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Foteinou PT, Calvano SE, Lowry SF, Androulakis IP. Multi-
scale model for the assessment of autonomic dysfunction in human
endotoxemia. Physiol Genomics 42: 5–19, 2010. First published
March 16, 2010; doi:10.1152/physiolgenomics.00184.2009.—Severe
injury and infection are associated with autonomic dysfunction. The
realization that a dysregulation in autonomic function may predispose
a host to excessive inflammatory processes has renewed interest in
understanding the role of central nervous system (CNS) in modulating
systemic inflammatory processes. Assessment of heart rate variability
(HRV) has been used to evaluate systemic abnormalities and as a
predictor of the severity of illness. Dissecting the relevance of neu-
roimmunomodulation in controlling inflammatory processes requires
an understanding of the multiscale interplay between CNS and the
immune response. A vital enabler in that respect is the development of
a systems-based approach that integrates data across multiple scales,
and models the emerging host response as the outcome of interactions
of critical modules. Thus, a multiscale model of human endotoxemia,
as a prototype model of systemic inflammation in humans, is proposed
that integrates processes across the host from the cellular to the
systemic host response level. At the cellular level interacting compo-
nents are associated with elementary signaling pathways that propa-
gate extracellular signals to the transcriptional response level. Further,
essential modules associated with the neuroendocrine immune
crosstalk are considered. Finally, at the systemic level, phenotypic
expressions such as HRV are incorporated to assess systemic decom-
plexification indicative of the severity of the host response. Thus, the
proposed work intends to associate acquired endocrine dysfunction
with diminished HRV as a critical enabler for clarifying how cellular
inflammatory processes and neural-based pathways mediate the links
between patterns of autonomic control (HRV) and clinical outcomes.
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INFLAMMATION IS A COMPLEX, multiscale physiological response
of an organism to biological stressors that is required for
immune surveillance and regeneration after injury (16). The
major steps in an inflammatory cascade are initiation of the
reaction, progression, and termination followed by resolution
of inflammation. Under normal circumstances, the end point of
inflammation is a favorable outcome. However, when anti-
inflammatory processes fail, inflammation becomes prolonged
and can lead to uncontrolled systemic inflammation, which, in
turn, can eventuate in various disease conditions or aggravate
an already existing disease process (43). It is, therefore, a

dysregulation of the resolution of inflammation that, in many
cases, causes detrimental effects for the host.

Physiological mechanisms regulating the inflammatory re-
sponse involve not only the local release of anti-inflammatory
cytokines but also hormonal influences (25). Recent studies
indicate that the central nervous system (CNS) is a pivotal
regulator of the immune response (12). A primary stress
response pathway by which the CNS regulates the immune
system is the hypothalamic-pituitary adrenal axis (HPA),
through the production of glucocorticoids and other immuno-
modulatory signals. Furthermore, the autonomic nervous sys-
tem communicates with the immune system through the release
of neurotransmitters from sympathetic (SNS) and parasympa-
thetic nerves (PNS) that monitor and regulate inflammation
(70). These functions are integrated through a network of
complex interactions between the immune, neuroendocrine,
and autonomic systems. The integrity of this circuitry is essen-
tial for maintaining physiological homeostasis and therefore
disruption of these functions may have untoward effects (65).

A characteristic feature of deterioration in the physiological
status of the host is the evolved state of diminished signal
variability among organ systems including the innate immune
responsiveness and CNS (48). Clinical measures of heart rate
variability (HRV) are noninvasive assessments that may reflect
real-time alterations of physiological status (57). As a potential
surrogate marker for systemic decomplexification, diminished
HRV has received increasing attention in critical illness (79). It
has been hypothesized that a reduction in HRV suggests an
increased isolation of the heart from other organs (63). The
hypothesis, originally introduced by Godin and Buchman (33),
suggests that healthy organs behave like biological oscillators
coupled to one another. Thus, reduced HRV reflects systemic-
level loss of high level signal variability and is associated with a
less “healthy” state not only in patients with cardiovascular
diseases but also in other critically ill conditions that involve
injury, severe infection, and sepsis (13, 54–57).

Diminished HRV is also induced by the acute systemic inflam-
matory condition mediated by endotoxin administration, a major
component of the gram-negative bacteria outer membrane, to
healthy subjects (2). In vivo human endotoxin challenge is an
accepted surrogate model for studying the acute inflammatory
response as it captures many of the clinically observed features of
the initial systemic inflammatory phenotype (15, 28, 47, 69, 81).
Endotoxin challenge evokes both significant dynamic transcrip-
tional changes as well as hemodynamic and neuroendocrine
responses that have been well described (22, 47).
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Although considerable progress has been made in elucidat-
ing many of the components of inflammation and their regu-
lation, most hypotheses related to the management and treat-
ment of severe human inflammation have failed rigorous clin-
ical testing (48). Even the improved capacity to acquire
quantitative data in a clinical setting has generally failed to
improve outcomes in acutely ill patients. It has been argued
that this difficulty is related to the challenge of manipulating
biocomplex internal regulatory systems when they are as ubiq-
uitous as inflammation (19). There is an increasing recognition
that progress in treating these processes requires a greater
understanding of the multiscalar organization of biological
systems and integrative initiatives are identified as valuable for
the effective characterization of a complex system (75). It is
believed that a systems-oriented mathematical modeling ap-
proach can yield significant insights into how the macroscopic
response (phenotype) of a system emerges as the result of
propagating information, in the form of disturbances, across an
intricate web of interacting modules (3, 4, 32, 76).

In this study, a multiscale model of human endotoxemia, as
a prototype model of systemic inflammation in humans, is
developed that integrates regulatory processes across the host
from the cellular to the systemic level and subsequently models
the emerging host response as the outcome of interactions of
critical modules. Based on our prior work, a cellular level
physicochemical host response model is used as template for
connecting extracellular signals and intracellular signaling cas-
cades eventually leading to the emergent transcriptional dy-
namics (29–31). Driven by the premise that a characteristically
enhanced endocrine hormone profile is elicited during the
early-phase response to endotoxin injury, essential modules
associated with the bidirectional communication between the
immune response and the neuroendocrine axis (HPA, SNS) are
considered. Accordingly, of particular relevance of this study
are human data associated with plasma concentrations of neu-
roendocrine hormones including cortisol and catecholamines.
Furthermore, clinical measurements of HRV are also incorpo-
rated to assess systemic abnormalities and decomplexification
manifested by diminished physiological variability.

