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11.1  Introduction

Human life evolved in the presence of oxygen, and even small alterations to this 
essential element can trigger a cascade of biological events. Conditions affecting 
how we metabolize oxygen and respond to hypoxia determine whether we thrive or 
succumb to disease. Physiological processes such as exercise, aging, hormonal 
cycle, and wound healing depend on genetic, epigenetic, and protein level changes 
in hypoxic response. Furthermore, all leading causes of death in the USA involve 
hypoxia and alter the microvasculature, through increases or decreases in the 
degree of angiogenesis (i.e., the growth capillaries from preexisting blood vessels). 
Patient variability – both in physiological and pathological conditions – determines 
how a given individual will respond to hypoxic exposure, and therapies targeting 
hypoxic pathways. The degree and breadth of patient variability is so wide regarding 
oxygen sensing and response, that computational modeling has become necessary 
to capture its complexity.

In this chapter, we focus on patient-specific computational modeling of hypoxic 
response through the hypoxia-inducible factor 1 pathway, and related changes in 
the microvasculature. In order to add context to the modeling, we first provide a 
brief overview of hypoxic response on multiple biological levels.

At the intracellular level, oxygen is required for aerobic respiration, production 
of reactive oxygen species (to some extent), and for the hydroxylation of a key 
transcription factor hypoxia-inducible 1 (HIF1). One protein subunit of HIF1, 
HIF1a, is ubiquitously expressed in cells with a nucleus. However, because of HIF1a’s 
rapid degradation in the presence of oxygen, through a process that depends on 
HIF1a hydroxylation, it is rarely detected in cells. When oxygen is limited, HIF1a 
escapes hydroxylation and degradation, and instead enters the nucleus where it 
binds to its dimer, HIF1b. The pair can then activate genes at hypoxic response 
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elements. While initially HIF1 was thought to activate hundreds of genes, the 
 current estimate is HIF1 activates thousands of hypoxic-dependant genes, including 
those involved in cell cycle, metabolism, and angiogenesis [36, 77].

HIF1-induced angiogenesis leads to further changes in oxygen and hypoxic 
response. Angiogenesis is the growth of capillaries from preexisting microvessels. 
It is a process that in theory provides a new source of oxygen (from hemoglobin 
carrying red blood cells in the blood stream) to a hypoxic region. In practice, the 
degree to which angiogenesis alleviates hypoxia varies based on tissue type and 
local microenvironment. Some new vessels can be tortuous, narrow, or leaky; some 
are not capable of carrying blood.

To better understand how angiogenesis contributes to variability in hypoxic 
states, it is useful to break down the process into events (Fig. 11.1). Following 
transcriptional activation of genes, growth factors like vascular endothelial growth 
factor (VEGF) and fibroblast growth factor (FGF) are secreted by hypoxic cells 
and start to diffuse through the extracellular matrix. The growth factors are sensed 
by adjacent endothelial cells on quiescent vessels, and if enough growth factor is 

Fig. 11.1 Hypoxic response in capillaries involve intracellular signaling through the HIF 
 pathway, and angiogenic sprouting from existing vessels. HIF1 hypoxia-inducible factor 1, VHL 
von Hippel–Lindau protein, HRE hypoxic response element, VEGF vascular endothelial growth 
factor, VEGFR VEGF receptor, Ub ubiquitin, PHD2 prolyl hydroxylase domain enzyme 2, EB & 
EC elongins B & C, TfR transferrin receptor
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present, the cells can become activated. An activated endothelial cell, called a tip 
cell, starts to migrate through the local extracellular matrix toward the source of 
secreted growth factors, i.e., the hypoxic region. This migration involves proteins 
called MMPs, matrix metalloproteinases, which serve to degrade the matrix, and 
pave the way for the cell to move forward. As the tip cell crawls forward, it elon-
gates the stalk cell attached behind it on the capillary sprout. The stalk cell in turn 
is stimulated to grow and divide, pushing the tip cell ahead. This process repeats, 
leading to a capillary sprout that can range in length from a few microns to over 
400 mm. Capillaries anastomose or attach together; eventually a lumen may form 
within the sprout and blood can flow in the new vessel. Angiogenesis then can be 
thought of as a consequence of hypoxic response at the cell or tissue level.

New capillary growth is not the only means the body has to adapt to hypoxia at 
the cell or tissue level. Changes in cell metabolism can alter the demand for oxygen. 
Signaling through vasodilators like nitric oxide (NO) and vasoconstricting com-
pounds like angiotensin II can change both the HIF1 response and the amount of 
blood that flows through large vessels. The production of red blood cells, through 
hypoxia- and HIF1-dependant increases in erythropoietin (EPO) can increase oxygen 
availability. At the organ and organ system level, the endocrine system may play a 
role in regulating hypoxic response through hormones like estrogen – known to 
influence HIF1 levels. The nervous system too can alter ventilation, heart rate, and 
brain metabolism, causing an increase or decrease in the lungs’ demand for oxygen 
from air, and other organs’ demand for oxygenated blood.

These changes can all occur in normal physiological responses to a decrease in 
oxygen. Examples could be a brisk walk, an intensive mental exercise, or exposure 
to high altitude. In disease, the mechanisms underlying hypoxic response and adap-
tation become even more complex, and yet all the more critical to understand.

11.2  Hypoxic Response in Disease

A disruption in oxygen and changes to the hypoxic response pathways are associ-
ated with multiple diseases and disorders, including heart disease, cerebrovascular 
disease, pulmonary hypertension, and cancer (Fig. 11.2).

Each of these diseases involves the HIF1 pathway and downstream angiogenic 
proteins. Atherosclerosis leads to the impaired perfusion of downstream tissues, 
resulting in myocardial ischemia. Ischemia deprives the myocardium of oxygen and 
glucose which in severe cases can lead to infarction. HIF1 signaling helps prevent 
cardiac cell death through promoting angiogenesis. Similarly, in cerebral ischemia, 
HIF1 activity is increased in the viable tissue around the occlusion, resulting in 
increased glycolytic metabolism and VEGF expression –offering a degree of neu-
roprotection. The extent of ischemia-induced VEGF expression is age-dependent. 
The impairment of VEGF production in aged patients is caused partly by decreased 
hypoxia-induced HIF1 activity. Therefore, the increased angiogenic activity is 
often inadequate to prevent infarction.
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Hypoxia affects many other diseases independent of ischemia. In some patients 
with chronic obstructive lung disease, alveolar hypoxia induces vascular remodeling, 
resulting in pulmonary hypertension. This is characterized by increased pulmonary 
resistance and decreased vessel lumen diameter, leading to progressive right heart 
failure and potentially, death. Several HIF1 target genes are involved in this  process, 
including endothelin-1, insulin-like growth factor, and VEGF. Here, unlike its 
 preventive role in the case of ischemic cardiovascular diseases, HIF1 is involved in 
the pathogenesis of pulmonary hypertension. HIF1 plays a similar malignant role 
in cancer. HIF1 overexpression is associated with a worse tumor grade and tumor 
progression. HIF1a overexpression may propagate tumor growth by providing 
these cancerous cells with an adequate supply of oxygen through angiogenesis. 
Furthermore, hypoxic tumor cells are resistant to radiation and chemotherapy, and 
studies have correlated this resistance to higher HIF1 levels [76]. Complicating 
the picture even more, macrophage response, and specifically a protein called 

Fig. 11.2 Physiological and pathological conditions associated with hypoxia, at multiple 
biological levels
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 macrophage migration inhibitory factor, has recently been shown to stabilize HIF1, 
and itself has been correlated to neovascularization in inflammatory and hypoxic 
conditions both in cancer and in atherosclerosis [59, 72, 81, 82].

