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CONSPECTUS: Inflammation and other common disorders including diabetes,
cardiovascular disease, and cancer are often the result of several molecular abnormalities
and are not likely to be resolved by a traditional single-target drug discovery approach.
Though inflammation is a normal bodily reaction, uncontrolled and misdirected
inflammation can cause inflammatory diseases such as rheumatoid arthritis and asthma.
Nonsteroidal anti-inflammatory drugs including aspirin, ibuprofen, naproxen, or celecoxib
are commonly used to relieve aches and pains, but often these drugs have undesirable and
sometimes even fatal side effects. To facilitate safer and more effective anti-inflammatory
drug discovery, a balanced treatment strategy should be developed at the biological
network level.
In this Account, we focus on our recent progress in modeling the inflammation-related
arachidonic acid (AA) metabolic network and subsequent multiple drug design. We first
constructed a mathematical model of inflammation based on experimental data and then
applied the model to simulate the effects of commonly used anti-inflammatory drugs. Our
results indicated that the model correctly reproduced the established bleeding and cardiovascular side effects. Multitarget optimal
intervention (MTOI), a Monte Carlo simulated annealing based computational scheme, was then developed to identify key
targets and optimal solutions for controlling inflammation. A number of optimal multitarget strategies were discovered that were
both effective and safe and had minimal associated side effects. Experimental studies were performed to evaluate these multitarget
control solutions further using different combinations of inhibitors to perturb the network. Consequently, simultaneous control
of cyclooxygenase-1 and -2 and leukotriene A4 hydrolase, as well as 5-lipoxygenase and prostaglandin E2 synthase were found to
be among the best solutions.
A single compound that can bind multiple targets presents advantages including low risk of drug−drug interactions and
robustness regarding concentration fluctuations. Thus, we developed strategies for multiple-target drug design and successfully
discovered several series of multiple-target inhibitors. Optimal solutions for a disease network often involve mild but
simultaneous interventions of multiple targets, which is in accord with the philosophy of traditional Chinese medicine (TCM).
To this end, our AA network model can aptly explain TCM anti-inflammatory herbs and formulas at the molecular level. We also
aimed to identify activators for several enzymes that appeared to have increased activity based on MTOI outcomes. Strategies
were then developed to predict potential allosteric sites and to discover enzyme activators based on our hypothesis that
combined treatment with the projected activators and inhibitors could balance different AA network pathways, control
inflammation, and reduce associated adverse effects.
Our work demonstrates that the integration of network modeling and drug discovery can provide novel solutions for disease
control, which also calls for new developments in drug design concepts and methodologies. With the rapid accumulation of
quantitative data and knowledge of the molecular networks of disease, we can expect an increase in the development and use of
quantitative disease models to facilitate efficient and safe drug discovery.

1. INTRODUCTION
The arachidonic acid (AA) metabolic network produces a large
family of inflammatory mediators, including leukotrienes (LTs)
and prostaglandins (PGs),1 which contribute to numerous
inflammatory-related diseases such as asthma, rheumatoid
arthritis, atherosclerosis, Alzheimer’s disease, and cancer.2,3

Leukotriene B4 (LTB4) and prostaglandin E2 (PGE2), which are
synthesized via two major pathways involving 5-lipoxygenase
(5-LOX) and cyclooxygenase (COX), are the major mediators
and play crucial roles in the inflammatory response (Figure 1).1

Other metabolites of the 5-LOX pathway, such as leukotriene

C4 (LTC4), leukotriene D4 (LTD4), and leukotriene E4 (LTE4),
are slow-acting substances of anaphylaxis.4 Hence, enzymes
involved in LT and PG biosynthesis, such as 5-LOX, 5-LOX
activating protein (FLAP), COX, phospholipase A2 (PLA2),
LTC4 synthase (LTCS), leukotriene A4 hydrolase (LTA4H),
and microsomal prostaglandin E synthase-1 (mPGES-1), are
key targets for anti-inflammatory drug discovery.1
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Nonsteroidal anti-inflammatory drugs (NSAIDs), which
block the formation of PGs by inhibiting the COX enzymes,
have been widely used for many years to treat acute and chronic
inflammation. Traditional NSAIDs, such as aspirin, ibuprofen,
and indomethacin cause side effects including gastrointestinal
toxicity and mild bleeding by inhibiting COX-1.5 The discovery
of COX-2 stimulated hope that selective COX-2 inhibitors
could reduce gastrointestinal toxicity. Accordingly, several
selective COX-2 inhibitors were developed and approved for
clinical use, including celecoxib6 and rofecoxib.7 However,
cardiovascular side effects were reported following clinical
trials8 of selective COX-2 inhibitors, and Vioxx (rofecoxib) was
withdrawn from the market in 2004.9 Currently, the only
approved10 5-LOX inhibitor is zileuton (trade name Zyflo).
Inhibitors of LTA4H,11 LTCS,12 and PGES13 have also been
developed.
Selective COX-2 inhibitors further demonstrated the

