) that were run in parallel 

with the samples. The equal loading and efficient transfer of 

proteins was confirmed by staining the nitrocellulose with 

Ponceau Red (Sigma, Poole, UK). 

Results 

Having in mind the approach aforementioned, it was 

generated time-courses of the activation of three central 

molecules in this system: Akt, ERK½. and CREB activation 

in neuronal cells treated with (-) epicatechin. The (-) 

epicatechin´s concentration used was selected according to 

the results reported by Schroeter et al.,[7]. These authors 

shown a maximum phosphorylation of CREB, ERK½. and 

Akt when neurons are stimulated with (-) epicatechin 

concentrations between 100-300 nmol/L. Therefore, the 

present time-courses experiments were performed using 

300 nmol/ L of (-) epicatechin. 

(-) Epicatechin stimulates CREB phosphorylation in a time 

dependent manner 

 

To investigate the transient activation of CREB by the 

flavonol (-) epicatechin, cortical neurons were stimulated 

with 300 nmol/L of epicatechin for 5, 15, 30 min and 1, 2, 6, 

12, 16, 24 hours. The cell lysates were immunoblotted with 

a phospho-CREB polyclonal antibody that detects the 

protein when it is phosphorylated at Ser133. The total 

CREB was also measured to detect possible loading errors 

in the electroforesis. The activation level was evaluated 

normalizing the relative band intensity (phospho/total) 

according to the control (cells not treated with (-) 

epicatechin). 

(-) Epicatechin treatment caused a fast phosphorylation 

of CREB, with a maximum stimulation observed for 15 

minutes (Figure 2 and Figure 3). Densitometric analysis of 

immunoblots showed that the levels of phosphorylated 

CREB increased significantly by ~ 160% following 

exposure to (-) epicatechin for 15 minutes. It was observed 

some variation in the level of CREB phosphorylation: 

slightly decrease between 15 min and 2 hours, a sudden 

increase at 6 hours to values near the maximum reached at 

15 minutes and then a decrease until 24 hours. Since we are 

basing our analysis in just a set of experiments, it is not 

guaranteed that the observed variability between 15 min 

and 16 hours is, in fact, real. From a biological point of 

view, it seems not natural that such variation is actually 

happening, especially when we analyse simultaneously 

ERK½.  and Akt activation. It may be the result of some 

variation associated to the protein detection method. In any 

case, globally it was observed a robust activation of CREB 

that is sustained for, at least, 16 hours. During this period, 

apart from that slight variability observed in CREB 

phosphorylation, the global trend seems to be a significant 

increase in the first 2-6 hours and a slow decreasing 

afterwards. 

According to the time-courses performed, neurons 

treated with (-)epicatechin showed increased levels of 

activated CREB for at least 16 hours, in a time-dependent 

manner. However, the observed trends have to be further 

confirmed by independent experiments. 

 

pCREB 

 

tCREB  

 

  

pERK½ 

 

tERK½ 

 

 

pAkt

 

tAkt

 

 

Figure 2- (-) Epicatechin stimulates CREB, ERK ½  and Akt 

phosphorylation in a time-dependent manner. Cortical neurons 

were exposed to 300 nmol/L for 5, 15 and 30 minutes, 1, 2, 6, 

12, 16, 24 hours and the levels of phosphorylated and total 

CREB, ERK ½  and Akt were measured my immunoblotting. 

 (-) Epicatechin stimulates ERK and Akt phosphorylation in 

a time dependent manner 

 

The involvement of ERK½ and Akt in the transient 

activation of CREB was investigated. Identically, the cell 

lysates were immunoblotted and the phosphorylated and 

total proteins were detected. The levels of total ERK½ and 

Akt were unchanged indicating that alterations in 

phosphorylated forms were not due to protein loading. 

(-) Epicatechin treatment caused a fast phosphorylation 

of ERK½, reaching a maximum stimulation for 5 minutes 

(Figure 2 and Figure 3). However, it was observed a strange 

behaviour at 15 minutes, with a decrease on ERK ½ 

phosphorylation and an increase afterwards, at 30 minutes, 

to a value close to the maximum. Within that short period 

of time, that decrease and increase again is not 

understandable. Furthermore, according to Schroeter et al. 