11.3  Hypoxic Response and Oxygen Sensing Models

Given the power of hypoxic response to alter the course of disease, the pharmaceutical 
industry’s interest in targeting related pathways, and the complexity of the interwoven 
mechanisms of oxygen sensing and response, the development of computational 
modeling in hypoxic research is been watched with growing fascination. 
Computational techniques that have been used to study hypoxia include gene net-
works, circuit analysis, ordinary differential equation-based chemical-kinetics, 
rule-based cell-level algorithms, compartmental modeling, and computational fluid 
dynamics (Fig. 11.3). Existing models can be divided broadly into five biological 
categories: blood flow and oxygen transport; NO and vasodilation; hypoxic 
response regulation through transcription factors; growth factor signaling; and 
angiogenesis.

Fig. 11.3 Types of computational techniques used to model patient-specific hypoxic response 
and microvascular dynamics include the following: (a) probabilistic gene networks; (b) biocir-
cuits; (c) chemical-kinetic models; (d) logic-based spatial models; (e) compartmental models; and 
(f) computational fluid dynamics
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11.3.1  Blood Flow and Oxygen Transport

Insufficient blood flow to meet a tissue’s metabolic demand for oxygen is a main 
cause of local hypoxia, and stimulation of angiogenesis. Blood flow and oxygen 
transport models in the microvasculature date back a century or more, with initial 
publications that included August Krogh’s work on capillary circulation [40]. 
A review on the subject describes the field today [27].

Briefly, we offer an example of how these computational models of blood flow 
and oxygen transport work. A 3D geometrical model of a capillary network in a 
specified tissue volume can be constructed from estimated vessel dimensions and 
spacing published in the literature (e.g., [35]), or from coupling noninvasive MR 
imaging of the vasculature using contrast agents, with increasingly sophisticated 
image analysis algorithms (e.g., [61]). Given appropriate boundary conditions 
(pressure or flow), blood flow and hematocrit distribution can be calculated 
throughout the network. This is achieved through a set of nonlinear algebraic equa-
tions for pressure at the network nodes (bifurcations) and blood flow rate and 
hematocrit in the vascular segments [87]. Once blood flow and local hematocrit in 
the network is determined, convection–diffusion–reaction partial differential equa-
tions governing oxygen transport are solved numerically, resulting in 3D distribu-
tion of oxygen in the microvascular network and surrounding tissue [35]. 
Sophisticated experimental and computational advances in studying blood flow in 
capillaries, have led to research into flow effects in blind-ended capillary sprouts 
[29], as well as numerous studies looking at the effects of microvascular flow on 
blood cell shape and leukocyte rolling, and vice versa. Future work in this area will 
couple high-resolution imaging of capillary blood flow within hypoxic tissue 
regions with models of oxygen diffusion and detailed hematology. Imaging coupled 
with analysis of blood hematocrit will provide the models with patient-specific 
parameters of initial capillary network structure and blood oxygen content. Results 
from the oxygen diffusion models, in turn, can be coupled with models detailing 
molecular and cellular details, described below, to provide predictions that are 
tailored to individuals.

11.3.2  NO and Vasodilation

Nitrites, and specifically nitric oxide (NO), can alter the degree of local hypoxia 
through its vasodilatory effects on the microcirculation. It has been purposed that 
red blood cells sense local tissue requirements as they travel through capillaries, 
and may release NO to enhance local blood flow in hypoxic regions [33]. 
Endogenous nitrite has also been credited with modulating mitochondrial respira-
tion and cellular protection from ischemic insult [88]. NO additionally has been 
shown to regulate HIF1 levels by signaling with ROS or through the HIF1 hydroxy-
lation pathway – whether the observed regulation is up or down has depended on 
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the amount of NO present [1, 12, 14, 31, 90]. A number of computational models 
have been developed to help quantify the amount of NO present in the microvascu-
lature in healthy and diseased conditions, and to represent NO’s signaling pathways 
[16–18, 21, 55]. The calculated distribution of NO and oxygen, and the NO signaling 
cascade predicted from the above models provide a basis for modeling cellular 
response to hypoxia via transcription factors.

11.3.3  Hypoxia-Inducible Factor 1: The Hypoxia Transcription 
Factor

A number of transcription factors play a role in hypoxic response including the 
erythroblastosis virus E26 oncogene homolog (ETS) family transcription factors 
[73], the family of hypoxia-inducible factor proteins (HIF1, HIF2, HIF3) [83]; the 
PI3K-Akt-mTOR pathway molecules; NF-kB; and p53, among others. One of the 
most influential transcription factors during hypoxia is hypoxia-inducible factor 
HIF1. During hypoxia, HIF1a rapidly accumulates within a cell, enters into the cell 
nucleus, binds to its dimer HIF1b, and triggers gene expression [64, 77]. Thousands 
of genes can be activated by HIF1 on their hypoxic response elements. These hypoxic 
response genes are broad in scope and associated with numerous pathways – ranging 
from angiogenesis in cancer, exercise, and ischemia; energy metabolism; nutrient 
transport; cell cycle; and cell migration [77, 89]. In turn, the number of human 
diseases and physiological conditions affected by HIF1 is extensive, as discussed 
above. Because of the complexity of the HIF1 pathway, systems biology models 
have emerged to analyze its effects, with a particular focus on pathway changes in 
response to disease conditions, and on ways the pathway can be therapeutically 
modulated.

11.3.3.1  Therapeutic Modulation of Cofactors in the HIF1 Pathway

Targeting the HIF1 pathway presents an attractive way to regulate angiogenesis 
[2, 3, 10, 25, 78]. While targeting HIF1 in cancer has arguably been the focus of 
most HIF1 therapeutic studies, recent reviews have specifically looked at manipu-
lating the HIF1 for potential treatments related to central nervous system  ischemia 
[22] and cardiovascular disease [32].

There are many ways to alter HIF1 expression and transcriptional activity. 
Computational models can be used to help guide the appropriate targets in the path-
way, and modify the therapy on an individual patient level. Cofactors in HIF1a 
hydroxylation and degradation are prime molecular level targets to regulate the 
 protein’s expression levels. These molecules include prolyl hydroxylases, iron, ascor-
bate, hydrogen peroxide, 2-oxoglutarate, succinate, and von Hippel–Lindau protein. 
Computational modeling tested two possible molecular therapies in conditions of 
transient cellular hypoxia – that of supplementing with ascorbate alone, and the 
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combination therapy of supplementing with iron and ascorbate [68]. The model 
predicted the degree to which HIF1a was hydroxylated, as a function of the relative 
initial concentrations of cofactors in the microenvironment (conditions that would 
change depending on the patient, tissue type, and cell type undergoing hypoxia). Both 
therapies decreased HIF1a expression during hypoxia. Where iron was in limited 
supply, the model showed ascorbate had a significant effect in modulating oxygen 
response and HIF1a expression. The utility of ascorbate supplementation, through its 
HIF1 hydroxylation role, has now been validated experimentally and shown to inhibit 
tumor growth in vivo [24] and inhibit physiological angiogenic growth in rat aortic 
ring and Matrigel plug mouse models [56]. Interestingly, iron supplementation has 
recently been shown to attenuate hypoxic pulmonary hypertension in humans, 
while the relationship to HIF1 in this situation is yet to be proven [84].