The proposed multilevel human inflammation model is char-
acterized by the dynamic state of 24 coupled ordinary differ-
ential equations, and its validity is evaluated through a series of
inflammatory relevant scenarios indicative of the complex
dynamics of acute inflammatory responses and involve: 1) a
self-limited inflammatory response elicited by low-dose endo-
toxin corresponding to successful inflammatory resolution
within 24 h after the administration of the inflammatory stim-
ulus (endotoxin, LPS), 2) an unconstrained inflammatory re-
sponse that can be elicited under high concentrations of LPS
characterized by a proinflammatory cytokine “storm” that con-
tributes to derangements in neuroendocrine and autonomic
activity, and finally 3) two scenarios associated with the
implications of acute stress hormone infusion (cortisol, cate-
cholamine excess) under conditions of either low or high
infectious challenge. Under conditions of low-dose endotoxin,
the acute pre-exposure of the host to either cortisol or cat-
echolamines, e.g., 6 or 3 h before the main endotoxin chal-
lenge, respectively, modulates cytokine responses but does not
change the overall host adaptability as quantified by HRV (2,
40). Furthermore, under conditions of severe injury, which is
simulated as high concentration of the inflammatory stimulus

(endotoxin), antecedent periods of stress hormone infusion
attenuate aberrant proinflammatory responses that mitigate the
subsequent amplified inflammatory response. Such attenuation
suggests that the rates of the response may be well tuned in
response to the anti-inflammatory influence of stress hormone
background upon the systemic inflammatory manifestations of
acute illnesses. Thus, a fundamental assumption of our model
is the existence of two steady states that, depending on the
anti-inflammatory “reservoir” of the host, can represent either
“recovery/self-limited” or “uncontrolled/sustained inflamma-
tion” that might account for the transient clinical phenotype of
severely stressed patients. Taken together, the appropriateness
of the assumptions invoked in the development of this model is
evaluated through its ability to enable such “predictions,” making
it a crucial enabler for improving our understanding of how
interacting inflammatory responses and neural-based mechanisms
influence the ability of the host to regulate inflammation.

It is the goal of this study to demonstrate the feasibility of a
relevant human inflammation model that bridges the initiating
signal and phenotypic expressions (HRV) through semimecha-
nistic-based host response models that include transcriptional
dynamics, signaling cascades, and hormonal components that
should not be viewed as distinct functional domains. Such a
modeling approach could potentially provide invaluable in-
sights into how disruption within these compartments contrib-
utes to morbidity and mortality in severely stressed patients.

MATERIALS AND METHODS

Human Endotoxin Model and Data Collection

Gene expression data used in this study were generated as part of
the Inflammation and Host Response to Injury Large Scale Collabo-
rative Project funded by the United States Public Health Service U54
GM-621119 (20). Human subjects were injected intravenously with
endotoxin (CC-RE, lot 2) at a dose of 2 ng/kg body weight (endotoxin-
treated subjects) or 0.9% sodium chloride (placebo-treated subjects).
Following lysis of erythrocytes and isolation of total RNA from leuko-
cyte pellets, (15), biotin-labeled cRNA was hybridized to the Hu133A
and Hu133B arrays containing a total of 44,924 probes for measuring the
expression level of genes that can be either activated or repressed in
response to endotoxin. A set of 5,093 probe sets was characterized by
significant variation (corresponding to 0.1% false discovery rate) across
the time course of the experiment using the SAM software (67). The data
are publicly available through the GEO Omnibus Database (http://
www.ncbi.nlm.nih.gov/geo/) under the accession number GSE3284.

In addition to transcriptional profiling analysis, blood samples were
also collected and analyzed to determine the plasma concentration of
counterregulatory hormones including cortisol and epinephrine (2, 7).
Specifically, cortisol levels were measured at 0, 0.5, 1, 1.5, 2, 3, 4, 6, and
24 h in relation to endotoxin administration (2), while the study period for
epinephrine levels was 0, 2, 4 and 6 h after endotoxin administration (7).
Furthermore, human volunteers were injected with the same amount of
LPS while vital signs, including HRV indexes, were recorded (2). There
are two basic approaches to quantifying HRV, namely time-domain
methods and frequency-domain (spectral) analyses (10).

In time-domain analysis, the heart rate at any time is determined
from the time interval between successive respiration peaks in the
QRS complexes (resulting from sinus node depolarization) of ECG
(RR intervals). From the distribution of RR intervals, statistical
measures of variance such as standard deviation of the time interval
between consecutive respiration peaks and the root-mean square of
the difference between adjacent RR intervals are determined. The root
mean square of the successive beat differences is the recommended
estimate of short-term variability, while the standard deviation of
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normal interbeat intervals (SDNN) is for assessing longer-term variability
(10). In addition to this, other time-domain measures that quantify the
physiological complexity between organ systems include multiscale en-
tropy (MSE) (23). However, SDNN and MSE both quantify the com-
plexity of interactions between organ systems and generate equivalent
results when predicting mortality in intensive care unit (58).

Analysis of HRV in the frequency domain requires more complex
algorithms but provides additional information. Frequency-domain mea-
surements using Fourier analysis calculate the power of selected frequen-
cies within a given frequency range (e.g., parasympathetic frequency
ranges) (79). Thus, spectral methods produce a decomposition of total
variation of a data series into its frequency components, which reflect
operation of a particular modulatory reflex. For instance, parasym-
pathetic (vagal) function is, oftentimes, assessed using the high-
frequency HRV, while low-frequency variability is a measure associated with
both sympathetic and parasympathetic activation (38).

Although a wide variety of estimates of HRV have been employed
including both global descriptive statistics and spectral methods in this
study, the time-domain measure SDNN will be used to assess overall
HRV, which will serve as a surrogate for systemic abnormalities. During
the analysis of HRV, parameters and interbeat intervals were collected
using ECG data at a rate of 256 samples/s where each QRS complex
(which corresponds to the depolarization of the ventricles) was detected
and the “normal-to-normal” (NN) intervals were tabulated. HRV mea-
surements and plasma cortisol concentrations are employed from Ref. 2,
while epinephrine concentrations are also assessed under the systemic
inflammatory manifestations of human endotoxemia (7). The data have
been appropriately deidentified, and appropriate IRB approval and in-
formed, written consent were obtained from the volunteers.

Cellular Level Physicochemical Model of Systemic Inflammation in
Humans

To establish quantifiable relationships among the various components
of the endotoxin-induced inflammatory response, we have recently ad-
vocated a cellular, semimechanistic modeling approach (29–31) that
explores three unique aspects. First, through the analysis of the leukocyte
gene expression data we identify the essential responses characterizing

the cellular (transcriptional) dynamics. Second, we explore the concepts
of physicochemical modeling (1) to express the relations that connect
extracellular signals and intracellular signaling cascades leading to the
emergent transcriptional dynamics. Finally, we explore the pharmacody-
namic concept of indirect response (IDR) (42) to establish implicit
interactions among signaling molecules and emerging transcriptional
responses. Our inability to precisely model the complex signaling events
that characterize the host adaptation process to environmental changes
makes IDR modeling appealing (26, 64).