[7] experiments, neurons treatment with 300 nmol/L of (-) 

epicatechin for 15 minutes induces a significant activation 

of ERK½. This fact contraries the decrease of ERK ½ 

phosphorylation that was observed in the present studies. It 

can be a blotting error that occurred specifically in these 

gels since Akt was detected in the same membrane and it 

was observed exactly the same peculiar decrease at 15 

minutes. It could be also a problem with this time point 

treatment, but apparently we are not detecting the same 

unexpected behaviour in CREB that could justify a mistake 

in the cells treatment. Further repeat of the experiment will 

clarify this situation. 

Assuming that there is not a decrease at 15 minutes, 

but instead the activation curve between 5 and 30 minutes is 
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well-shaped, it could be suggested that there was a strong 

activation of ERK ½ in the first 30 minutes of treatment. 

Afterwards, it was observed a slightly decrease and 

between 1 and 2 hours, the levels of ERK ½ 

phosphorylation decline to values below the control. From 

2 hours to 24 hours ERK½ was inhibited, reaching values 

of 50% of the control at 24 hours treatment. It is curious 

that CREB was activated for at least 16 hours, but ERK ½ 

seems to be activated just in the first 1 hour of (-

)epicatechin treatment. This fact highlights the role of Akt 

pathway in CREB activation. 

In what concerns to Akt phosphorylation, it is 

observed some variability around the control value until 2 

hours of treatment. For the 15 minutes treatment, it was 

identically observed a decline that is not expected according 

to previous results. Further experiments are needed to 

confirm if this trend is significant or not. From 2 hours 

treatment the behaviour seems clearer: an increase in Akt 

phosphorylation that reaches a maximum for 12-16 hours 

stimulation (approximately 130%). After 16 hours, it was 

observed a decline until 24 hours. The transient activation 

of Akt during the treatment with (-) epicatechin is clearly 

different from the one observed for ERK ½. While ERK 

pathway is immediately activated in the first 5 minutes 

treatment, Akt pathway is visibly phosphorylated later, 

revealing different response rates to (-) epicatechin. 

Together, this data demonstrates an involvement of 

both Akt and ERK pathways in mediating the transient 

neuronal response to (-) epicatechin.  
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Figure 3- Time courses for ERK ½ , Akt and CREB 

phosphorylation for 24 hours, showing an amplification in the 

first 2 hours. The phosphorylation level is evaluated 

normalizing the relative band intensity (phospho/total) 

according to the control (cells not treated with (-)epicatechin). 

Discussion 

ERK and Akt pathways contribute differently to early and 

late phases of CREB phosphorylation in response to (-) 

epicatechin  

 

Analysing the time course response of ERK, Akt and 

CREB  to (-) epicatechin (Figure 3), a robust and prolonged 

phosphorylation of CREB is evident: it was already 

phosphorylated 5 minutes after stimulation and it reached a 

maximum at 15 minutes; the overall phosphorylation was 

maintained for 12-16 hours. The ERK½. activity reached a 

maximum at 5 minutes, and continued to remain activate 

for 1-2 hours, following which it waned. In this early phase 

of CREB activation, the phosphorylation of Akt is not 

detected. Further, given that simultaneous blocking of ERK 

and Akt pathways completely abolished CREB 

phosphorylation, it is clear that these two signalling 

pathways are the only ones responsible for the activation of 

CREB by (-) epicatechin [7]. Therefore, together, this data 

suggests that ERK pathway is probably responsible for the 

early activation of CREB. 

Nevertheless, besides the inhibition of ERK½. from 2 

hours after stimulation, a sustained activation of CREB, for 

at least 12 hours, is observed. This fact can be indicative of 

the importance of Akt pathway in the late activation of 

CREB. Akt starts to be activated from 2 hours of 

stimulation and reaches its maximum at 12-16 hours, 

decreasing afterwards just as CREB does. 

Although further confirmation of this transient 

behaviour is necessary, this study indicates that CREB 

activation by (-)epicatechin may result from the 

convergence of a fast ERK½. phosphorylation, and a slow 

activation of Akt pathway. A similar description of CREB 

activation, through Calmodulin and ERK pathways, in 

response to membrane depolarization, has already been 

reported [40]. The activation of CREB in this study was 

performed by a fast, sensitive calmodulin kinase pathway 

and a slow, less sensitive MAPK pathway. It is possible that 

the neuronal response to (-) epicatechin follows a similar 

behaviour. 