11.3.3.2  Effects of Chronic Hypoxia at the Molecular Level

In cancer, prolonged exercise, and some cases of ischemia, a patient could have 
tissue hypoxia that lasts for several hours, days, or months. During these chronic 
conditions, hypoxic response adapts. This adaptation can be seen by a cell’s higher 
hypoxia tolerance threshold before increasing HIF1a, or by an attenuated increase 
in HIF1a levels in response to hypoxia, compared to the level found after exposure 
to the same low oxygen but in transient conditions [38]. Preexposure to hypoxia 
(called hypoxic preconditioning) also contributes to a limited hypoxic response in 
reoxygenated cells [19]. Preconditioning shows protective effects in mammals 
exposed to ischemia, as well [80]. HIF1a’s hydroxylation enzymes contribute to 
this setpoint adjustment [19, 37, 38, 85]. Furthermore, a computational model 
showed how three feedback loops (HIF1a synthesis, prolyl hydroxylase synthesis, 
and succinate (SC) production inhibition) combine to tightly regulate the effects of 
chronic hypoxia via control of HIF1a degradation [69]. The model demonstrated 
that prolyl hydroxylase domains, succinate, and HIF1a feedback determine intrac-
ellular HIF1a levels over the course of hours to days. This chronic hypoxia model 
was then applied to specific cases of ischemia reperfusion and cancer, where 
another molecular species in the microenvironment greatly influences HIF1 
levels – reactive oxygen species.

11.3.3.3  Reactive Oxygen Species Effect in the Hypoxic  
Response Signaling Pathway

Several hypotheses exist as to how reactive oxygen species (ROS) interact with 
HIF1 and its pathway (related reviews include [7, 23, 30, 63, 86]). Studies have 
suggested that one ROS, hydrogen peroxide, oxidizes ferrous iron (Fe2+) to its ferric 
form (Fe3+), preventing the necessary binding of ferrous iron to the HIF1a hydroxy-
lation enzymes prolyl hydroxylases (PHDs) [60]. A complementary process could 
be that ascorbate is recruited as a free radical scavenger during hypoxia, limiting its 
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access to the HIF1 hydroxylation pathway. This would prevent ascorbate from 
reducing ferric iron, and/or prevent ascorbate from binding directly to the PHDs. 
In contrast, some studies have suggested that ROS increase rather than decrease 
free Fe2+, and HIF1a hydroxylation instead increases in the presence of ROS [39]. 
2-oxoglutarate (2OG) and succinate are compounds involved in HIF1a hydroxyla-
tion whose concentrations could also be altered by free radicals and mitochondrial 
dysfunction [28, 39, 60]. Furthermore, ROS could influence the HIF1 pathway by 
changing the location and availability of cellular oxygen, limiting its ability to bind 
directly to the PHDs, or ROS could be changing PHD phosphorylation [86]. A 
computational model, based initially on the chronic hypoxia model described 
above, was developed to characterize these alternate mechanisms of ROS [66, 69]. 
The model helped distinguish competing factors involved in pro- and antioxidant 
therapy in two diseases: cancer and ischemia (Fig. 11.4a). Model results justified 

Fig. 11.4 Example of model predictions of hypoxic response, from the intracellular (a) to the 
tissue level (b, c), where patient-specific properties (e.g., initial vasculature network structure; 
ischemic duration; genetic mutations in Dll4) can be given as initial parameters. (a) Relative 
hydroxylated HIF1 as a function of hypoxic duration in conditions of endothelial cells undergoing 
ischemia reperfusion injury (dotted line) and in hypoxic glioma cells (solid line). (b) Predicted 
overall vessel growth depends on relative rates of endothelial cell migration and proliferation. 
(c) Model results showing vessel growth after 200 h for control conditions (left panel) and haplo-
insufficiency of the Notch ligand Dll4 (right panel)
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the hypothesis that reactive oxygen species work by two opposite ways on the HIF1 
system, both up- and downregulating HIF1, through modulation of PHD2 levels. 
The model also predicted the degree to which ROS intracellular levels differ 
in tumor cells compared to endothelial cells in ischemic conditions, leading to 
 different apoptotic rates of the two cell types.

11.3.3.4  HIF1 Intracellular Signaling Leading  
to VEGF Expression Changes

Understanding the molecular interactions involved in hypoxic response is critical, 
but so too is understanding how transcriptional signaling affects hypoxia-induced 
angiogenesis. Some of the key genes induced by HIF1 are VEGF, VEGFR1, and 
GLUT1. VEGF is one of the most potent angiogenic growth  factors, and studying 
its activity in hypoxia has been the focus of a number of computational models.

The interactions between HIF1 and VEGF during hypoxia involve several feed-
forward and feedback mechanisms, and many different receptor–ligand interac-
tions. There are five VEGF genes, multiple isoforms of each gene, and five VEGF 
cell-surface receptors – each with different responsiveness to hypoxia and different 
roles in angiogenesis [51]. A series of computational models have been dedicated 
to characterizing the binding of different VEGF isoforms with their respective 
receptors, and used to predict the effect of therapies that modulate the VEGF family, 
with applications in cancer and in peripheral artery disease [46–50, 52]. The molecular-
based models of VEGF have been coupled with the blood flow and oxygen 
transport models described earlier to simulate VEGF distribution and signaling in 
hypoxic skeletal muscle, based on experimentally observed relationships between 
local oxygen levels, HIF1 and HIF1-induced VEGF [34, 45].

New observations add complexity to the regulation of VEGF in hypoxia. 
Independent of HIF1, hypoxia can upregulate VEGFR2, and other protein PGC1, 
recently has been shown to be key regulator of VEGF and angiogenesis in skeletal 
muscle during exercise in parallel or independent of HIF1 [5, 6, 26, 58]. Additionally, 
the ERK1/2 pathway has been shown to upregulate VEGF–VEGFR1 binding and 
signaling, which leads to a positive feedback, upregulating ERK1/2 and HIF1 [20]. 
Glucose metabolism and GLUT1, both regulated by HIF1, can alter the expression 
levels and signaling of VEGF and its receptors at least in some cell types [62]. To 
fully characterize the regulation of VEGF, both autocrine signaling (e.g., in a cancer 
cell, in specific skeletal muscle cells during exercise or even in endothelial cells 
during angiogenesis) and paracrine signaling (e.g., where VEGF levels secreted 
from an adjacent tissue upregulate the expression of HIF1 within endothelial cells) 
need to be considered.

As the HIF1-VEGF connectivity is being explored experimentally, in silico net-
work modeling and biocircuit representations can help highlight which signaling 
pathways dominate under different physiological conditions and predict dynamics 
of the interactions during neovascularization. Beyond transcriptional regulation and 
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signaling pathways, the subsequent cellular and tissue response to hypoxia is an 
active, growing area for patient-specific modeling.

