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Abstract 

In this paper a well defined method for the design of JNK pathway for epidermal growth factor/ insulin using 

fuzzy system using operational transconductance amplifier was discussed. Fuzzy system includes fuzzification 

of the input variables, application of the fuzzy operator (AND or OR) in the antecedent, implication from the 

antecedent to the consequent, aggregation of the consequents across the rules, and defuzzfication. Fuzzy 

system with various electrical parameters for different voltages of OTA with different membership function 

was found. Results with 3V were the best. 

 

Keywords epidermal growth factor (EGF)/ insulin; Jun N-terminal kinases (JNK); operational 

transconductance amplifier; fuzzy system; electrical parameters. 

 

 

 

 

 

 

 

 

1 Introduction 

Cell signaling pathways interact with one another to form networks. Such networks are complex in their 

organization and exhibit emergent properties such as bistability and ultra sensitivity. Analysis of signaling 

networks requires a combination of experimental and theoretical approaches including the development and 

analysis of models (Kevin et al., 2005; Gaudet et al., 2005; Weiss, 2001). 

Bioelectronics encompasses a range of topics at the interface of biology and electronics. One aspect of the 

application of electronics in biology, medicine, and security includes both detection and characterization of 

biological materials, such as on the cellular and sub cellular level. Another aspect of bioelectronics is using 

biological systems in electronic applications (e.g., processing novel electronic components from DNA, nerves, 

or cells). Bioelectronics also focuses on physically interfacing electronic devices with biological systems (e.g., 

brain-machine, cell-electrode, or protein-electrode). Applications in this area include assistive technologies for 

individuals with brain-related disease or injury, such as paralysis, artificial retinas, and new technologies for 
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protein structure-function measurements. Fig. 1 shows the comparison of electronics and biological elements. 

 

     

Fig. 1 Comparison of electronics and biological elements. 

 

The decision between cell survival/ cell death is well regulated by three input signals : TNF, EGF and 

insulin. These factors in single or in combination activate various key players in the network pertaining to cell 

survival/ cell death. The epidermal growth factor (EGF) and EGF receptor (EGFR) were among the first 

growth factor ligand-receptor pairs discovered (Jain, 2012; Ullrich, 1990). Subsequently, EGFR was found to 

be a member of a receptor tyrosine kinase (RTK) family, the human epidermal growth factor receptor (HER) 

family (Arteaga, 2003; Jain et al., 2011). Each Insulin/Glucose Phospho-Antibody Array includes 85 highly 

specific and well-characterized phosphorylation antibodies in the Insulin/Glucose pathway. The epidermal 

growth factor receptor (EGFR) family plays an important role in cell lineage determination, the morphogenesis 

of many organs and in cell survival in the adult. Moreover, activating mutants and over-expression of these 

family members contribute to oncogenesis by inducing cells to proliferate and to resist cell death. Subsequent 

phosphorylation of the HER-kinase itself and/or other proteins, which then pass on to various signaling 

cascades (e.g., phosphoinositide 3-kinase (PI3K)/Akt mitogen-activated protein kinase (MAPK) pathways and, 

JAK/ STAT pathway), can lead to different cellular events such as growth, migration, and division. Insulin 

receptor substrate 1 (IRS-1) plays important biological function for both metabolic and mitogenic (growth 

promoting) pathways: mice deficent of IRS1 have only a mild diabetic phenotype, but a pronounced growth 

impairment, i.e. IRS-1 plays a key role in transmitting signals from the insulin and insulin-like growth factor-1 

(IGF-1) receptors to intracellular pathways PI3K / Akt and Erk MAP kinase pathways. 

MAP kinases are actually a family of protein kinases that are widely distributed and are found in all 

eukaryotic organisms. These can be classified into three main functional groups (Jain et al., 2010; Jain, 2014a, 

b, c). The first is mediated by mitogenic and differentiation signals i.e., extracellular signal regulated kinase 

(ERK) pathway, other respond to stress and inflammatory cytokines i.e., Jun N-terminal kinases (JNK)/ stress 

activation protein kinase (SAPK) pathway and the third pathway is p38/HOG pathway HOG stands for high 
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osmolarity glycerol where the p38 proteins are a subfamily. Each of these pathways led to the dual 

phosphorylation of MAP kinase family members responsible for activation of transcription factors.  

This paper presents the implementation of JNK pathway using fuzzy system using operational 

transconductance amplifier (OTA) with different voltages. There are five parts of the fuzzy system (Jain, 2014a, 

b, c). Fuzzification of the input variables, application of the fuzzy operator (AND or OR) in the antecedent, 

implication from the antecedent to the consequent, aggregation of the consequents across the rules, and 

defuzzfication. 