Investigating the mechanism by which CREB is being 

activated by (-) epicatechin  

 

To confirm the different contributions of ERK and Akt 

pathways to CREB phosphorylation, we propose the future 

generation of time-courses when cortical neurons are 

treated with specific inhibitors of Akt and ERK pathways. 

Therefore, the use of an ERK pathway inhibitor, as for 

instance U0126 that inhibits MEK kinase, and the neuronal 

stimulation with (-) epicatechin for several time points will 

reveal the importance of ERK in the early and late phases 

of activation of CREB. If, as our results suggest, ERK only 

plays a significant role in the first 1-2 hours of CREB´s 

phosphorylation, the time courses will reveal a severe 

decrease in CREB activation during this period. On the 

other hand, for the later points, an identical transient 

behaviour is expected since Akt was not affected. 

Similarly, if Pi3k-Akt pathway was inhibited with, for 

example, the Pi3K inhibitor LY294002, the role of Akt in 

the overall time activation of CREB can be evaluated. 

Although the time-courses performed had revealed lower 

importance of Akt in the first 2 hours of stimulation, 

previous results showed a slight activation of Akt for the 

first 15 minutes [7]. The same study revealed that the 

inhibition of Pi3K-Akt pathway for 15 minutes stimulation 

revealed a decrease in CREB´s phosphorylation not as 

significant as the inhibition of ERK pathway at the same 

time point. This can be indicative of the lower importance 

of Akt signalling pathway to CREB in the early stages, but 

not of an exclusive contribution of Akt in the later points, as 

is suggested by our results. If, in fact, the influence of Akt 

increases progressively with time, it is expected that the 

removal of its contribution in the first time points produces 

only a small effect in CREB phosphorylation. However, in 
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the later time points Akt inhibition may ablate persistent 

CREB activation. The analysis of these results throw light 

on the kinetic contributions of the two distinct signalling 

pathways to CREB (Figure 4). 

The confirmation of the aforementioned transient 

behaviour is valuable in the investigation of the mechanism 

by which this regulatory network is operating. Furthermore, 

to establish the possibility of cross-talks between the two 

signalling pathways is indispensable in understanding the 

transient behaviour, as this could explain some of the 

observed trends. An inhibitory effect of Akt on ERK 

pathway through Raf 1 has been reported, that could be 

possibly observed  in the neuronal response to epicatechin 

[41] (Figure 4). Examining carefully the time-course trends 

of ERK and Akt, it is possible to verify that when Akt is 

being activated (from 2 hours of stimulation), ERK is being 

inhibited. It constitutes a possible cross-talk that can 

explain the inhibition of ERK after 2 hours of (-) 

epicatechin stimulation. In any case, this or other type of 

cross-talk, can be further investigated straightforward in the 

aforementioned experiments, involving the selective 

inhibition of each signalling pathway. If we evaluate the 

time-courses of Akt and ERK½. when one of the pathways 

is inhibited, it is possible to figure out the mutual effect in 

each pathway originated by the inhibition of the other one. 

All the trend´s changes in activation of one pathway 

originated by the inhibition of the other one is a valuable 

clue to figure out how the regulatory process is occurring in 

response to (-)epicatechin. 

 
Figure 4- Schematic proposal of the signalling response of 

neuronal cells to the flavonol epicatechin. 

 

As one of the main goals is to find out how (-) 

epicatechin is activating CREB, we propose a qualitative 

model comprising the different possibilities and 

highlighting the points that are not clear yet and that need 

further investigation (Figure 4). ERK½. is probably being 

activated by the usual way, through Ras→Raf 

→MEK→ERK, as the inhibition of MEK decreased CREB 

phosphorylation, indicating that the pathway is active [7]. 

However, it is not known if CREB is being directly 

activated by MSK1/2 or through p90RSK (Figure 

4).Therefore, it is worthy to verifyi if any of these kinases 

are being activated in response to (-) epicatechin to clarify 

the cellular response mechanism.  

On the other hand, Akt seems to be activated through 

PI3K. Once more, previous work showed that the disruption 

of the pathway by inhibiting PI3K resulted in a decreasing 

of CREB phosphorylation, indicating an involvement of 

this signalling pathway [7] (Figure 4). 