11.3.4  Cell-Level and Integrated, Multiscale  
Angiogenesis Models

Aside from VEGF, many other proangiogenic factors change during hypoxia, 
including fibroblast growth factor, angiopoietins, tumor necrosis factor, and trans-
forming growth factor. Microvascular growth is determined by a balance of these 
proangiogenic factors with antiangiogenic factors, e.g., endostatin, thrombospondin-1, 
and angiostatin. The angiogenic events of endothelial cell activation, migration, and 
proliferation are a function of local growth factor concentrations and gradients. They 
also are a function of the local matrix, which cells respond to through a  synergy of 
chemical and mechanical changes. Enzymes like matrix metalloproteinases, MMPs, 
allow an activated cell to proteolyze its surrounding basement  membrane and extra-
cellular matrix (ECM). The moving tip cell releases ECM-bound growth factors as 
it moves. The fate of a growing capillary sprout is determined by the surrounding 
microenvironment. It can attach to adjacent vessel, retract, split, or branch. As 
sprouts form and connect, a new capillary network arises, potentially capable of 
 carrying blood and bringing oxygen to hypoxic regions.

This angiogenic process has been modeled computationally in many forms 
since the 1970s; for a review of the methods and characteristics of these models, 
see [65]. Cellular level and multiscale modeling has become increasingly popular 
as a means to tie intracellular signaling to phenotypical changes in the capillary 
network [15, 67]. A paradigm, which seems well-suited to expanding models 
modularly and developing them in a patient-specific manner, is agent-based or 
hybrid models of vascular growth. These models have varied in their applications – 
including a study assessing the effect of circulating monocytes on angiogenesis in 
mouse spinotrapezius muscle [8]; a experimentally-coupled model of the forma-
tion and inactivation of tip cells [9]; and a simulation studying the effect of regu-
lating the coupled processes of endothelial migration, elongation, and proliferation 
[70]. The commonality of the models lies in their ability to model cellular and 
molecular events in angiogenesis through the use of logical rules. These rules are 
hypotheses based on published data in literature or experiments. They can be 
articulated as equations, statements, or values guiding the behavior of agents. 
Results from these agent-based or hybrid models are frequently emergent proper-
ties of a capillary network that would not have been easily predicted from behavior 
that is governed at the cell or molecular level (e.g., see Fig. 11.4b, c). The cell-
based models are also increasingly coupled to experiments that can test out some 
of their predictions or offer an initial set of parameters specific to the in vitro or 
in vivo assay of interest. A recent modeling advance has been the integration of a 
cell-level agent-based model with detailed blood flow, oxygen transport, HIF1, 
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and VEGF molecular interactions models [65, 67]. This integrated, multiscale 
model allowed predictions of new  vasculature formation in a skeletal muscle tissue 
from changes at the intracellular and molecular levels. While the described models 
have captured variability at multiple biological levels and in several different 
 disease applications, so far these models have yet to be applied to humans.

11.4  Modeling Individual Variability

Patient-specific hypoxic response involves a phenomenal degree of complexity and 
sources for variability across biological levels (Fig. 11.5). Genetic variations – from 
deletions to mutations to epigenetic effects – can alter how hypoxic responsive genes 
respond. Key examples of this include mutations in p53 and VHL, both genes whose 
proteins interact with HIF1. VHL is known as a tumor suppressor gene, while p53 
is involved in cell death. Mutations in either gene alter a patient’s susceptibility to 
cancer, and have been tied to changes in HIF1 levels [42, 53, 54, 92].

Genetic variability in hypoxic response has been studied in a number of condi-
tions affecting humans, outside of diseases. An effort to understand why some people 
succumb to mountain sickness and others do not, has led to conclusions about genetic 
variations in humans living in high altitude. Adaptation to altitude has been observed 
in inhabitants of the Andes and Himalayan mountain ranges, and high planes in 
Ethiopia. Himalayan and Ethiopian mountain inhabitants lack the strong hypoxic 
response, such as changes in ventilation and cerebral circulation, shown in Andeans 
and control (non-high altitude dwellers) when exposed to hypoxia. Concomitantly, 
genetic markers for hypoxia have been correlated to this response [91].

At the molecular level, individuals can vary based on the various degrees and 
durations of hypoxia they are exposed to, as well as their baselines values for 
hypoxia-responsive proteins. Different durations or levels of hypoxia yield different 
activity of HIF degradation enzymes, HIF synthesis and reactive oxygen species, 

Fig. 11.5 Main sources of patient variability in hypoxic response spanning all biological levels
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and hence oxygen sensitivity. There are three known isoforms of HIF, three main 
isoforms of HIF prolyl hydroxylases; seven isoforms of one VEGF gene, five 
VEGF genes, five VEGF cell-surface receptors; three isoforms of MMP2, 1 of the 
26 MMPs [4], and hundreds of peptides endogenous to the local matrix capable of 
altering cell migration or proliferation. Furthermore, ROS can affect the HIF1 pathway 
through changes in at least five compounds (H

2
O

2
, Fe2+, Asc, 2OG or SC levels), 

based on experiments [43, 60]; and the interactions between HIF1, VEGF, and 
MMPs expand to include dozens if not hundreds of other proteins and molecules 
through regulatory loops.

There is substantial experimental evidence suggesting that levels of these 
 proteins and biochemicals can vary among healthy individuals, and certainly in 
disease. Interindividual variability in the ability to produce VEGF in response to 
hypoxia has been shown in a study on coronary artery collateral circulation [75]. 
A more recent study demonstrated that between normal, healthy individuals, 
there is a statistically significant variation in HIF1 regulated transcript expression in 
response to hypoxia [11].

Modeling has predicted that cell apoptosis and H
2
O

2
 steady-state levels are 

highly dependent on extracellular H
2
O

2
 levels, and largely independent of initial 

intracellular H
2
O

2
 levels, during hypoxia; in turn, intracellular H

2
O

2
 levels can be 

used to help predict HIF1a expression levels in time [66]. Should it hold true in 
humans that extracellular ROS determines intracellular HIF1a activity, this pin-
points another source of hypoxic response variability in healthy individuals – 
depending on age, diet, exercise, level of local inflammation, and potentially stress 
levels [44, 57].

A meta-analysis of published data on cancer patients and healthy individuals has 
helped to provide a quantitative value for the variability in VEGF levels found in 
human plasma [41]. Patient meta-analyses combined with techniques to locally 
measure HIF1, VEGF, and VEGFR expression levels in vitro and in vivo will 
 provide essential cell- and tissue-specific input parameters for the hypoxia-induced 
angiogenesis models (recent measurement examples include RT-PCR measure-
ments of VEGF164, VEGF188 and VEGF120 mRNA levels in embryonic and 
adult skeletal muscle [13]; and flow cytometry studies of VEGF121 and VEGF189 
levels as well as VEGF receptors expression in brain-derived and retinal endothelial 
cells [71]). VEGF effects on 3-D microvascular density has also recently been 
quantified by microcomputed tomography [74]

At a more macroscopic level, variability is also an important factor. In healthy 
patients, interindividual variations in ventilatory response have been reported in a 
number of studies, as have variations with respect to erythropoietin levels in 
response to hypoxia. Variability in organ size (e.g., heart and lung) can alter the 
metabolic rate and transport of oxygen throughout the body.