In our endotoxin injury model, the elementary responses present the
constitutive elements of the overall response and include a proinflamma-
tory response (P) that consists of the early increased expression of
cytokines and chemokines, an anti-inflammatory response (A) that serves
as the immunoregulatory arm of the host defense system, and an energetic
response (E) that involves the decreased expression of genes that partic-
ipate in cellular bioenergetic processes. The inflammatory response is
activated when endotoxin is recognized by microbial pattern recognition
receptors (TLR4) (78) that ultimately trigger signaling modules for the
activation of proinflammatory transcription factors. Although a large
family of transcription factors is known to be involved in inflammation,
we focus on a particular complex, NF-�B, as the archetypical signaling
module for initiating and controlling the expression of proinflammatory
genes (8, 37). We therefore assume that activation of NF-�B module
serves as a proxy signal associated with the binding of LPS to its
signaling receptor. Given that anti-inflammatory drugs, such as cortico-
steroids, play a pivotal role in modulating the progression of inflamma-
tion their contribution is further assessed in this model. By incorporating
an appropriate pharmacokinetic/pharmacodynamic (PK/PD) model (41),
we evaluate the possibility of a corticosteroid regulation of either the
inhibitor of NF-�B or the anti-inflammatory component of the response.
The mathematical representation of the cellular host response model is
succinctly presented in Eqs. 1–6, while details of this model are discussed
in the relevant publications (29–31).

LPS kinetics� dLPS

dt
� klps,1 · LPS · (1 � LPS) � klps,2 · LPS (1)

Ligand receptor interactions�
dR

dt
� ksyn · mRNA,R � k2 · �LPSR� � k1 · LPS · R � ksyn · R

d�LPSR�
dt

� k1 · LPS · R � k3 · (LPSR) � k2 · (LPSR)

d(mRNA,R)

dt
� Kin,mRNA,R · (1 � HmRNAR,P) � Kout,mRNA,R · mRNA,R

(2)

NFkB signaling dynamics�
dIKK

dt
� k3 · (LPSR) ⁄ (1 � IkBa) � k4 · IKK � P · � IKK2

1 � IKK2�
dNFkBn

dt
�

kNFkB,1 · IKK · (1 � NFkBn)

(1 � IkBa)
� kNFkB,2 · NFkBn · IkBa

dmRNAIkBa

dt
� Kin,IkBn · (1 � kIkBa,1 · NFkBn) � Kout,IkBa · mRNAIkBa

dIkBa

dt
� kI,1 · mRNAIkBa � kI,2 · (1 � IKK) · (1 � NFkBn) · IkBn � kI,1

(3)

Intrinsic transcriptional responses�
dP

dt
� Kin,P · (1 � HP,NFkBn) · (1 � HP,E) ⁄ A � Kout,P · P

dA

dt
� Kin,A · (1 � HA,P) · (1 � HA,E) � Kout,A · A

dE

dt
� Kin,E · (1 � HE,P) ⁄ A � Kout,E · E

(4)
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Cortisol pharmacokinetics�
dF

dt
� �Rin � kel · F, infusion

�kel · F, injection

dRm

dt
� ksyn_Rm · �1 �

FR(N)

IC50_Rm � FR(N)� � kdeg · Rm

dRF

dt
� ksyn_R · Rm � rf · kre · FR(N) � kon · F · RF � kdgr_R · RF

dFR

dt
� kon · F · Rf � kT · FR

dFR�N�
dt

� kT · FR � kre · FR(N)

(5)

Cortisol pharmacodynamics�
dmRNAIkBa

dt
� Kin,IkBa · (1 � kIkBa,1 · NFkBn) · �1 � FR(N)� � Kout,IkBa · mRNAIkBa

dA

dt
� Kin,A · (1 � HA,P) · (1 � HA,E) · �1 � FR(N)� � Kout,A · A

(6)

Hi,j � ki,j · J

In particular, Eqs. 1–4 simulate the propagation of LPS signaling on
the cellular level, while the PK/PD action of exogenous corticosteroids is
described by Eqs. 5 and 6. Note: cortisol is abbreviated F, after Kendall’s
substance F. However, one of the simplifying hypotheses made in this
model is that the immunomodulatory role of hormonal influences, in-
cluding endogenous cortisol, is not explicitly incorporated. It is now well
established that the human response to endotoxin evokes both leukocyte
transcriptional alterations and a neuroendocrine response characteristic of
acute injury (46). Accordingly, a rise in circulating endocrine hormones
is manifested 2–4 h following endotoxin administration (47). Moreover,
diminished HRV, as a component of autonomic dysfunction, is induced
by low-dose endotoxin to human subjects (2, 40). In the following section
we will discuss modeling extensions associated with critical aspects of
the neuroendocrine immune cross talk connecting the cellular response
level with neural-based pathways where systemic abnormalities are
assessed through HRV.

Modeling Neuroendocrine Immune System Interactions

The primary stress response pathway by which the CNS regulates
the immune system is the HPA through the production of glucocor-
ticoids (cortisol in primates; corticosterone in most rodents). The
HPA, as one of the peripheral limbs of the stress system, responds to
the proinflammatory cytokines produced by immune-mediated in-
flammatory reactions by releasing cortisol that inhibits proinflamma-
tory cytokine expression (18, 77). To mathematically describe the
dynamics of cortisol, a joint PK model (50) is employed as shown in
the following equation (Eq. 7).

dF

dt
� wFex

· Rin,F � Kin,F · (1 � HF,P) � Kout,F · F (a)

HF,P � kF,P · P (b)

wFex
� �1, exogenous hormone

0, elsewhere
(c)

(7)

Total plasma cortisol concentrations are defined as the additive
effect between endogenous and exogenous cortisol. Upon inflamma-
tory stimulation, the rate of change of total cortisol concentration, F,
(Eq. 7a), is described by a zero-order production rate Kin,F stimulated
by the proinflammatory response P, through the activation function
HF,P, (Eq. 7b) and a first-order elimination rate constant Kout,F.
Furthermore, the contribution of exogenous cortisol upon total cortisol
concentrations is assessed through the stimulatory parameter Rin,F,
which is active based on the binary variable wFex.

Given a quantification of the cortisol dynamics, Eqs. 5 and 6, the
influence of cortisol on the host response to endotoxin can be simu-
lated. However, it should be noted that these equations, as outlined in
the original analysis (41), describe receptor/gene-mediated corticoste-
roid effects based on results from an in vivo adrenalectomized model,
and therefore the baseline value of plasma cortisol is zero. However,
in our model the baseline value of cortisol (F) equals to one (Note that
it represents the concentration of cortisol relative to the measured
response at t � 0 h), and Eq. 5 is modified as follows:

dRF

dt
� ksyn_R · Rm � rf · kre · FR(N) � kon · (F � 1) · RF � kdgr_R · RF

(8)

dFR

dt
� kon · (F � 1) · RF � kT · FR

In the absence of exogenous cortisol (wFex � 0), the active steroid
signal, FR(N), is normalized so that numerically it ranges between
(0,1). Thus, any increase in the concentration of the active signal
FR(N) will be relative to the trajectory that is elicited upon the
systemic inflammatory manifestations of human endotoxemia. Re-
garding the immunosuppressive effects of glucocorticoids, antecedent
periods of exogenously induced hypercortisolemia attenuate circulat-
ing levels of proinflammatory cytokines through an increase in plasma
IL-10 concentrations during human endotoxemia (72). For pur-
poses of this model, it is assumed that cortisol modulates the host
response to endotoxin primarily via potentiation of IL-10 signaling
(A). Such anti-inflammatory influence is quantified through the
linear stimulatory function, HA,FRN, which is discussed below in
Eq. 11.