PI3K-Akt and ERK pathways could be activated by (-) 

epicatechin either at the cell surface or intracellular, 

although the ERK and PI3K dependence to CREB 

phosphorylation is reminiscent of ionotropic receptor 

signalling [42]. The activation of both pathways can be 

occurring through different receptors, or it is also possible 

that the signal is being transmitted to the interior of the cell 

through a common receptor. It is currently known that some 

receptors present in cortical neurons, as adenosine and 

GABA receptors or steroid-like receptors, can act as 

flavonoid binding sites [43, 44]. The apparent different 

kinetic contributions of Akt and ERK pathway could make 

us strongly consider the hypothesis that the extracelular 

signal is being transmitted through independent receptors. 

In this case, it could make sense the observed contrasting 

time-courses of ERK and Akt in response to (-) epicatechin. 

Possible Significance of convergence pathways for CREB 

phosphorylation 

 

Assuming that, as the present study suggests, the 

activation of ERK pathway is specifically effective in 

promoting a fast phase of CREB phosphorylation, while the 

activation of Akt pathway plays a more significant role on 

late phase of CREB phosphorylation, what would be the 

functionally advantageous of this kinetic combination? 

It is well known that CRE-mediated transcription is 

critically sensitive to the duration of CREB phosphorylation, 

so the interplay between different pathways can constitute a 

highly regulated control system, allowing a balance in 

favour of CREB-dependent gene expression [40]. The 

previous study carried out by Schroeter et al., [7] shows 

that the kinetics of CREB activation has a bearing on the 

profile of up-regulated genes detected in neurons stimulated 

with (-) epicatechin. Therefore, it is possible that the 

different type of kinetics observed in ERK and Akt 

signalling pathway, as well as the distinct role of each 

pathway in early and late phases of CREB phosphorylation, 

results in specific profiles of genetic expression. It will be 

interesting to select some CREB target genes, as BDNF, 

Zhfx1a, n4Ra2 and GluR1,2,4, and evaluate the expression 

of these genes over time. Additionally, it could be 

interesting to do an identical analysis when Akt and ERK 

pathways are inhibited selectively to evaluate if there is any 

effect in the genetic expression profile. 

  

The study of biological systems is always associated to 

an intrinsic unpredictability, as in this case, in part due to 

the variability that is inherent to a cell population. 

Therefore, it is not possible to draw strong conclusions 

based just on one set of experiments of this nature. 

Although these results could possibly give some clues about 

system behaviour, it is necessary to repeat it to confirm that 

what was observed is significant. Once we have several 

independent experiments revealing agreeing results, it 

might be possible to start to draw a mathematical approach 

to describe the transient behaviour. 

A first mathematical point of view 

The interpretation of our results based on biology is 

valuable as it permits to evaluate critically the quantitative 

data, distinguishing what we think that is a real trend from 

just an experimental inconsistency. Naturally, the biological 

interpretation highlights the behavioural aspects that 

possibly make sense according to a biological background. 

However, the crosstalk of this biological analysis with a 

PDK2

?

Nucleus

FASTSLOW

??

Cytoplasm

Ras

PI3K C-Raf

MEK1/2

ERK1/2

ERK1/2

MSK1/2

p90RSK

CREB

ERK1/2

ERK1/2p90RSK

PIP3

Akt

?

?

?

?

?



 9 

“blind” mathematical analysis might complement our 

interpretation of the data and provide new insights.  

Exploratory Data Analysis (EDA) is often the first step 

in a data analysis; it is very useful as a preliminary analysis 

to modelling processes. The main objective of using these 

exploratory methods is simply to look at and explore the 

data. Basically, this is about let the data talk without a 

priori models in mind, evidencing a general structure in 

data and detecting possible relationships between the 

variables [45]. 

In the present study, a simple analysis of the data 

generated, using these exploratory tools, was undertaken, 

with a view to combine this statistical/mathematical 

analysis with the previous biological interpretation. The 

exploratory data analysis was performed using the software 

SCAN 1.1 (Software for Chemometric Analysis), and both 

bivariable and multivariable methods were used. The 

analysis of the correlation and covariance matrix (bivariable 

methods) suggested a positive relationship between CREB 

and ERK, which is in agreement with the behaviour 

observed at the early stages of stimulation. It is expected 

that mathematically we are not detecting a strong 

relationship, since, from around 2 hours of stimulation, 

ERK suffers an inhibition while CREB activation persists. 

