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Abstract - Macrophages are a key component in the host 

innate response and are major contributors to the 

proinflammatory response against pathogens. One of the 

key players in the proinflammatory response is induced 

nitric oxide synthase (iNOS), an enzyme that provides the 

nitric oxide needed by phagocytic cells to create reactive 

nitrogen species, which are highly damaging to 

intracellular pathogens. To model the macrophage 

intracellular mechanism of iNOS gene expression, we use a 

systems biology approach to capture the dynamics of the 

iNOS gene expression system stimulated by bacterial 

lipopolysaccharide (LPS) and IFN-. Our simulation 

results agree with in vitro assays of iNOS gene expression 

and provide a platform for further investigating the 

potential impact of LPS and IFN- variations on 

macrophage effector function.  

 

I. INTRODUCTION 

 

Intracellular kinetic models provide an efficient 

and cost effective method to understand the temporal 

behavior of various gene expression systems in response 

to cell signaling molecules [1]. The macrophage 

proinflammatory response and consequential gene 

expression cascade, is a system that can be investigated 

using kinetic intracellular models. Schroder et al and 

MacMicking et al describe how the induced nitric oxide 

synthase (iNOS) enzyme plays a critical role in the 

primary proinflammatory response in macrophages 

upon pathogenic infection [2, 3]. Therefore, modeling 

the iNOS enzyme expression system can provide 

additional insight regarding the relationship between 

pathogen exposure and initiation of the macrophage 

effector response.  

Macrophages are phagocytic cells that are able 

to recognize a wide array of signaling molecules such as 

lipopolysaccharide (LPS) from pathogens, and 

cytokines such as interferon gamma (IFN-) and tumor 

necrosis factor alpha (TNF-The binding of these 

signaling factors activates various intracellular 

pathways leading to the expression of proinflammatory 

genes that can further induce chemokine/cytokine 

expression or production of reactive oxygen species that 

directly antagonize intracellular pathogens. The latter 

response is carried out by either NADPH oxidase that 

generates superoxide anions or by the synergistic effect 

of iNOS that, together with NADPH oxidase, generates 

reactive nitrogen species, ultimately having a more 

profound effect on intracellular pathogens [4, 5].  

In the case of iNOS expression, LPS, together 

with IFN- are the key signaling molecules that induce 

iNOS expression within macrophages through a 

synergistic mechanism. Utilizing the TLR4 and CD14 

membrane receptors, LPS activates the MAP kinase 

pathway that proceeds to activate NF-kB, a prominent 

transcription factor that is normally repressed in the 

cytosol by the protein, IkB. MAP kinase pathway 

impacts various cellular regulatory mechanisms and is 

comprised of three sub-pathways, namely, extra-cellular 

receptor kinase (ERK), p38, and Jun N-terminal kinase 

(JNK). Recently, it has been shown that LPS activation 

within macrophages activates the JNK-MAPK sub-

pathway ultimately leading to the expression of 

activator protein 1 (AP1) and NF-kB: two of the four 

transcription factors required for iNOS gene 

transcription [2, 6, 7].  

IFN- similarly contributes to iNOS gene 

expression but through an alternative pathway. The 

cytokine activates the Janus-kinase pathway leading to 

the cytosolic STAT1 protein phosphorylation and 

dimerization (JakStat pathway). The phosphorylated 

STAT1 dimers translocate to the nucleus and act as 

transcription factors for both the iNOS gene and the 

interferon regulatory factor-1 (IRF-1), another key 

transcription factor for the iNOS gene.  Ultimately, the 

iNOS gene expression system requires a combination of 

the four transcription factors expressed by the MAPK 

and the JakStat pathways [3, 8].  

To model the complexity of the macrophage 

intracellular response to bacterial LPS and IFN- and 

their effect on iNOS gene expression, we developed a 

kinetic model that includes a comprehensive system of 

intermediate signaling molecules, forward and reverse 

reactions, and negative feedback inhibitory proteins that 

modulate the production of iNOS. Although there exists 

a previously published individual kinetic models of both 

the JakStat and MAPK pathways, we have formulated a 

model that takes into account the synergistic role of 

both pathways in the induction of iNOS [8, 9]. 