Along the same lines, catecholamines such as epinephrine (EPI),
also modulate a range of immune functions (59). Such hormones are
secreted by the sympathetic nervous system pathway (SNS) and act
via adrenergic receptors on immune cells (71). In addition, there is
evidence indicating that the proinflammatory response (P) stimulates
central components of the stress system through the afferent vagus
nerve (27). We will therefore assume that the proinflammatory
response (P) acts as the peripheral immune signal that stimulates
not only the secretion of cortisol but also the secretion of EPI. The
afferent transit mechanism that describes the propagation of the
local proinflammatory signal (P) to the SNS is shown in Eq. 9.
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dEPI

dt
� wEPI,ex · Rin,EPI � Kin,EPI · (1 � HEPI,P)

� Kout,EPI · EPI (a)

HEPI,P � kEPI,P · P (b)

wEPIex
� �1, exogenous hormone

0, otherwise
(c)

(9)

The dynamics of EPI, Eq. 9, are described in the same manner as
in Eq. 7, where total EPI concentration is defined as the joint effect
between endogenous and exogenous hormone. Upon the systemic
inflammatory manifestations of human endotoxemia, the rate of
change of total EPI concentration, Eq. 9a, is described by a zero-order
production rate Kin,EPI stimulated by the proinflammatory response
(P) through the linear function HEPI,P (Eq. 9b) and a first-order
degradation rate (Kout,EPI). Furthermore, in the case of exogenous
EPI, the stimulatory effect of such perturbation is simulated via the
parameter Rin,EPI, which becomes activated in the presence of exog-
enous EPI controlled by the binary variable wEPIex.

Though proinflammatory cytokines stimulate the secretion of EPI,
the latter attenuates the proinflammatory manifestations of human
endotoxemia as supported by reduced TNF levels (73). The anti-
inflammatory influence of EPI is shown to be mediated by �-adren-
ergic stimulation, resulting in an increase in cAMP intracellular levels
followed by potentiation in the production rate of IL-10 signaling (A)
(71, 73). To mathematically describe such postreceptor effect, a
precursor-dependent indirect response model (51) is proposed where
the precursor reflects the signaling receptor of epinephrine (REPI) as
shown in Eq. 10.

dREPI

dt
� kREPI

0 � �k1,REPI
· (1 � HREPI,EPI) � k2,REPI� · REPI (a)

dEPIR

dt
� k1,REPI

· (1 � HREPI,EPI) · REPI � k3,EPIR · EPIR

� k3,EPIR (b)

dcAMP

dt
�

1

�
· �(1 � EPIR)n � cAMP� (c)

HREPI,EPI � kREPI
· EPI (d)

(10)

The dynamic changes of REPI depend on an apparent zero-order
production rate k0

REPI. Furthermore, k1,REPI and k2,REPI represent
first-order rate constants for the loss of the receptor (Eq. 10a). Since
the response is triggered as a result of the formation of an activating
complex associated with the binding of EPI to its receptor, EPIR
represents the formed signaling complex that decays with a first-order
rate k3,EPI (Eq. 10b). Furthermore, the stimulatory postadrenergic
effect of sympathetic activity in favoring the production of cAMP
signaling is described by the principles of a signal transduction model
as outlined in (49, 68). In particular, the production and loss of the
cAMP signaling depends on first-order rate constants that are equiv-
alent to the reciprocal of the transit times (�) consistent with the transit
compartment model, while n is the shaping (scaling) factor (Eq. 10c)
(51). Such a scaling factor is used to amplify the signal transduction
cascade associated with the postadrenergic effect of EPI on the host.
Regarding the immunosuppressive effect of epinephrine, a cAMP-
dependent potentiation in IL-10 signaling (A) is quantified in Eq. 11
through the linear stimulatory function HA,cAMP. In addition to this,
we previously mentioned that cortisol also increases IL-10 levels.
Thus, such steroid-dependent immunomodulatory effect is quantified
via the stimulatory function HA,FRN.

dA

dt
� Kin,A · (1 � HA,cAMP) · (1 � HA,FRN) · (1 � HA,E) � Kout,A · A

HA,cAMP � kA,cAMP · cAMP
(11)

HA,E � kA,E · E

HA,FRN � kA,FRN · FR(N)

In addition to the neuroendocrine response evoked by endotoxin is
the evolving concept of autonomic dysfunction as assessed by HRV
indexes. Recent studies imply that disordered neuroendocrine func-
tions are also associated with diminished HRV in stressed patients
(48). To quantify systemic abnormalities, clinical measurements of
HRV will be further incorporated.

Model for the Assessment of Reduced HRV in Human Endotoxemia

Clinical data associated with HRV measurements (47) establish
that the host response to endotoxin causes a depression in both
cardiac-vagal tone and in overall HRV and are consistent with prior
studies (34, 61), indicating diminished physiological variability as a
generalized response to human endotoxemia. Several studies have
implied the use of HRV as a readily available vital sign (38) in the
assessment of critically ill patients with the hope of earlier inter-
vention for those patients deemed at higher risk (54, 55, 57, 80).
Thus, the prognostic significance of HRV has made it a critical
enabler to detect either physiological deterioration or response to
therapy (79).

To quantify the effect of acute endotoxin injury on HRV a critical
question that arises involves the relationship between proinflamma-
tory markers and autonomic dysfunction. There is considerable human
evidence indicating that systemic low-grade (pro)inflammatory activ-
ity is associated with reduced HRV (6, 52, 53). Assuming a linear
relationship between proinflammation and HRV would imply that any
modulations in the peripheral immune response will subsequently
drive changes in hemodynamic parameters. However, it is important
to realize that it cannot be taken for granted that factors modifying the
magnitude of the immune response should affect all circulatory
parameters equally (9).

Such nonlinearity in the sinus node transduction processes may
arise from sensitivity of pacemaker discharge to the timing of pulsatile
neural activity and from functional inhomogeneity within the sinus
node tissue (14). In addition to this, the concept of nonlinearity in
cardiovascular variability has been stressed in the hemodynamic
parameters of endotoxin-induced systemic inflammation under condi-
tions of prior endocrine stress hormone infusion (2, 40). One of the
interesting observations was that the anti-inflammatory influence of
endocrine hormones including cortisol and epinephrine does not
extend to changes in HRV induced by a relatively low dose of the
inflammatory stimulus (LPS). Thus, reduction in endotoxin-induced
proinflammation does not influence autonomic dysfunction (HRV), at
least in a context of self-limited systemic inflammatory disease that
resolves within 12–24 h.