    Operational Transconductance Amplifier (OTA) is a voltage controlled current source (VCCS) (Jain, 

2014a, b, c). The input stage will be a CMOS differential amplifier. Since the output resistance of the 

differential amplifier is reasonably high. If both higher output resistance and more gain are required, then the 

second stage could be a cascade with a cascade load. The output is current; to convert current to voltage we 

can use current mirror circuit is used at the output side of VCCS circuit. Current mirror circuit increases the 

gain of the circuit. 

This paper presents the electrical parameters i.e. differential input resistance, output resistance, large 

signal voltage gain (20 log10 Vo/Vid in dB), common mode rejection ratio (CMRR) (20 log(Ad / Acm) in dB), 

slew rate (SR) (max (dVo / dt ) in V/µsec). For simulation and calculation of parameters I have used SPICE 

software (Rashid, 2009).  

 

2 Signaling Pathway of Egf/ Insulin 

Epidermal growth factor (EGF) / Insulin is a growth factor that plays an important role in the regulation of cell 

growth, proliferation, and differentiation. It also increases cancer risk. EGF acts by binding with high affinity 

to epidermal growth factor receptor (EGFR) on the cell surface and stimulating the intrinsic protein-tyrosine 

kinase activity of the receptor (see the second diagram). The tyrosine kinase activity, in turn, initiates a signal 

transduction cascade that results in a variety of biochemical changes within the cell - a rise in intracellular 

calcium levels, increased glycolysis and protein synthesis, and increases in the expression of certain genes 

including the gene for EGFR / IRS-1 that ultimately lead to DNA synthesis and cell proliferation (Jain, 2012; 

Jain, 2014a, b, c). 

Upon ligand-binding receptors homo-dimerise or hetero-dimerise triggering tyrosine trans- 

phosphorylation of the receptor sub-units. These tyrosine phosphorylated sites allow proteins to bind through 

their Src homology 2 (SH2) domains leading to the activation of downstream signaling cascades including the 

RAS/extracellular signal regulated kinase (ERK) pathway, the phosphatidylinositol 3 kinase (PI3K) pathway 

and the activator of transcription (JAK/ STAT) pathway. Differences in the C-terminal domains of the ErbB 

receptors govern the exact second messenger cascades that are elicited conferring signaling specificity. The 

EGF signal is terminated primarily through endocytosis of the receptor-ligand complex. The contents of the 

endosomes are then either degraded or recycled to the cell surface. A number of signal transduction pathways 

branch out from the receptor signaling complex as shown in Fig. 2. 

The most widely studied MAP kinase cascade is the JNK/SAPK (c-Jun NH2-terminal kinase/stress 

activated protein kinase). The c-Jun kinase (JNK) is activated when cells are exposed to ultraviolet (UV) 

radiation, heat shock, or inflammatory cytokines. However, the functional consequence of JNK activation in 

UV-irradiated cells has not been established. The absence of JNK caused a defect in the mitochondrial death 

signaling pathway, including the failure to release cytochrome c (Jain, 2012). 

 

3 Methodology 

Our aim is to design and implementation of fuzzy system using Operational transconductance amplifier (OTA) 
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different types but in this paper I have used mamdani implication style. Electronically rules are used as 

 

 IF SOS is RAF (1V) AND JNK is not lying (2V) THEN state of cell is no function (3V). 

 IF SOS is RAL (2V) AND JNK is present (3V) THEN state of cell is survival (1V). 

 IF SOS is RAL (2V) AND JNK is absent (1V) THEN state of cell is death (2V). 

 

Similarly we can make different rules. I have implemented only three rules electronically and, get their 

output. Fourth step is to aggregate (add) the every output after implication process and then final step is to 

defuzzify it. In this paper I have used Maximum defuzzification techniques. 

Fig. 3 shows the output after every step. V(32), V(62) and V(89) are the output after mamdani implication 

process, V(36) is output after aggregating all the rules which we are getting after implication process. V(65) is 

the final output i.e defuzzified output.  

 

 

 
Fig. 3 Final output of Fuzzy System using 6V. 

 

 

Let’s vary the OTA voltages from 3V to 6V. Aspect ratio (W/L) is calculated for every voltage value 

shown in Table 1.  

 

 

Table 1 Different values of W/L for different OTA voltages. 

OTA voltage  6V 5V 4V 3V 

(W/L)1 = (W/L)2 41.42 18.4 27.6 20.7 

(W/L)3 = (W/L)4 0.125 0.22 0.75 4 

(W/L)5 = (W/L)6 0.247 0.16 0.232 0.291 

(W/L)7 = (W/L)8 0.518 0.336 0.48 0.611 

ID (µA) 50 50 75 100 
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Fig. 4, Fig. 5 and Fig. 6, shows the fuzzy system using different voltages of OTA i.e. 5V, 4V and 3V 

respectively. The output after every step i.e. V(32), V(62) and V(89) are the output after mamdani implication 

process, V(36) is output after aggregating all the rules which we are getting after implication process. V(65) is 

the final output, i.e., defuzzified output.  