Moreover, the results obtained from our model are 

compared against experimental studies of iNOS gene 

expression in male Lewis rats treated with LPS [10]. 
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Our model, therefore, has the potential to predict the 

effects various levels of activating molecules have on 

the dynamics iNOS gene expression, which can provide 

insight regarding potential targets for 

immunomodulatory therapies.  

 

II. METHODS 

 

To mathematically model the iNOS gene expression 

system, we developed a system of ordinary differential 

equations composed of kinetic rate equations, which 

were solved numerically using the MatLab ODE15s 

solver. Parameters for the model such as initial values 

and kinetic rate constants were obtained from both 

kinetic databases (i.e. BRENDA) and published 

experimental results [11-13]. Furthermore, a few 

assumptions were made to capture the in vivo 

intracellular mechanism such as defining the kinetic 

platform relative to each enzymatic or signal 

transduction step (using Michaelis Menton kinetics vs. 

mass action) or in calculating the nuclear to cytoplasmic 

volume ratio needed for compartmentalization within 

the intracellular model.  

To qualitatively understand which kinetic 

platform would work best, we first divided the model 

into three individual functions that captured the LPS, 

IFN-, and gene expression mechanisms separately. 

Yamada et al previously modeled IFN- stimulation of 

the JakStat pathway and therefore, our model included 

the same parameter values and equations as the Yamada 

model and our results were consistent. LPS however 

was modeled in two stages: (1) membrane activation 

and (2) MAPK signal transduction to IkB degradation. 

Membrane activation was modeled using a rapid 

equilibrium assumption because the concentration of 

LPS greatly exceeded that of the LPS binding protein 

(LBP). After solving for the reaction rate that included 

the binding of LPS to TLR4 receptor with or without 

CD14, the following equation was derived:  
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α = LPS;  β = CD14;  γ = TLR4-MD2 membrane complex 

Kα = dissociation constant of LPS to LBP: 

Kβ = dissociation constant of CD14 to LPS_LBP  
Kγ = dissociation constant of CD14_LPS_LBP binding to   TLR4-

MD2 

 

We assumed LBP as the activating protein to derive 

equation (1). In addition, the first term in the numerator 

of equation 1 highlights the additive effect of CD14 

with a higher maximum velocity rate of binding to the 

TLR4-MD2 receptor once bound to LBP-LPS.  

 Although the remaining MAPK signal 

transduction pathway was composed of kinases and 

protein phosphatases, Michaelis Menton kinetics or 

rapid equilibrium kinetic assumptions were not used as 

the substrate concentration did not significantly exceed 

the enzyme concentration. Consequently we used mass 

action kinetics to formulate the remaining pathway 

model.  

 Gene expression was modeled similar to the 

activated membrane receptor using the rapid 

equilibrium assumption. Of the four transcriptions 

factors expressed, only IRF1, NF-kB, and AP1 are 

required for the initial activation of transcription 

whereas the phosphorylated STAT1 dimers provide an 

additive effect.  Furthermore, the iNOS gene promoter 

contains two AP1 sites and two NF-kB sites. Therefore, 

Equation 2 captures the full dynamics of iNOS gene 

expression, incorporating the compounding effect in the 

second AP1 and NF-kB term.  
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w = NF-kB;  x = AP1;  y = IRF1;  z = STAT1dimer-P 
K1 = cumulative dissociation constant of NF-kB, AP1, and IRF1   

K2 = cumulative dissociation constant of all four factors  

 

III. RESULTS 

 

We implemented our iNOS gene expression model in 

MatLab and solved using the ODE15s solver. The 

model was simulated for 14000 seconds to capture the 

steady state. We then compared our simulated results of 

iNOS nuclear mRNA expression to experimental results 

and as Figure 1 shows, the behavior of our model is 

comparable to empirical observations [10]. Although 

the experimental graph was measured in units of 

femtomoles/gram and our model in nano-Molar, the 

actual values when converted to similar units prove to 

be quite similar (data not shown).  