To quantify such nonlinear interactions, we will assume that the
effect of peripheral proinflammation upon HRV response to endotoxin
can be mathematically approximated by employing appropriate sig-
moid activation functions as outlined in Eq. 11. Although the overall
HRV is assessed, for instance, by evaluating the SDNN, the physio-
logical background for such variation involves the activation of signal
transduction mechanisms in the sinus node of the heart associated
with the modulation of neuromediator concentrations (82). Thus, we
introduce the signal Sf as a surrogate for the upregulation of such
transduction processes in the heart and the relevant dynamics are
described in Eq. 11.
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dfP

dt
� �1 � tanh(P � w) � fP� · Hp (a)

dSf

dt
�

1

�S
· �HP · fP

ns � Sf� (b)

dHRV

dt
� Kin,HRV � Kout,HRV · (1 � kHRV,S · Sf) · HRV (c)

HP � tanh(P� � 1)� (d)

(12)

The possible nonlinear modulatory effect of proinflammation (P)
upon HRV is described by the dynamics of fP, (Eq. 12a), where the
switch-like behavior is determined by the sigmoid function [tanh(P �
w)] and w is a parameter greater than the proinflammatory response
(P) elicited upon endotoxin-induced inflammation. This nonlinear
gain modulatory function should be active under conditions of an
inflammatory response and inactive when the system lies in its
homeostasis. We therefore model such event based on the function,
HP (Eq. 12d), where � is an M-big number and HP takes values 0,
when proinflammation (P) lies in its baseline (homeostasis), and 1,
otherwise. The underlying rationale for this function is predicated
upon a neurocomputational model (35) that aims at simulating the
firing rate of neuronal activity. In our model, fP could therefore reflect
the activation of efferent nerve activity on the heart eventually leading
to the upregulation of intracellular mediators (Sf). The loss and
production of such mediators, Eq. 12b, is thereby described by the
principles of time-dependent transduction systems (51) depending on
first-order rate constants, which are equivalent to the reciprocal of the
transit times (�S), and nS is the shaping (scaling) factor (Eq. 12b). The
dynamics of HRV (Eq. 12b) are described by a zero-order production
rate (Kin,HRV) and a first-order degradation rate (Kout,HRV), which is
stimulated by the effector biological signal (Sf). Taken together, the
integrated module that describes critical aspects of the neuroendocrine
immune system interactions is presented in Eq. 13.

dF

dt
� wFex

· Rin � Kin,F · (1 � HF,P) � Kout,F · F

dRF

dt
� ksyn_R · Rm � rf · kre · FR(N) � kon · (F � 1) · RF � kdgr_R · RF

dFR

dt
� kon · (F � 1) · RF � kT · FR

dEPI

dt
� wEPI,ex · Rin,EPI � Kin,EPI · (1 � HEPI,P) � Kout,EPI · EPI

dREPI

dt
� KREPI

0 � �k1,REPI
· (1 � HREPI,EPI) � k2,REPI� · REPI

dEPIR

dt
� k1,REPI

· (1 � HREPI,EPI) · REPI � k3,EPIR · EPIR � k3,EPIR

dcAMP

dt
�

1

�
· �(1 � EPIR)n � cAMP� (13)

dA

dt
� Kin,A · (1 � HA,cAMP) · (1 � HA,E) · (1 � HA,FRN) � Kout,A · A

dfP

dt
� (1 � tanh(P � w) � fP) · HP

dSf

dt
�

1

�S
· �HP · fP

nS � Sf�

dHRV

dt
� Kin,HRV � Kout,HRV · (1 � kHRV,S · Sf) · HRV

Hi,j � ki,j · J, wi,ex � �1, exogenous hormone

0, elsewhere
,

i � �F

EPI’
HP � tanh(P� � 1)�

While the model of Eqs. 1– 6 aims to describe the key determi-
nants of the cellular response to endotoxin, the elements that
constitute the module in Eq. 13 intend to connect the (cellular)
inflammatory response with neural-based pathways (HPA, SNS),
while systemic disruptions are assessed by physiological variables
such as HRV.

RESULTS AND DISCUSSION

Elements of the Multiscale Host Response Model of Human
Inflammation

We have previously demonstrated that the transcriptional
dynamics of human leukocytes exposed to bacterial endotoxin
can be decomposed into to three elementary comprehensive
responses (29). These elementary responses capture the func-
tional dynamics and were shown to be related to proinflam-
matory (P), anti-inflammatory (A), and energetic (E) transcrip-
tional events associated with the overall host response. The
response is triggered by the activation of the NF-�B signaling
module as a result of the formation of an activating signal
associated with the binding of LPS to appropriate receptors
(R). To introduce higher level biological information we fur-
ther incorporate critical aspects of the neuroendocrine immune
cross talk. A schematic illustration of the network architecture
that constitutes the multilevel host response model is presented
in Fig. 1. At the cellular level interacting components are
associated with elementary signaling pathways that propagate
extracellular signals to the emergent transcriptional response
level. Essential modules associated with the release of endo-
crine stress hormones coupled with their immunosuppressive
effects are also considered. Such hormones are integral parts of
the bidirectional communication pathway between peripheral
inflammation (cellular level) and the neuroendocrine axis
(HPA, SNS) and interact with appropriate receptors potentiat-
ing the production rate of anti-inflammatory cytokines (A).
Finally, clinical measurements, at the systemic level, of HRV
are incorporated to assess systemic decomplexification man-
ifested by deterioration in the physiological status of the
host.

Estimation of Relevant Model Parameters

Standard parameter estimation techniques are applied to
evaluate appropriate model parameters associated with the
neuroendocrine immune system interactions (21). In particular,
we estimate those model parameters that are involved in the
dynamics of EPI, cortisol (F), anti-inflammation (A), and
HRV. The relative experimental data are normalized by taking
the ratio of the measured response at each time point of the
study period with respect to the control time point (t � 0 h).
Furthermore, parameter estimation is performed to estimate the
parameter Rin,F under conditions of hydrocortisone infusion
(exogenous cortisol), reproducing human plasma cortisol lev-
els in subjects pre-exposed 6 h prior to LPS and continued for
another 6 h after the endotoxin injection. All the other param-
eters associated with the propagation of LPS signaling on the
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transcriptional response level are maintained to agree with
those presented in Ref. 30 and are shown in Table 1, while
parameters relevant to the neuroendocrine immune system
interactions are estimated and presented in Table 2. The per-
formance of the multilevel human inflammation model is
shown in Fig. 2. In our computational model the host restores
homeostasis without any external perturbation. A self-limited
inflammatory response to the endotoxin stimulus corresponds
to resolved dynamic profiles for all the elements that constitute
our model. In essence, a self-limited inflammatory response
involves the successful elimination of the inflammatory stim-
ulus within the first 2 h postendotoxin administration while
followed by a subsequent resolution within 24 h. Although the

kinetic parameters associated with the REPI interactions are not
calibrated, the dynamic profile of �-adrenergic receptor (REPI)
lies in qualitative agreement with the basis of receptor occu-
pancy theory (49) in that the concentration of free adrenergic
receptors decreases in the presence of the ligand (EPI). Re-
garding the gain modulatory effect of peripheral proinflamma-
tion in the heart (fP), such an exponential decrease would
biologically reflect the decay rate of cardiac neuronal activity
(44), which is eventually “translated” to the upregulation of
neuromediator concentrations (Sf) in the heart. Furthermore,
the reconstruction of plasma cortisol levels under conditions of
either prior cortisol infusion or LPS only is shown in Fig. 3.
While comparing the top and bottom panel of Fig. 3, both
plasma cortisol levels (F) and the steroid active signal, FR(N)