Certain conditions that decrease oxygen can alter the hypoxic state of an entire 
organ or the whole body: these include altitude, sleep apnea, stroke, hemorrhage, 
or clot, obesity, inflammation, degree of exercise, pulmonary disease, aging, cardio-
vascular disease, and cancer. Aging, for instance, is associated with an increased 
incidence of hypoxia–ischemia-related diseases, such as stroke and myocardial 
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infarction. Reduced protein expression of HIF1a is correlated with aging, which 
may in part explain the increased incidence of hypoxia-related conditions in the 
elderly and their reduced ability to cope with it [79]. Increased incidence of inflam-
mation and inflammatory diseases is also associated with age and variations in 
hypoxic response. For example, rheumatoid arthritis is characterized by an inflamed, 
thickened synovium, which results in an increasing gap between proliferating cells 
of the tissue and the nearest blood vessels, leading to hypoxia. Several forms of 
vasculitis (inflammatory destruction of blood vessels) can occur in rheumatoid 
arthritis; due to a decrease in the number of functioning blood vessels, vasculitis 
escalates the level of hypoxia.

All of these sources of variability – from the gene to the whole body level – should 
be taken into consideration when extrapolating hypoxic response models from their 
idealized applications in in vitro or in animal models to the human body.

11.5  Discussion and Conclusions: Integrating and Validating 
Inter- and Intra-patient Variation on Multiple Scales

As the models of hypoxic response at the microvasculature become increasingly 
patient specific, they will incorporate genetic, temporal, and spatial variation. Genetic 
variation will need to go beyond the presence or absence of a gene or  chromosome, 
to look at gradients, haploinsufficiencies and epigenetic effects. Temporal variation –  
everything from variations attributed to circadian rhythms to cell cycle to duration of 
hypoxia – will become more tightly coupled to spatial variation. In turn, spatial varia-
tion in three dimensions, which current hypoxic response models address at the cell 
and tissue level, will reach down to intracellular levels and up to whole body differ-
ences. The current state-of-the-art in hypoxic response modeling is integration of 
models representing multiple levels of biology, from intracellular molecular interac-
tions to cell-level behavior to capillary network formation to oxygen levels in the 
tissue to whole body distribution of growth factors. Coupling all of these models to 
patient-specific parameters through the use of experimental techniques such as func-
tional MRI and flow cytometry to assess angiogenic growth and cell-specific protein 
expression in vivo will bring us a step closer to using hypoxic response and micro-
vascular models in conjunction with, and as a precursor to, clinical trials.

References

 1. Agani, F. H., Puchowicz, M., Chavez, J. C., Pichiule, P. & Lamanna, J. (2002) Role of nitric 
oxide in the regulation of HIF-1alpha expression during hypoxia. Am J Physiol Cell Physiol, 
283, C178–86.

 2. Airley, R. E. & Mobasheri, A. (2007) Hypoxic regulation of glucose transport, anaerobic 
metabolism and angiogenesis in cancer: novel pathways and targets for anticancer therapeu-
tics. Chemotherapy, 53, 233–56.



19711 Patient-Specific Modeling of Hypoxic Response and Microvasculature Dynamics

 3. Alqawi, O., Moghaddas, M. & Singh, G. (2006) Effects of geldanamycin on HIF-1alpha 
mediated angiogenesis and invasion in prostate cancer cells. Prostate Cancer Prostatic Dis, 9, 
126–35.

 4. Amalinei, C., Caruntu, I. D. & Balan, R. A. (2007) Biology of metalloproteinases. Rom J Morphol 
Embryol, 48, 323–34.

 5. Arany, Z. (2008) PGC-1 coactivators and skeletal muscle adaptations in health and disease. 
Curr Opin Genet Dev, 18, 426–34.

 6. Arany, Z., Foo, S. Y., Ma, Y., Ruas, J. L., Bommi-Reddy, A., Girnun, G., Cooper, M., Laznik, 
D., Chinsomboon, J., Rangwala, S. M., Baek, K. H., Rosenzweig, A. & Spiegelman, B. M. (2008) 
HIF-independent regulation of VEGF and angiogenesis by the transcriptional coactivator PGC-
1alpha. Nature, 451, 1008–12.

 7. Archer, S. L., Gomberg-Maitland, M., Maitland, M. L., Rich, S., Garcia, J. G. & Weir, E. K. 
(2008) Mitochondrial metabolism, redox signaling, and fusion: a mitochondria-ROS-HIF-
1alpha-Kv1.5 O2-sensing pathway at the intersection of pulmonary hypertension and cancer. 
Am J Physiol Heart Circ Physiol, 294, H570–8.

 8. Bailey, A. M., Thorne, B. C. & Peirce, S. M. (2007) Multi-cell agent-based simulation of the 
microvasculature to study the dynamics of circulating inflammatory cell trafficking. Ann 
Biomed Eng, 35, 916–36.

 9. Bentley, K., Mariggi, G., Gerhardt, H. & Bates, P. A. (2009) Tipping the balance: robustness 
of tip cell selection, migration and fusion in angiogenesis. PLoS Comput Biol, 5, e1000549.

 10. Brahimi-Horn, M. C. & Pouyssegur, J. (2007) Harnessing the hypoxia-inducible factor in 
cancer and ischemic disease. Biochem Pharmacol, 73, 450–7.

 11. Brooks, J. T., Elvidge, G. P., Glenny, L., Gleadle, J. M., Liu, C., Ragoussis, J., Smith, T. G., 
Talbot, N. P., Winchester, L., Maxwell, P. H. & Robbins, P. A. (2009) Variations within oxy-
gen-regulated gene expression in humans. J Appl Physiol, 106, 212–20.

 12. Brune, B. & Zhou, J. (2003) The role of nitric oxide (NO) in stability regulation of hypoxia 
inducible factor-1alpha (HIF-1alpha). Curr Med Chem, 10, 845–55.

 13. Bryan, B. A., Walshe, T. E., Mitchell, D. C., Havumaki, J. S., Saint-Geniez, M., Maharaj, A. S., 
Maldonado, A. E. & D’Amore, P. A. (2008) Coordinated vascular endothelial growth factor 
expression and signaling during skeletal myogenic differentiation. Mol Biol Cell, 19, 994–1006.

 14. Callapina, M., Zhou, J., Schmid, T., Kohl, R. & Brune, B. (2005) NO restores HIF-1alpha hydrox-
ylation during hypoxia: role of reactive oxygen species. Free Radic Biol Med, 39, 925–36.

 15. Chaplain, M. A., McDougall, S. R. & Anderson, A. R. (2006) Mathematical modeling of 
tumor-induced angiogenesis. Annu Rev Biomed Eng, 8, 233–57.

 16. Chen, K., Pittman, R. N. & Popel, A. S. (2007) Vascular smooth muscle NO exposure from 
intraerythrocytic SNOHb: a mathematical model. Antioxid Redox Signal, 9, 1097–110.

 17. Chen, K. & Popel, A. S. (2006) Theoretical analysis of biochemical pathways of nitric oxide 
release from vascular endothelial cells. Free Radic Biol Med, 41, 668–80.