 

 

 

 

Fig. 4 Final output of fuzzy system using 5V. 

 

 

   

Fig. 5 Final output of fuzzy system using 4V. 
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Fig. 6 Final output of fuzzy system using 3V. 

 

Consider the different membership functions as input. Table 2 (includes only S and Z membership 

function) and Table 3 (S, Z, triangular and trapezoidal membership function) show the comparison of electrical 

parameters of balanced OTA. Results using 3V and all membership functions are the best. In this I have 

considered all (S, Z, triangular and trapezoidal membership function) membership functions for various 

linguistic variables instead of only one or two. 

 

 
Table 2 Comparison of the electrical parameters of fuzzy system using signoidal (S) and anti-sigmoidal (Z) membership function 
only. 

  

Balanced OTA 

using S and Z 

Membership 

functions  

(6V) 

 

Balanced OTA 

using S and Z 

Membership 

functions  

(5V) 

 

Balanced 

OTA using S 

and Z 

Membership 

functions  

(4V) 

Balanced OTA 

using S and Z 

Membership 

functions (3V) 

 

 

Voltage gain (dB) 42.325 51.77 53.095 61.49 

Input resistance (KΩ) 45 46 47.5 55 

Output resistance (KΩ) 66.6 196 199 195 

CMRR (dB) 18.02 20.47 23.65 27.60 

Slew Rate (V/µ sec) 0.5 0.4 0.45 0.6 

Power dissipation (mW) 0.217 2.18 3 3.26 
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Table 3 Comparison of the electrical parameters of fuzzy system using any S, Z, triangular and trapezoidal membership function. 

OTA using S, Z, 

triangular and 

trapezoidal 

Membership 

functions  

(6V) 

OTA using S, 

Z,  

triangular 

and 

trapezoidal 

Membership 

functions 

(5V) 

OTA using S, Z, 

triangular and 

trapezoidal 

Membership 

functions 

(4V) 

OTA using S, Z, 

triangular and 

trapezoidal 

Membership 

functions 

 (3V) 

Voltage gain (dB) 219.38 514.77 534.095 615.49 

Input resistance (KΩ) 61.4 46 47.5 55 

Output resistance (KΩ) 66.67 196 199 195 

CMRR (dB) 95.98 20.47 23.65 27.60 

Slew Rate (V/µ sec) 0.5 0.4 0.45 0.6 

Power dissipation (mW) 0.282 2.18 3 3.26 

 

 

The OTA is a current source, and the output impedance of the device is high, in contrast to the op-amp’s 

very low output impedance. To increase the speed of the system, CMRR should be high. In our calculations 

CMRR is very high.  

 

4 Conclusion  

The paper gives the designing of the JNK pathway of EGF/ insulin using fuzzy system using OTA. I have 

successfully designed and implemented all the steps of fuzzy system i.e. fuzzification, rule composition, 

implication, aggregation and defuzzification process for various rules. I have also calculated its various 

parameters like slew rate, CMRR, power dissipation, gain, input resistance and output resistance using S and Z 

membership function as one and all membership functions as second with different voltages of OTA. The 

results with 3V of OTA and different membership functions are the best.  

 

 

Abbreviations 

ASK1, Apoptosis signal-regulating kinase 1; CMRR, Common mode rejection ratio; EGF, epidermal growth 

factor; EGFR, epidermal growth factor receptor; ERK, extracellular-regulated kinase; Grb2, growth factor 

receptor-bound 2;  IGF, insulin-like growth factor; IκB, I Kappa B (nuclear factor of kappa light polypeptide 

gene enhancer in B-cells inhibitor); IKK, IκB kinase; IR, insulin receptor; IRS1, insulin receptor substrate 1; 

JNK1, c-jun NH2 terminal kinase 1; MAP kinases, mitogen-activated protein kinases; MEK, mitogen-activated 

protein kinase and extracellular-regulated kinase kinase; MK2, mitogen-activated protein kinase-activated 

protein kinase 2; NF-κB, nuclear factor-κB; OTA, Operational Transconductance amplifier; PLADD, 

pre-ligand assembly domain; PI3K, phosphatidylinositol 3-kinase; p38, P38 mitogen-activated protein kinases; 

SAPK/JNK , Stress-activated protein kinase/Jun-amino-terminal kinase; SH2, Src homolgy 2; SOS, Son of 

Sevenless. 
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