Fig. 1. Basic topological interactions composing the multilevel
model of endotoxin induced human inflammation. At the cel-
lular level, interacting components involve the propagation of
LPS signaling on the transcriptional response level (P, A, E)
through the activation of endotoxin signaling receptor (R) and
elementary signaling pathways (NF-�B signaling module). At
the level of circulating hormones, essential modules are asso-
ciated with the release of endocrine stress hormones from
neuroendocrine axis (HPA, SNS) coupled with their anti-
inflammatory influence on the host. The dynamics of cortisol
and epinephrine (EPI) signaling involve components interact-
ing at the cellular level. At the systemic level, physiological
deterioration of the host is quantified by heart rate variability
(HRV).

Table 1. Estimated values of the parameters involved in the
propagation of LPS signaling on the transcriptional
response level

Parameter Value Parameter Value Parameter Value

kLPS,1 4.500 kNF�B,1 16.294 Kout,A 0.590
kLPS,2 6.790 kNF�B,2 1.1860 Kin,E 0.080
ksyn 0.020 Kin,I�Ba 0.463 Kout,E 0.257
k1 3.000 kI�Ba,1 13.273 kmRNAR,P 1.740
k2 0.040 kI,1 1.400 kP,1 29.741
k3 5.000 kI,2 0.870 kP,2 9.050
k4 2.240 Kin,P 0.033 kA,P 0.01
kin,mRNA,R 0.090 Kout,P 0.332 kA,E 5.300
kout,mRNA,R 0.250 Kin,A 0.090 kE,P 2.216

Table 2. Estimated values of parameters involved in the
neuroendocrine immune axis

Parameter Value Parameter Value Parameter Value

Rin,F(wFex � 0) 0 k2,REPI 5.465 k0
REPI 11.011

Kin,Fen 0.842 k3,REPI 5.546 Kout,A 0.809
kFen,P 0.256 � 0.053 w 10
Kout,F 1.058 n 5.509 �S 0.723
Rin,F(wFex � 1) 2.922 Kin,A 0.461 nS 1.185
Kin,EPI 5.921 kA,cAMP 0.145 Kin,HRV 0.038
KEPI,P 0.231 kA,E 0.534 Kout,HRV 0.038
k1,REPI 3.005 kA,FRN 0.401 kHRV,S 35.254
kR,EPI 0.845 Kout,EPI 7.286 Kout,EPI 7.286

11MULTISCALE MODEL

Physiol Genomics • VOL 42 • www.physiolgenomics.org

 by 10.220.33.1 on January 6, 2017
http://physiolgenom

ics.physiology.org/
D

ow
nloaded from

 

http://physiolgenomics.physiology.org/


are expected to be greater under conditions of exogenously
induced hypercortisolemia (bottom, wFex � 1) relative to the
baseline cortisol profiles (top, wFex � 0).

Qualitative Assessment of the Model

Building a mathematical model that can predict relevant
biological implications to the host response to endotoxin al-
lows us to identify ways of both controlling and modulating
such a complex phenomenon. In the following we will dem-
onstrate the ability of our model to enable such predictions and
provide further evidence of the appropriateness of the assump-
tions invoked in the development of the model. First, we
explore the implications of increasing levels of initial insult
(LPS), since this would probably constitute the most obvious
disturbance. Then we explore possible reversibility in the
dynamics of the host in response to an acute endocrine hor-
mone stress infusion (cortisol, EPI excess). Finally, the impli-
cations of acute stress hormone infusion upon the systemic
inflammatory manifestations of human endotoxemia will be
evaluated. We opt therefore to validate the correctness of the
proposed model by assessing the implications of anti-inflam-
matory treatment strategies that are active under conditions of
either high or low infectious challenge.1

Implications of increased insult. An increase in the dose of
the inflammatory stimulus can be responsible for an over-
whelming inflammatory response. Such situation in which the
initial levels of endotoxin are increased is simulated in Fig. 4.
This response can be equated with an exacerbated inflamma-

tory state in the early phase of severe injury, which in our
model is simulated as high concentration of the initial stimulus
(LPS), e.g., four times greater than the nominal, which corre-
sponds to 8 ng/kg [Note: maximum dose of LPS is adminis-
tered safely to humans is 4 ng/kg (5)], which deregulates the
host defense intrinsic dynamics toward a cytokine “burst”.
Such a situation is further characterized by the uncontrolled
secretion of endocrine hormones that are not adequate to
balance (control) the overall immune response even after the
circulating levels of LPS have been cleared. Phenotypically,
such physiological deterioration is expressed as diminished
HRV that does not return to baseline within 24 h (solid lines)
as was seen in Fig. 2, where a lower dose of LPS was simulated
compared with experimental data. Such computational results
implicate the role of the host rather than the inflammatory
stimulus itself, which is eventually cleared from the system,
accounting for the progression of an unconstrained inflamma-
tory response. Qualitatively, this amplification of the host
immune response (trajectories of inflammatory relevant com-
ponents do not return to baseline homeostasis) without present
infection represents clinically stressed patients without docu-
mented infection (62).

Evaluation of stress hormone infusion in modulating the
inflammatory response. Since we have demonstrated the ability
of our model to simulate the trajectory of an unconstrained
inflammatory response, the potential of the proposed model is
also demonstrated through its capability to respond to system-
atic perturbations that modulate the dynamics in favor of a
balanced immune response coupled with a restoration in auto-
nomic balance. Considerable attention has been given to the1 The online version contains an Appendix as supplemental material.

Fig. 2. Estimation of relevant model parameters
intending to reproduce available experimental
data associated with transcriptional signatures
(A) and plasma counterregulatory hormones
including EPI and cortisol (F) as well as clini-
cal data (HRV). Solid lines (-) correspond to
model predictions under conditions of low-dose
endotoxin, while � refers to experimental data
expressed as means � SE. The initial condition
of endotoxin [LPS (t � 0 h) � 1] refers to LPS
concentration relative to 2 ng/kg body weight.