 

                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                            
Figure 1:  iNOS mRNA expression. Simulated iNOS mRNA 
expression (Blue), modeled using MatLab using parameters extracted 

from literature and kinetic databases, is plotted against experimental 

iNOS mRNA expression (green). Simulated expression results are 
inclusive of LPS and IFN-γ stimulation whereas experimental is 

inclusive of only LPS stimulation.  
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Although the time to reach maximum mRNA 

expression in the experimental results takes 

approximately one and half hours longer, only LPS 

stimulation is used in the in vitro model.  Our model 

represents stimulation by both IFN-and LPS, which 

may contribute to the gene expression in our model 

reaching a maximum value faster as a result of higher 

cumulative activator concentration. The steep decline in 

iNOS mRNA production is likely a result of IFN- and 

LPS depletion. The observed behavior of our model 

appears consistent with in vivo macrophage 

inflammatory response, namely the increased 

production of effector molecules in the presence of 

cytokines produced by multiple innate and adaptive 

immune cells such as natural killer cells and T-cells 

respectively [14].  

 

IV. CONCLUSION 

 

We developed a kinetic model to simulate iNOS gene 

expression patterns in murine macrophages. Although 

our results displayed similar behavior as in vitro results, 

our model exhibited a faster response time and reached 

maximum gene expression earlier than the in vitro 

system. Future work will leverage empirical data from 

in vitro studies conducted by our lab to obtain optimized 

parameter values that will correlate to an in vitro and 

ultimately in vivo response mechanism for the model.  

 Our current model provides a theoretical in 

silico platform to explore the effect of LPS and IFN- 

on iNOS gene expression. As an example, initial studies 

indicate that variations in the concentrations of either 

LPS or IFN- showed positive correlation with 

simulated gene expression patterns. In addition, our 

model can be expanded to explore the impact of gene 

deletions or inhibitory molecules on the dynamics of 

iNOS expression.  Results from these simulations can 

provide insight for targeted drug therapies as well as 

insight into potentially adverse side of effects of 

immunosuppressive therapy.  

 

REFERENCES 
1. Klipp E, Liebermeister W, Wierling C, Kowald A, Lehrach H, 

Herwig R. Systems biology. Federal Republic of Germany: Wiley-

VCH; 2009. 
2. MacMicking J, Xie Q, Nathan C. Nitric oxide and macrophage 

function. Annual Review: Immunology. 1997;15:323,323-350. 

3. Schroder K, Hertzog PJ, Ravasi T, Hume DA. Interferon-
gamma: An overview of signals, mechanisms and functions. J 

Leukoc Biol. 2004 Feb;75(2):163-89. 

4. DeLeo FR, Allen L-H, Apicella M, Nauseef WM. NADPH 
oxidase activation and assembly during phagocytosis. J Immunol. 

1999;163(12):6732-40. 

5. Forman HJ, Torres M. Redox signaling in macrophages. Mol 
Aspects Med. 2001 Aug-Oct;22(4-5):189-216. 

6. Procyk KJ, Rippo MR, Testi R, Hofmann F, Parker PJ, 

Baccarini M. Lipopolysaccharide induces jun N-terminal kinase 
activation in macrophages by a novel Cdc42/rac-independent 

pathway involving sequential activation of protein kinase C zeta 

and phosphatidylcholine-dependent phospholipase C. Blood. 2000 

Oct 1;96(7):2592-8. 

7. Chan ED, Riches DW. IFN-gamma + LPS induction of iNOS is 

modulated by ERK, JNK/SAPK, and p38(mapk) in a mouse 

macrophage cell line. Am J Physiol Cell Physiol. 2001 
Mar;280(3):C441-50. 

8. Yamada S, Shiono S, Joo A, Yoshimura A. Control mechanism 

of JAK/STAT signal transduction pathway. FEBS Lett. 2003 Jan 
16;534(1-3):190-6. 

9. Rao KMK. MAP kinase activation in macrophages. J Leukocyte 

Biol. 2001;69(1):3-10. 
10. Sukumaran S, Lepist EI, DuBois DC, Almon RR, Jusko WJ. 

Pharmacokinetic/pharmacodynamic modeling of 

methylprednisolone effects on iNOS mRNA expression and nitric 
oxide during LPS-induced inflammation in rats. Pharm Res. 2012 

Aug;29(8):2060-9. 

11. Gao B, Radaeva S, Park O. Liver natural killer and natural 
killer T cells: Immunobiology and emerging roles in liver diseases. 

J Leukoc Biol. 2009 Sep;86(3):513-28. 

  

 

1161