On the other hand, ERK and Akt are negatively correlated, 

but this correlation is less significant that the one observed 

for ERK and CREB. The additional covariance coefficient 

analysis suggests that do exist a negative relationship 

between these two variables, but it is probably non linear. 

Finally, is not detected any relationship between CREB and 

Akt (not shown). 

The additional Principal Component Analysis (PCA) 

confirmed the observations aforementioned. PCA is a 

multivariate method that allows the identification of 

patterns in data by representing the data in a different axes 

system composed by the two most important vector 

directions of the experimental data - first and second 

components – [46]. The graphical representation of the data 

in terms of the principal components is showed in Figure 5. 

The possible relationships between the different variables 

are detected by analyzing the angles between the 

corresponding vectors. Thus, when the angle is less than 90º, 

there is a direct relationship between the variables, and the 

smaller is the angle, the stronger is the relationship. If the 

two vectors are perpendicular (i.e. orthogonal), then there is 

no relationship. And for angles between 90-180º, there is an 

inverse relationship that is stronger when the angle is closer 

to 180º (Information provided by Software Scan Help). 

According to these considerations, it seems clear that there 

is a direct relationship between ERK and CREB. The 

inverse link between ERK and Akt is also obvious. In 

relation to CREB and AKT, we are observing a 90º angle 

between the respective vectors, indicating an absence of 

connection between these two variables. The PCA analysis 

confirmed the relationships already found in the bivariate 

analysis, giving us at the same time a window to visualize a 

structure in our data.  

The exploratory data analysis tools provided identical 

conclusions to those discussed earlier in a biological 

background, apart from the relationship between CREB and 

Akt, that is not detected mathematically. In fact, it is 

mathematically impossible to detect a positive link between 

these two variables. If we are detecting a positive 

relationship between CREB and ERK, and we assume that 

this relationship is valid, and, in addition, we are detecting a 

negative relationship between ERK and Akt, also valid, it is 

impossible to have a positive link between CREB and AKT. 

This fact is evident, when we analyze the vectors system in 

Principal Components Loading Plot (Figure 5). It is not 

mathematically possible to observe this third relationship. 

 

 
Figure 5- Principal Components Loading Plot (obtained with 

the software Scan). 

 

It is curious how the behaviour that seems to be 

possible biologically; it revealed impossible when we 

analyze it mathematically. In effect, we are observing these 

two relationships in different time windows, what explain 

this apparent paradigm. Once the statistical software 

considers the first two relationships stronger (in the total 

time window), it cannot consider the third one as well, since 

it will be mathematically inconsistent. This observation 

constitutes, in fact, a good clue to a future modelling 

approach: it could make sense to consider the modelling of 

these two time windows separately, as these regulatory 

processes are occurring at significantly different times. It is 

a sequential process that can be modelled in two distinct 

steps.  

Final considerations seeking a future modelling approach 

 

Considering a modelling approach based just in the 

time-courses of ERK½, Akt and CREB, we are missing 

several steps of the regulatory network. Consequently, it is 

not possible to use a mechanistic approach to describe 

mathematically the pathways involved; alternatively, a 

modelling approach assuming a black box can be proposed 

[47]: 

 

 
 

According to this approach, we are ignoring the 

mechanism by which the signal is transmitted from ERK½. 

and Akt to CREB. We are just able to identify and describe 

the mutual relative behaviour of these three variables. The 

kinetics can be described using ordinary differential 

equations [24] and the kinetic parameters estimated using 

appropriate algorithms [48, 49]. The construction and 

validation of the model has to be performed using 

independent experimental results. The selection of data for 

each purpose can be made using exploratory data analysis 

tools available in software Scan (used in this study).  

One of the main limitations in developing a 

mathematical model describing signalling systems, as this 

presented here, is the lack of quantitative reliable data. 

Immunoblotting experiments give just a semi-quantitative 

measurement of the amount of protein. Furthermore, the 

uncertainty associated to these measurements is significant, 

as there are several sources of error: blotting errors, 

pippeting errors originated by differences in cell number, 
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gel loading and antibody detection [50, 51]. A reliable 

mathematical model depends on the reliability of 

quantitative experimental data used to construct and 

validate the model. If it is not possible to generate the data 

accurately and convert it to absolute values, the validity of 

the model is compromised.  
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