12 MULTISCALE MODEL

Physiol Genomics • VOL 42 • www.physiolgenomics.org

 by 10.220.33.1 on January 6, 2017
http://physiolgenom

ics.physiology.org/
D

ow
nloaded from

 

http://physiolgenomics.physiology.org/


effectiveness of pharmacological agents such as ligands of
adrenergic receptors in influencing the production rate of both
pro- and anti-inflammatory cytokines (36, 39). In particular,
significant modulations in the cytokine network was observed
in human subjects exposed to EPI infusion (73), underscoring
the role of neuroendocrine activity in dampening excessive
proinflammatory effects. In particular, we opt to simulate the
mode of an intervention strategy that mimics the activity of
SNS pathway. Such intervention strategy results in potentiation
of the total plasma concentration of EPI, which further in-
creases the intracellular cAMP signaling (dashed lines, Fig. 5).
Based on the anti-inflammatory effect of acute EPI infusion via
cAMP-dependent mechanism, it is expected an increase in
intracellular cAMP levels will attenuate the proinflammatory
response (P) followed by a subsequent restoration in autonomic
activity (HRV), which serves as a proxy indicator of improved
survival (66). Thus, the acute pre-exposure of the host to EPI
attenuates the proinflammatory response (P), which allows for
recovery of HRV dynamics. Such improvement in autonomic
activity underscores the role of epinephrine in improving
cardiac index under severe conditions (i.e., low-output septic
shock) as supported by Court et al. (24).

Furthermore, the CNS controls inflammation through the
activation of HPA axis by releasing cortisol. Prior studies
evaluating human responses within the context of antecedent
stress hormone excess have shown that glucocorticoid excess,
as produced by hydrocortisone injection (45) or 6 h infusion
before LPS challenge, abrogates several features of human
endotoxemia (7). In an effort to assess the impact of such
hypercortisolemia as a potential endogenous in vivo anti-
inflammatory mechanism, hydrocortisone infusion is initiated

6 h before the administration of high LPS concentration (Fig. 6).
Note that in our model, the high LPS dose, which is simulated by
simply varying the concentration of LPS at time zero, serves as
one putative mode of dysregulation in the host defense intrinsic
dynamics giving rise to unremitting inflammation. Prior mathe-
matical models of inflammation also simulate severe inflamma-
tory states by varying the initial conditions of the inflammatory
insult (17). The acute pre-exposure of the host to cortisol, as
represented by dashed lines in Fig. 6, attenuates proinflammatory
responses that mitigate the subsequent amplified inflammatory
response. Specifically, the initiation of such intervention strategy
increases the total concentration of cortisol (F), which subse-
quently potentiates the active steroid signal [FR(N)]. Such an
increase in total cortisol levels potentiates the anti-inflammatory
arm of the system (A) immediately after the administration of LPS
and thereby attenuates the proinflammatory response (P). Thus,
the initiation of such an intervention strategy that indirectly
attenuates the proinflammatory signaling (P) via potentiation of
the humeral anti-inflammatory signaling (A) suffices to reverse
the inflammatory dynamics and eventually restore autonomic
balance. Collectively, such in silico predictions as illustrated in
Figs. 5 and 6 annotate the impact of dynamic anti-inflammation
on the host evoked by stress hormone background upon the
systemic inflammatory manifestations of acute illnesses and sug-
gest that the rates of this response may be well tuned to yield
optimal outcomes. Thus, a fundamental assumption of our model
is the existence of two steady states that, depending on the
anti-inflammatory reservoir of the host, can represent either re-
covery/self-limited or uncontrolled/sustained HRV depression.
Qualitatively, such equilibria might account for the transient
clinical improvement (e.g., “survivors”) noted to critically ill

Fig. 3. A: plasma cortisol levels (F); B: steroid
active signal, FR(N) under conditions of acute
endotoxin injury (wFex � 0); C: simulated F;
D: steroid active signals FR(N) under condi-
tions of prior steroid infusion (wFex � 1),
which is initiated at t � �6 h before LPS and
continued for 6 h after LPS. Solid lines cor-
respond to model predictions, while solid mark-
ers represent experimental data expressed as
means � SE.
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patients that respond to a treatment. For example, in the study (55)
among injured patients there exists a subset of severely stressed
patients whose clinical condition improved upon treatment with
exogenous steroid. However, we would like to point out that a
direct comparison between our model predictions and clinical
observations is beyond the scope of the present study. Instead, the
overall goal of this study is to develop an in silico model of human
endotoxemia that would allow us to evaluate antecedent stresses
upon the systemic inflammatory manifestations of acute injury.

Although the immunosuppressive effects of corticosteroids
upon the systemic inflammatory manifestations of human en-
dotoxemia have been well described, the influence of this
anti-inflammatory intervention on overall autonomic dysfunc-
tion is not well understood. Predicated upon this, the influence
of steroid administration on a self-limited endotoxin-induced
inflammatory response is simulated in Fig. 7. Although mea-
surements of the transcript abundance of cytokines are not
available under such conditions, soluble inflammatory markers
(e.g., TNF-a, IL-8, Il-10) were measured and were significantly
modulated by prior hydrocortisone treatment. Specifically, an-
tecedent cortisol infusion blunts the proinflammatory cytokine
response to LPS administration while enhancing some anti-
inflammatory responses as reflected by increased plasma IL-10
concentrations (2, 72). Predicated upon the hypothesis that
cytokine protein expression correlates well with gene expres-
sion (60), we seek to validate our model qualitatively by
simulating an enhanced transcriptional anti-inflammatory re-
sponse (A) followed by diminished proinflammation (P) under
conditions of exogenously induced hypercortisolemia (dashed
lines, Fig. 7). In addition to such attenuation in the proinflam-
matory response, antecedent cortisol infusion also induces

hormonal changes and particularly reduction in plasma EPI
concentrations. Such a decrease in endogenous EPI secretion
under acute hypercortisolemia is simulated in Fig. 7E, thus
validating the assumptions invoked in the development of the
proposed integrated model. Remarkably, although acute hyper-
cortisolemia significantly attenuated endotoxin-induced pro-
duction of proinflammatory cytokines, such attenuation in a
context of acute systemic inflammatory condition mediated by
endotoxin administration (2) does not contribute to any alter-
ations in HRV indexes. From a computational standpoint, such
an effect is represented as superimposition of the solid and
dashed lines in the HRV component as shown in Fig. 7F.

In addition to the influence of low-dose steroid on endotoxin-
induced inflammation, recent data document that prior EPI
exposure may attenuate the proinflammatory response, but
such an anti-inflammatory influence does not extend to changes
in overall system’s adaptability (HRV) (40). Since increased
catecholamine secretion accompanies modest infection and the
propensity of a dose-dependent effect of EPI in inhibiting
LPS-induced proinflammatory response has been documented
in Ref. 74, we sought to simulate whether antecedent EPI
infusion would modulate, in a dose-dependent manner, the
cytokine responses to endotoxin (Fig. 8). In particular, increas-
ing doses of acute sterile stress conditions modulate the innate
immune system activation and particularly attenuate the proin-
flammatory response through potentiation of the anti-inflam-
matory effect of cAMP signaling. However, such attenuation in
the progression of the proinflammatory response does not
contribute to any changes in HRV response as experimen-
tally observed (40) and is represented by the superimposition
of predicted HRV dynamics in Fig. 8, which is consistent with

Fig. 4. Simulation of an unresolved inflam-
matory response due to high endotoxin con-
centration [LPS (t � 0 h) � 4]. Such high
concentration of LPS (4 times greater than
the nominal value) deregulates the NF-�B
signaling module giving rise to an uncon-
strained immune response followed by abnor-
mal hormonal responses that macroscopically
are translated into diminished physiological
variability.
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the aforementioned results with steroid administration before
LPS.