 18. Chen, K. & Popel, A. S. (2007) Vascular and perivascular nitric oxide release and transport: 
Biochemical pathways of neuronal nitric oxide synthase (NOS1) and endothelial nitric oxide 
synthase (NOS3). Free Radic Biol Med, 42, 811–22.

 19. D’Angelo, G., Duplan, E., Boyer, N., Vigne, P. & Frelin, C. (2003) Hypoxia up-regulates 
prolyl hydroxylase activity: a feedback mechanism that limits HIF-1 responses during reoxy-
genation. J Biol Chem, 278, 38183–7.

 20. Das, B., Yeger, H., Tsuchida, R., Torkin, R., Gee, M. F., Thorner, P. S., Shibuya, M., Malkin, D. 
& Baruchel, S. (2005) A hypoxia-driven vascular endothelial growth factor/Flt1 autocrine loop 
interacts with hypoxia-inducible factor-1alpha through mitogen-activated protein kinase/extra-
cellular signal-regulated kinase 1/2 pathway in neuroblastoma. Cancer Res, 65, 7267–75.

 21. Deonikar, P. & Kavdia, M. (2009) An integrated computational and experimental model of 
nitric oxide-red blood cell interactions. Ann Biomed Eng, 38, 357–70.

 22. Freeman, R. S. & Barone, M. C. (2005) Targeting hypoxia-inducible factor (HIF) as a thera-
peutic strategy for CNS disorders. Curr Drug Targets CNS Neurol Disord, 4, 85–92.

 23. Galanis, A., Pappa, A., Giannakakis, A., Lanitis, E., Dangaj, D. & Sandaltzopoulos, R. (2008) 
Reactive oxygen species and HIF-1 signalling in cancer. Cancer Lett, 266, 12–20.



198 J. Nathan and A.A. Qutub

 24. Gao, P., Zhang, H., Dinavahi, R., Li, F., Xiang, Y., Raman, V., Bhujwalla, Z. M., Felsher, D. 
W., Cheng, L., Pevsner, J., Lee, L. A., Semenza, G. L. & Dang, C. V. (2007) HIF-dependent 
antitumorigenic effect of antioxidants in vivo. Cancer Cell, 12, 230–8.

 25. Garcia, J. A. (2006) HIFing the brakes: therapeutic opportunities for treatment of human 
malignancies. Sci STKE, 2006, pe25.

 26. Geng, T., Li, P., Okutsu, M., Yin, X., Kwek, J., Zhang, M. & Yan, Z. (2010) PGC-1{alpha} 
plays a functional role in exercise-induced mitochondrial biogenesis and angiogenesis but not 
fiber-type transformation in mouse skeletal muscle. Am J Physiol Cell Physiol, 298, C572–9.

 27. Goldman, D. (2008) Theoretical models of microvascular oxygen transport to tissue. 
Microcirculation, 15, 795–811.

 28. Gottlieb, E. & Tomlinson, I. P. (2005) Mitochondrial tumour suppressors: a genetic and 
 biochemical update. Nat Rev Cancer, 5, 857–66.

 29. Guerreiro-Lucas, L. A., Pop, S. R., Machado, M. J., Ma, Y. L., Waters, S. L., Richardson, G., 
Saetzler, K., Jensen, O. E. & Mitchell, C. A. (2008) Experimental and theoretical modelling 
of blind-ended vessels within a developing angiogenic plexus. Microvasc Res, 76, 161–8.

 30. Guzy, R. D. & Schumacker, P. T. (2006) Oxygen sensing by mitochondria at complex III: the 
paradox of increased reactive oxygen species during hypoxia. Exp Physiol, 91, 807–19.

 31. Herr, B., Zhou, J., Drose, S. & Brune, B. (2007) The interaction of superoxide with nitric 
oxide destabilizes hypoxia-inducible factor-1alpha. Cell Mol Life Sci, 64, 3295–305.

 32. Hoenig, M. R., Bianchi, C. & Sellke, F. W. (2008) Hypoxia inducible factor-1 alpha, endothe-
lial progenitor cells, monocytes, cardiovascular risk, wound healing, cobalt and hydralazine: 
a unifying hypothesis. Curr Drug Targets, 9, 422–35.

 33. Jensen, F. B. (2009) The dual roles of red blood cells in tissue oxygen delivery: oxygen 
 carriers and regulators of local blood flow. J Exp Biol, 212, 3387–93.

 34. Ji, J. W., Mac Gabhann, F. & Popel, A. S. (2007) Skeletal muscle VEGF gradients in periph-
eral arterial disease: simulations of rest and exercise. Am J Physiol Heart Circ Physiol, 293, 
H3740–9.

 35. Ji, J. W., Tsoukias, N. M., Goldman, D. & Popel, A. S. (2006) A computational model of 
oxygen transport in skeletal muscle for sprouting and splitting modes of angiogenesis. J Theor 
Biol, 241, 94–108.

 36. Jiang, B. H., Semenza, G. L., Bauer, C. & Marti, H. H. (1996) Hypoxia-inducible factor 1 
levels vary exponentially over a physiologically relevant range of O2 tension. Am J Physiol, 
271, C1172–80.

 37. Jones, N. M., Lee, E. M., Brown, T. G., Jarrott, B. & Beart, P. M. (2006) Hypoxic precondition-
ing produces differential expression of hypoxia-inducible factor-1alpha (HIF-1alpha) and its 
regulatory enzyme HIF prolyl hydroxylase 2 in neonatal rat brain. Neurosci Lett, 404, 72–7.

 38. Khanna, S., Roy, S., Maurer, M., Ratan, R. R. & Sen, C. K. (2006) Oxygen-sensitive reset of 
hypoxia-inducible factor transactivation response: prolyl hydroxylases tune the biological 
normoxic set point. Free Radic Biol Med, 40, 2147–54.

 39. Kozhukhar, A. V., Yasinska, I. M. & Sumbayev, V. V. (2006) Nitric oxide inhibits HIF-1alpha 
protein accumulation under hypoxic conditions: implication of 2-oxoglutarate and iron. Biochimie, 
88, 411–8.

 40. Krogh, A. (1919) The supply of oxygen to the tissues and the regulation of the capillary 
 circulation. J Physiol, 52, 457–74.

 41. Kut, C., Mac Gabhann, F. & Popel, A. S. (2007) Where is VEGF in the body? A meta-analysis 
of VEGF distribution in cancer. Br J Cancer, 97, 978–85.

 42. Li, Z., Wang, D., Messing, E. M. & Wu, G. (2005) VHL protein-interacting deubiquitinating 
enzyme 2 deubiquitinates and stabilizes HIF-1alpha. EMBO Rep, 6, 373–8.

 43. Lopez-Lazaro, M. (2007) Dual role of hydrogen peroxide in cancer: possible relevance to 
cancer chemoprevention and therapy. Cancer Lett, 252, 1–8.

 44. Lopez-Torres, M. & Barja, G. (2008) Lowered methionine ingestion as responsible for the 
decrease in rodent mitochondrial oxidative stress in protein and dietary restriction possible 
implications for humans. Biochim Biophys Acta, 1780, 1337–47.



