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For years, researchers have explored
the myriad wonders of the construc-
tion of virtual proteins based on gene

and protein sequence alignments and the
screening of virtual compounds against a
database of drug targets. But as is
so often the case in drug develop-
ment, most of these virtual com-
pounds fail to achieve their lofty goals
when synthesized and exposed to
the harshness of the real world and
the complexity of the human body.

However, what if there were a
way to test drugs in real-world
scenarios while they were still in the
virtual phase?

To answer this question, several
groups of researchers have taken the
real-world information that already
exists and used it to develop virtu-
al people on whom these compounds
can be tested—biomedical Pinoc-
chios, if you will. From these compu-
tational puppets, the researchers
hope to predict the biological effects
of the various test compounds in the
hope of fine-tuning real-world assays
and, ideally, eliminating dead-end
leads from trials before they are even
synthesized. To paraphrase the well-
used quote, “Fail early and fail often.”

Virtual Reality 
To address this challenge, researchers
have developed biological model
systems that mimic the various
healthy and diseased states against
which the drug candidate is to be
tested. In some cases, these models
are simple cell- or tissue-based assays
that examine how well a compound performs
its assigned function. Often, however, animal
models of a given disease state are devel-
oped by using gene knock-out experiments
or by chemically or physically perturbing
the animals’ metabolism so that they have
the human disease but from a different
cause. But there are limits to this method.

“Pharma is all about model systems,
whether it’s comparative genomics, compar-
ing zebrafish and C. elegans to humans, or
using knock-out mice,” says Michael French,
vice president of Entelos (www.entelos.com),

a company that specializes in computa-
tional modeling. “They’re using a model
system to understand a complex pathway
network of the manipulation of a molecu-
lar target and the likely clinical outcome.
But with an animal model, the problem is
that the underlying problem is artificially
induced. Simply put, rats don’t get diabetes.

So, although the pathways can be conserved
across the species, the actual kinetic and
quantitative aspects of them differ greatly.”

This is where computational models of
human physiology come into play. Re-
searchers in academia and at companies
like Entelos have developed various models,
both diseased and healthy, that they hope
will allow clinicians and scientists to test

new drugs directly against disease
states. These models can be built
purely on the basis of data mining—
using information that has been
stored in proprietary and public
databases—or they might be more
interactive and intuitive, making
conjectures based on what is known
and what is believed by the
researchers who fed the original
information into the system.

Cell Success
Regardless of what drug is used,
its initial activity is directed against
the individual modeled cell where
a metabolic pathway is disturbed,
sometimes with global ramifications.
Thus, researchers focused their early
computational modeling efforts on
improving our understanding of the
functions of the cell. Advances in
genomics and proteomics, as well
as decades of accumulated knowl-
edge about metabolism, have
allowed researchers to develop
simple models of metabolic cause-
and-effect pathways.

Recently, Christophe Schilling,
vice president and chief technol-
ogy officer at Genomatica (www.
genomatica.com), and colleagues
at several academic institutions
developed a metabolic model of
the bacterium Helicobacter pylori,

a microbe that colonizes the human
gastrointestinal tract, causing inflam-
mation that can lead to ulcers and gastric
cancer (1). The model was largely derived
from genomic information, which was
used to reconstruct a metabolic network
that could be compared with other, better-
understood organisms such as Haemophilus
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Researchers hope to test drug efficacy by using
virtual clinical trial patients.

FIGURE 1: In a heartbeat. The blood flow has been restricted
(purple) in a model of coronary circulation (top). Similarly,
the changes in heart rhythm that are caused by oscillations
in calcium flux are simulated (bottom). When used together,
the models help researchers understand what happens
during a heart attack. (Adapted with permission from Noble,
D. Science 2002, 295, 1678–1682. Copyright 2002 American
Association for the Advancement of Science.) 
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influenzae. Using their model, the re-
searchers elucidated a variety of feed-
back networks that offer information
about growth requirements and respons-
es to various gene deletions, data that
might be critical to understanding how
to fight this organism pharmaceutically.