From a modeling standpoint, such responses are captured due
to the possible nonlinear interaction between peripheral proin-

flammation and HRV. In particular, a fundamental assumption of
the proposed study is that any reduction in the proinflammatory
response relative to the constrained response evoked by low doses
of endotoxin will not affect the magnitude of HRV relative to the

Fig. 5. Simulating the effect of acute EPI
infusion (wEPI,ex � 1), which is initiated 3 h
prior to the main endotoxin challenge [LPS
(t � 0 h) � 4] and continued for 6 h after LPS
(Rin,EPI � 15), under conditions of severe
inflammation. Dashed and solid lines repre-
sent the progression of a balanced (due to
system’s pre-exposure into EPI infusion) and
unconstrained inflammatory response (due to
high inflammatory challenge), [LPS (t � 0 h) �
4], respectively. Acute pre-exposure of the host
to EPI attenuates the aberrant proinflammatory
response (P) induced by high LPS concentra-
tion, which allows for recovery in HRV dynam-
ics (restoration in autonomic balance).

Fig. 6. The effect of low-dose steroid admin-
istration initiated 6 h prior to endotoxin chal-
lenge (dashed lines) and continued for another
6 h after LPS (wFex � 1) under conditions of
high LPS concentration (solid lines). Solid
lines simulate the progression of a systemic
inflammatory response syndrome (due to high
LPS concentration), [LPS (t � 0 h) � 4],
while dashed lines reflect the protective effect
that can be exerted by hormonal(steroid) re-
placement therapy. The acute pre-exposure of
the host to exogenous cortisol dampens the
excessive proinflammatory effects induced by
high LPS concentration, which allows for res-
toration in autonomic balance (HRV).
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naïve (LPS) injection. Such an assumption is primarily predicated
upon evidence (2, 40) that indicates the existence of reduced
differential proinflammatory responses within the context of an-
tecedent stresses without altering endotoxin-induced HRV dy-
namics. On the other hand, under conditions of high inflammatory

challenge, as illustrated in Fig. 4, an unconstrained proinflamma-
tory response will account for a persistent diminished physiolog-
ical variability (HRV) indicative of the severity of injury.

While the proposed model does not capture the sympatho-
mimetic properties of EPI, we recognize that antecedent EPI

Fig. 8. Dose-dependent modulation in the
progression of the inflammatory reaction due
to short-term EPI infusion (wEPI,ex � 1),
initiated 3 h before LPS and continued for 6
h after LPS at increasing values of the param-
eter Rin,EPI � 5, 10, 20. Such intervention
potentiates, in a dose-dependent manner
(dashed and dotted lines), the secretion of EPI
from SNS that through cAMP anti-inflamma-
tory signaling can protect, in part, the host
response attenuating the proinflammatory re-
sponse (P). Such attenuation in the proinflam-
matory response relative to endotoxin admin-
istration (solid lines) does not extend to
changes in autonomic balance (HRV) as rep-
resented by the superimposition of predicted
HRV dynamics (solid and dashed lines over-
lap). Solid markers and Œ refer to relevant
experimental data (expressed as means � SE)
under conditions of low-dose endotoxin ad-
ministration and prior EPI infusion, respec-
tively. These data have not been used as a
training dataset but rather to validate the
structure of the proposed model. Descriptive
statistics in the original analysis (40) show
that there was no significant variation between
these experimental measurements (solid mark-
ers vs. open circles) from 0 h until 24 h after
LPS exposure.

Fig. 7. The effect of exogenously induced
hypercortisolemia on autonomic dysfunction
under the systemic inflammatory manifesta-
tions mediated by low-dose endotoxin. Solid
lines simulate the progression of a self-limited
endotoxin-induced inflammatory response, while
dashed lines reflect the antecedent period of
exogenously induced hypercortisolemia initi-
ated 6 h prior to LPS administration and con-
tinued for 6 h after endotoxin (wFex � 1). Solid
markers and Œ refer to experimental data (ex-
pressed as means � SE) under conditions of
acute endotoxin injury and prior hydrocortisone
infusion, respectively, which do not vary across
the 2 experimental conditions (LPS, Cort-6 h �
LPS). Such prior cortisol infusion modulates
cytokine responses (P, A) and hormonal re-
sponses (EPI), but there is no change in overall
system adaptability as assessed by HRV (solid
and dashed HRV lines overlap).

16 MULTISCALE MODEL

Physiol Genomics • VOL 42 • www.physiolgenomics.org

 by 10.220.33.1 on January 6, 2017
http://physiolgenom

ics.physiology.org/
D

ow
nloaded from

 

http://physiolgenomics.physiology.org/


infusion significantly reduced the parasympathetic tone, and
there was a relative decrease in HRV in the initial hours after
EPI administration (40). In future studies, we plan to describe
dynamic changes in HRV as a result of cardiac autonomic
imbalance, explicitly incorporating the interplay between ef-
ferent branches of the autonomic nervous system (sympathetic/
parasympathetic outflow) that account for modulations in heart
rate response. Such modeling extensions associated with the
autonomic control of heart rate would allow us to simulate the
vagolytic influence of EPI and therefore explore the possibility
of developing more mechanistic-based and physiological rele-
vant in silico disease progression models.

In summary, a multilevel human inflammation model is
proposed that couples essential aspects of the complex bidi-
rectional relationship between the neuroendocrine axis and the
immune response. We addressed how to construct the topology
and the dynamics of the underlying network linking processes
across the host from the cellular to the systemic level. Essential
modules associated with the secretion of endocrine stress
hormones (cortisol, EPI) and their counterregulatory role are
particularly taken into account, while phenotypic expressions
such as HRV are further incorporated to assess systemic
decomplexification. This work bridges the initiating signal and
phenotypic expressions through semimechanistic-based host
response models that include transcriptional dynamics, signal-
ing cascades, and physiological (hormonal) components.
Model parameters are appropriately evaluated to reproduce a
self-limited inflammatory response that resolves within 24 h.
The potential of the model is evaluated via computational tests
performed to assess the implications of neuroendocrine activity
across the host. Exploring the possible effects of systemic
perturbations enables us to trace the dynamics of a systemic
inflammatory response syndrome, improving our understand-
ing of how interacting inflammatory responses and neural-
based mechanisms influence the host’s ability to regulate
inflammation. Since both glucocorticoids and catecholamines
are used clinically in the context of systemic inflammation, the
proposed modeling has the potential for direct clinical rele-
vance. Thus, such a modeling effort lays the foundation for a
translational systems-based model of inflammation that could
clarify the clinical contexts in which autonomic dysfunction
contributes to morbidity and mortality in severely stressed
patients.
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