19911 Patient-Specific Modeling of Hypoxic Response and Microvasculature Dynamics

 45. Mac Gabhann, F., Ji, J. W. & Popel, A. S. (2007) Multi-scale computational models of 
 pro-angiogenic treatments in peripheral arterial disease. Ann Biomed Eng, 35, 982–94.

 46. Mac Gabhann, F. & Popel, A. S. (2004) Model of competitive binding of vascular endothelial 
growth factor and placental growth factor to VEGF receptors on endothelial cells. Am J 
Physiol Heart Circ Physiol, 286, H153–64.

 47. Mac Gabhann, F. & Popel, A. S. (2005) Differential binding of VEGF isoforms to VEGF Receptor 
2 in the presence of Neuropilin-1: a computational model. Am J Physiol Heart Circ Physiol, 288, 
H2851–60.

 48. Mac Gabhann, F. & Popel, A. S. (2006) Targeting neuropilin-1 to inhibit VEGF signaling in 
cancer: comparison of therapeutic approaches. PLoS Comput Biol, 2, e180.

 49. Mac Gabhann, F. & Popel, A. S. (2007) Dimerization of VEGF receptors and implications for 
signal transduction: a computational study. Biophys Chem, 128, 125–39.

 50. Mac Gabhann, F. & Popel, A. S. (2007) Interactions of VEGF isoforms with VEGFR-1, 
VEGFR-2, and neuropilin in vivo: a computational model of human skeletal muscle. 
Am J Physiol Heart Circ Physiol, 292, H459–74.

 51. Mac Gabhann, F. & Popel, A. S. (2008) Systems biology of vascular endothelial growth factors. 
Microcirculation, 15, 715–38.

 52. Mac Gabhann, F., Yang, M. T. & Popel, A. S. (2005) Monte Carlo simulations of VEGF binding 
to cell surface receptors in vitro. Biochim Biophys Acta, 1746, 95–107.

 53. Matouk, I. J., Mezan, S., Mizrahi, A., Ohana, P., Abu-Lail, R., Fellig, Y., Degroot, N., Galun, 
E. & Hochberg, A. (2010) The oncofetal H19 RNA connection: Hypoxia, p53 and cancer. 
Biochim Biophys Acta, 1803, 443–51.

 54. Maxwell, P. H., Wiesener, M. S., Chang, G. W., Clifford, S. C., Vaux, E. C., Cockman, M. E., 
Wykoff, C. C., Pugh, C. W., Maher, E. R. & Ratcliffe, P. J. (1999) The tumour suppressor protein 
VHL targets hypoxia-inducible factors for oxygen-dependent proteolysis. Nature, 399, 271–5.

 55. Menyhard, D. K. (2009) Comparative computational analysis of active and inactive cofactors 
of nitric oxide synthase. J Phys Chem B, 113, 3151–9.

 56. Mikirova, N. A., Casciari, J. J. & Riordan, N. H. (2010) Ascorbate inhibition of angiogenesis 
in aortic rings ex vivo and subcutaneous Matrigel plugs in vivo. J Angiogenes Res, 2, 2.

 57. Miquel, J. (2002) Can antioxidant diet supplementation protect against age-related mitochon-
drial damage? Ann N Y Acad Sci, 959, 508–16.

 58. O’Hagan, K. A., Cocchiglia, S., Zhdanov, A. V., Tambuwala, M. M., Cummins, E. P., 
Monfared, M., Agbor, T. A., Garvey, J. F., Papkovsky, D. B., Taylor, C. T. & Allan, B. B. 
(2009) PGC-1alpha is coupled to HIF-1alpha-dependent gene expression by increasing mito-
chondrial oxygen consumption in skeletal muscle cells. Proc Natl Acad Sci U S A, 106, 
2188–93.

 59. Oda, S., Oda, T., Nishi, K., Takabuchi, S., Wakamatsu, T., Tanaka, T., Adachi, T., Fukuda, K., 
Semenza, G. L. & Hirota, K. (2008) Macrophage migration inhibitory factor activates 
hypoxia-inducible factor in a p53-dependent manner. PLoS One, 3, e2215.

 60. Pan, Y., Mansfield, K. D., Bertozzi, C. C., Rudenko, V., Chan, D. A., Giaccia, A. J. & Simon, M. C. 
(2007) Multiple factors affecting cellular redox status and energy metabolism modulate hypoxia-
inducible factor prolyl hydroxylase activity in vivo and in vitro. Mol Cell Biol, 27, 912–25.

 61. Pathak, A. P., Ward, B. D. & Schmainda, K. M. (2008) A novel technique for modeling suscep-
tibility-based contrast mechanisms for arbitrary microvascular geometries: the finite perturber 
method. Neuroimage, 40, 1130–43.

 62. Pfafflin, A., Brodbeck, K., Heilig, C. W., Haring, H. U., Schleicher, E. D. & Weigert, C. 
(2006) Increased glucose uptake and metabolism in mesangial cells overexpressing glucose 
transporter 1 increases interleukin-6 and vascular endothelial growth factor production: role 
of AP-1 and HIF-1alpha. Cell Physiol Biochem, 18, 199–210.

 63. Pouyssegur, J. & Mechta-Grigoriou, F. (2006) Redox regulation of the hypoxia-inducible fac-
tor. Biol Chem, 387, 1337–46.

 64. Powell, F. L. (2003) Functional genomics and the comparative physiology of hypoxia. Annu 
Rev Physiol, 65, 203–30.



200 J. Nathan and A.A. Qutub

 65. Qutub, A., Gabhann, F., Karagiannis, E., Vempati, P. & Popel, A. (2009) Multiscale models 
of angiogenesis. IEEE Eng Med Biol Mag, 28, 14–31.

 66. Qutub, A. & Popel, A. (2008) Reactive oxygen species regulate hypoxia-inducible factor 
HIF1alpha differentially in cancer and ischemia. Mol Cell Biol, 28, 5106–19.

 67. Qutub, A. A., Liu, G., Vempati, P. & Popel, A. S. (2009) Integration of angiogenesis modules 
at multiple scales: from molecular to tissue. Pac Symp Biocomput, 316–27.

 68. Qutub, A. A. & Popel, A. S. (2006) A computational model of intracellular oxygen sensing 
by hypoxia-inducible factor HIF1 alpha. J Cell Sci, 119, 3467–80.

 69. Qutub, A. A. & Popel, A. S. (2007) Three autocrine feedback loops determine HIF1 alpha 
expression in chronic hypoxia. Biochim Biophys Acta, 1773, 1511–25.

 70. Qutub, A. A. & Popel, A. S. (2009) Elongation, proliferation & migration differentiate 
endothelial cell phenotypes and determine capillary sprouting. BMC Syst Biol, 3, 13.

 71. Rajah, T. T. & Grammas, P. (2002) VEGF and VEGF receptor levels in retinal and brain-
derived endothelial cells. Biochem Biophys Res Commun, 293, 710–3.

 72. Rendon, B. E., Willer, S. S., Zundel, W. & Mitchell, R. A. (2009) Mechanisms of macrophage 
migration inhibitory factor (MIF)-dependent tumor microenvironmental adaptation. Exp Mol 
Pathol, 86, 180–5.