In September 2002, Genomatica signed
an agreement with Dow Chemical Co. to
develop metabolic models for use in Dow’s
microbial bioprocessing programs. “Dow is
continually looking for access to useful new
technologies in the bioprocessing and
biotechnology fields,” says Dow’s Mani Subra-
manian in a press release. “A better under-
standing of microbial metabolic processes
gained through Genomatica’s modeling tech-
nologies will provide Dow the ability to do
rational microbial strain improvement and
metabolic engineering. This will allow more
efficient bioprocess development.”

Organ Grinders
But physiology doesn’t simply occur in
isolated cells. Rather, it involves an inter-
play of various cell types, passing signals
among themselves to register different
activities and behaviors. Such is the case
with tissues and organs, and researchers
have therefore gone to great lengths to
develop models of this interplay.

A critical factor in the efficacy of a drug
is how well and how quickly it is absorbed
by the gastrointestinal (GI) tract. Thus,
researchers at Simulations Plus (www.simu
lations-plus.com) developed the advanced
compartmental absorption and transit
(ACAT) model of the mammalian GI tract,
calling their module GastroPlus. ACAT is a
collection of equations that describe the
physical processes that occur during the
controlled release, dissolution, transport,
and absorption of drugs. Thus, once the
operator has typed into the system the
values of a series of characteristics for a
given compound (e.g., log P, solubility, and
molecular weight), the program will predict
the pharmacokinetic profile of the drug.

Similarly, Raimond Winslow at Johns
Hopkins University and Denis Noble at Oxford
University developed a model of the human
heart that can be used to optimize cardiac
drug development. Commercialized as Cardio-
Prism by their company, Physiome Sciences
(www.physiome.com), the software features
experimentally proven models of cardiac
cells and ventricular tissue designed for the
evaluation of compounds that might trig-
ger arrhythmia or QT prolongation (2).

This is a particularly important achieve-

ment for continued drug discovery, accord-
ing to Noble. “Half the drug withdrawals
that have occurred since 1998 in the U.S.A.
when drugs have come on the market,”
said Noble in a 2002 review (3), “have been
attributable to cardiac side effects, often
in the form of effects on the electrocar-
diogram and consequent arrhythmias.”

Using models ranging from basic simu-
lations of the metabolism of individual cell
types found in the heart to simulations
of blood flow, researchers like Noble and
Winslow have monitored physiological
changes triggered by gene mutations, drug
interactions, and simple blood flow restric-
tions (Figure 1).

“If we can also connect the cellular
mechanisms of arrhythmia to the process-
es by which regular excitation breaks down
into the multiple wavelets of ventricular
fibrillation,” Noble wrote, “then yet anoth-
er grand challenge for integrative physio-
logical computation will come within
range—the full-scale reconstruction of a
coronary heart attack.”

Out-of-Body Experiences
But the ultimate concept—some might call
it a conceit—is the modeling of an entire
human being, not just his or her compo-
nent parts.

With all of the recent hype about the
Human Genome Project and the hope
that we will someday be able to correlate
drug response phenotypes to individual
genotypes—the “individualized medicine”
paradigm—much effort has been put into
the concept of sequencing the genomes
of everyone on the planet. But this is not
a universally accepted plan.

“It’s just not economically feasible—
or necessary—to do a complete genotype
analysis on every patient,” says Lior
Ma’ayan, executive vice president of Compu-
gen (www.cgen.com). Instead, Ma’ayan
argues that all of the information needed
to determine the efficacy of a drug has

already been created and sits in the filing
cabinets of physicians around the world.
To that end, Compugen has recently applied
its expertise in bioinformatics to the devel-
opment of a computational medicine
program that aims to improve drug effi-
cacy and safety by analyzing proprietary
medical records (through agreements with
HMOs) and molecular data.

By using information such as leucocyte
counts, resting heart rate, high- and low-
density lipoprotein levels, and percent body
fat, the Compugen researchers hope to iden-
tify homogeneous subpopulations of patients
with similar responses to a given drug.
This information can then be combined with
the identification of various molecular mark-
ers to develop profiles of patients in the
various response categories. Thus, when
considering whether to place a new patient
on a specific drug regimen, the physician
can access this profile information, compare
the new patient’s profile with those of the
subpopulations, and thereby predetermine
the patient’s response.

Other researchers agree with the Compu-
gen concept but not necessarily with the
company’s methods. Instead, groups such
as those working at Entelos want to model
the entire human physiology by creating
simulations of various metabolic pathways
using current research results found in
the literature as a template. In the case of
Entelos, such simulations take the form of
modules called PhysioLabs, each of which
describes the various metabolic pathways
for a given disease state or disorder, such
as asthma, obesity, or diabetes.

“The PhysioLab is about supplement-
ing [animal] model systems with the true
model system of human physiology and
pathophysiology upon which scientists can
test their hypotheses in silico,” says
Entelos’s Michael French, “and then confirm
them with animal models or other assays.”

Entelos creates a series of virtual patients
for each disease that is mapped to the actu-
al physiological parameters found in human
patients. These patients can then be test-
ed with virtual compounds to determine
how effective a compound will be in treat-
ing the disease or what side effects might
occur. “A virtual patient is an explicit math-
ematical representation of a hypothesis that
is constrained by this single-pathway
network and consistent with the hundreds
of phenotypic responses,” says French.
“When it’s not consistent, then we have
to ask ourselves if there is some biology
that’s missing or if the hypothesis is wrong.”
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“Half the drug
withdrawals that 

have occurred since
1998 in the U.S.A. have

been attributable to
cardiac side effects.”



“In our Diabetes PhysioLab, for exam-
ple,” says French, “there are 61 virtual
patients—everything from lean insulin-
resistant patients up to severely obese, se-
verely diabetic patients. Each patient repre-
sents a hypothesis of the pathophysiology
of diabetes that’s constrained by this path-
way network and consistent with all of
the validation experiments.”

“As we validate these technology plat-
forms, we have hundreds of validation exper-

iments, everything from simple fasting plas-
ma glucose protocols to very complex proto-
cols involving mixed meals and energy
balance, and that one single model system
must be consistent with all those observed
clinical and subclinical protocols.”

Entelos is not a drug discovery busi-
ness, however. Rather, it partners with
industrial groups to help them improve
their drug pipelines with the added bene-
fit of including not just publicly available

data in their models but also proprietary
data from the partner company. In March
2002, Entelos entered into collaboration
with the American Diabetes Association
(ADA) and Compaq Computer Corp. to form
the Diabetes Research Forum, where the
ADA and Entelos researchers will conduct
research with the Diabetes PhysioLab and
make their results available to corporate
members of the Forum. In June 2002, John-
son & Johnson became the first corporate
participant in the Forum.

“There is a shortage of novel and inno-
vative therapies to treat diabetes,” said the
ADA’s Richard Kahn, explaining why his
group was getting involved in corporate
drug development. “All of the current
treatments are effective at altering [blood]
glucose levels, but none tackle the physi-
ological cause of the disease.”

Physiome Futures
Whether the research is focused on indi-
vidual cells, tissues, disease states, or the
whole body, each project contributes to our
overall knowledge of human physiology and
pathophysiology. And as more information
is gathered, it rapidly becomes part of anoth-
er component of the global physiomic efforts
known as the Physiome Project (www.phys
iome.org), which was initiated in 1997 by
James Bassingthwaighte, a bioengineer at
the University of Washington (Seattle). The
Physiome Project is being developed by
researchers such as Aleksander Popel (Johns
Hopkins University), Denis Noble, and
Masaru Tomita (Keio University), and by
modeling companies including Entelos and
Physiome Sciences (4).

Although the project is still in its infan-
cy, pressure is coming from many fronts—
both commercial and academic—to contin-
ue making improvements in computational
tools and our understanding of how the
body works (or malfunctions) until we reach
the point where our biomedical Pinocchio
can become a real boy (or girl).
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