 73. Salnikow, K., Aprelikova, O., Ivanov, S., Tackett, S., Kaczmarek, M., Karaczyn, A., Yee, H., 
Kasprzak, K. S. & Niederhuber, J. (2008) Regulation of hypoxia-inducible genes by ETS1 
transcription factor. Carcinogenesis, 29, 1493–9.

 74. Schmidt, C., Bezuidenhout, D., Beck, M., Van der Merwe, E., Zilla, P. & Davies, N. (2009) 
Rapid three-dimensional quantification of VEGF-induced scaffold neovascularisation by 
microcomputed tomography. Biomaterials, 30, 5959–68.

 75. Schultz, A., Lavie, L., Hochberg, I., Beyar, R., Stone, T., Skorecki, K., Lavie, P., Roguin, A. & 
Levy, A. P. (1999) Interindividual heterogeneity in the hypoxic regulation of VEGF: significance 
for the development of the coronary artery collateral circulation. Circulation, 100, 547–52.

 76. Semenza, G. L. (2002) HIF-1 and tumor progression: pathophysiology and therapeutics. 
Trends Mol Med, 8, S62–7.

 77. Semenza, G. L. (2004) Hydroxylation of HIF-1: oxygen sensing at the molecular level. 
Physiology (Bethesda), 19, 176–82.

 78. Semenza, G. L. (2006) Development of novel therapeutic strategies that target HIF-1. Expert 
Opin Ther Targets, 10, 267–80.

 79. Semenza, G. L. (2009) Regulation of vascularization by hypoxia-inducible factor 1. 
 Ann N Y Acad Sci, 1177, 2–8.

 80. Sharp, F. R., Ran, R., Lu, A., Tang, Y., Strauss, K. I., Glass, T., Ardizzone, T. & Bernaudin, M. 
(2004) Hypoxic preconditioning protects against ischemic brain injury. Neurorx, 1, 26–35.

 81. Sluimer, J. C. & Daemen, M. J. (2009) Novel concepts in atherogenesis: angiogenesis and 
hypoxia in atherosclerosis. J Pathol, 218, 7–29.

 82. Sluimer, J. C., Gasc, J. M., Van Wanroij, J. L., Kisters, N., Groeneweg, M., Sollewijn Gelpke, 
M. D., Cleutjens, J. P., Van den Akker, L. H., Corvol, P., Wouters, B. G., Daemen, M. J. & 
Bijnens, A. P. (2008) Hypoxia, hypoxia-inducible transcription factor, and macrophages in 
human atherosclerotic plaques are correlated with intraplaque angiogenesis. J Am Coll 
Cardiol, 51, 1258–65.

 83. Smith, T. G., Robbins, P. A. & Ratcliffe, P. J. (2008) The human side of hypoxia-inducible 
factor. Br J Haematol, 141, 325–34.

 84. Smith, T. G., Talbot, N. P., Privat, C., Rivera-Ch, M., Nickol, A. H., Ratcliffe, P. J., 
Dorrington, K. L., Leon-Velarde, F. & Robbins, P. A. (2009) Effects of iron supplementation 
and depletion on hypoxic pulmonary hypertension: two randomized controlled trials. JAMA, 
302, 1444–50.

 85. Stiehl, D. P., Wirthner, R., Koditz, J., Spielmann, P., Camenisch, G. & Wenger, R. H. (2006) 
Increased prolyl 4-hydroxylase domain proteins compensate for decreased oxygen levels. 
Evidence for an autoregulatory oxygen-sensing system. J Biol Chem, 281, 23482–91.

 86. Taylor, C. T. (2008) Mitochondria and cellular oxygen sensing in the HIF pathway. 
Biochem J, 409, 19–26.



20111 Patient-Specific Modeling of Hypoxic Response and Microvasculature Dynamics

 87. Tsoukias, N. M., Goldman, D., Vadapalli, A., Pittman, R. N. & Popel, A. S. (2007) A 
 computational model of oxygen delivery by hemoglobin-based oxygen carriers in three-
dimensional microvascular networks. J Theor Biol, 248, 657–74.

 88. Van Faassen, E. E., Bahrami, S., Feelisch, M., Hogg, N., Kelm, M., Kim-Shapiro, D. B., 
Kozlov, A. V., Li, H., Lundberg, J. O., Mason, R., Nohl, H., Rassaf, T., Samouilov, A., Slama-
Schwok, A., Shiva, S., Vanin, A. F., Weitzberg, E., Zweier, J. & Gladwin, M. T. (2009) Nitrite 
as regulator of hypoxic signaling in mammalian physiology. Med Res Rev, 29, 683–741.

 89. Wang, G. L., Jiang, B. H., Rue, E. A. & Semenza, G. L. (1995) Hypoxia-inducible factor 1 is 
a basic-helix-loop-helix-PAS heterodimer regulated by cellular O2 tension. Proc Natl Acad 
Sci U S A, 92, 5510–4.

 90. Wellman, T. L., Jenkins, J., Penar, P. L., Tranmer, B., Zahr, R. & Lounsbury, K. M. (2004) 
Nitric oxide and reactive oxygen species exert opposing effects on the stability of hypoxia-
inducible factor-1alpha (HIF-1alpha) in explants of human pial arteries. FASEB J, 18, 
379–81.

 91. Xing, G., Qualls, C., Huicho, L., Rivera-Ch, M., Stobdan, T., Slessarev, M., Prisman, E., Ito, S., 
Wu, H., Norboo, A., Dolma, D., Kunzang, M., Norboo, T., Gamboa, J. L., Claydon, V. E., Fisher, 
J., Zenebe, G., Gebremedhin, A., Hainsworth, R., Verma, A. & Appenzeller, O. (2008) 
Adaptation and mal-adaptation to ambient hypoxia; Andean, Ethiopian and Himalayan patterns. 
PLoS One, 3, e2342.

 92. Zhang, H., Gao, P., Fukuda, R., Kumar, G., Krishnamachary, B., Zeller, K. I., Dang, C. V. & 
Semenza, G. L. (2007) HIF-1 inhibits mitochondrial biogenesis and cellular respiration in 
VHL-deficient renal cell carcinoma by repression of C-MYC activity. Cancer Cell, 11, 
407–20.


	Chapter 11: Patient-Specific Modeling of Hypoxic Response and Microvasculature Dynamics
	11.1 Introduction
	11.2 Hypoxic Response in Disease
	11.3 Hypoxic Response and Oxygen Sensing Models
	11.3.1 Blood Flow and Oxygen Transport
	11.3.2 NO and Vasodilation
	11.3.3 Hypoxia-Inducible Factor 1: The Hypoxia Transcription Factor
	11.3.3.1 Therapeutic Modulation of Cofactors in the HIF1 Pathway
	11.3.3.2 Effects of Chronic Hypoxia at the Molecular Level
	11.3.3.3 Reactive Oxygen Species Effect in the Hypoxic Response Signaling Pathway
	11.3.3.4 HIF1 Intracellular Signaling Leading to VEGF Expression Changes

	11.3.4 Cell-Level and Integrated, Multiscale Angiogenesis Models

	11.4 Modeling Individual Variability
	11.5 Discussion and Conclusions: Integrating and Validating Inter- and Intra-patient Variation on Multiple Scales
	References