importance of understanding the molecular mechanisms of

disease. Complex inflammatory diseases present significant
challenges for drug discovery and are difficult to treat effectively
by targeting a single site because of divergent or redundant
structures of the underlying disease networks.14 Therefore, we
developed a systems biology approach to study AA metabolic
network dynamics, elucidate optimal intervention solutions,
and enable the design of compounds that can effectively shift
the AA metabolic network from the disease state to the normal
state.

2. NETWORK MODELING OF AA METABOLISM
Complex diseases such as inflammation cannot be effectively
controlled by selective single-target drugs because diverse arrays
of molecules are involved in the development of disease. To
overcome the limitations of single-target drugs and to achieve a
better understanding of disease development as well as an
accurate evaluation of drug efficacy and toxicity, cross-talk
between biological responses should be studied.15,16

Figure 1. Metabolic network of AA in human PMNs, ECs, and PLTs.

Table 1. Efficacy Simulation of Common NSAIDs in the AA Networka

inhibitor relative IC50 inhibition of PGE2 (%) inhibition of LTB4 (%) [PGI2]/[TXA2]

control 0.6817
aspirin IC50(COX-1/COX-2) = 0.01 90.0 5.1947
ibuprofen IC50(COX-1/COX-2) = 0.5 90.0 3.5599
naproxen IC50(COX-1/COX-2) = 0.7 90.0 2.2915
6-MNA IC50(COX-1/COX-2) = 1.5 90.0 2.2334
acetaminophen IC50(COX-1/COX-2) = 1.6 90.0 2.1574
indomethacin IC50(COX-1/COX-2) = 1.9 90.0 1.9613
meloxicam IC50(COX-1/COX-2) = 18 90.0 0.5335
nimesulide IC50(COX-1/COX-2) = 19 90.0 0.5207
diclofenac IC50(COX-1/COX-2) = 29 90.0 0.4399
celecoxib IC50(COX-1/COX-2) = 30 90.0 0.4347
rofecoxib (Vioxx) IC50(COX-1/COX-2) = 267 90.0 0.2804
licofelone IC50(5-LOX) = 0.18 μM 96.5 90.0 0.6983

IC50(COX-2) = 0.21 μM
IC50(COX-1) = 1 μM

aThis table was rebuilt from ref 19.
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2.1. Network Model of AA Metabolism

To provide a network-wide analysis for the design of safe anti-
inflammatory drugs, we constructed a computational model of
the AA metabolic network in human polymorphonuclear
leukocytes (PMNs) to analyze flux changes following drug
treatment17 based on the Kyoto Encyclopedia of Genes and
Genomes (KEGG)18 and a survey of available literature.17

Ordinary differential equations (ODEs) were used to describe
enzymatic reactions and feedback inhibition or activation of
metabolites. This computational network model accurately
predicted flux changes following treatment with exogenous AA,
a 5-LOX inhibitor, or a COX inhibitor. Further, network
simulations and experiments revealed that treatment with a 5-
LOX inhibitor induced peak flux after initiating metabolism in
both the COX-2 and the 15-lipoxygenase (15-LOX) pathways.
The COX-2 and 5-LOX pathways were blocked when both
COX-2 and 5-LOX inhibitors were used, and the flux was
mainly through the 15-LOX pathway.
To simulate AA metabolism in human blood vessels, we

needed to create a more realistic model. After conducting a
literature search, we decided to build a model of human blood
vessels that incorporated three cell types including PMNs,
platelets (PLTs), and endothelial cells (ECs; Figure 1).19 We
then used the model to predict the potential side effects of
common NSAIDs. It is known that prostacyclin (PGI2) inhibits
PLT aggregation and relaxes smooth muscle20 and that
thromboxane A2 (TXA2) is a potent inducer of PLT
aggregation and vasoconstriction.21 Under normal conditions,
the ratio of PGI2/TXA2 is nearly constant. According to our
model, the ratio of PGI2/TXA2 was 0.68. However, if the PGI2/
TXA2 ratio exceeds the normal level after NSAID admin-
istration, the side effect of bleeding might occur. Conversely, if
the ratio of PGI2/TXA2 decreases significantly, the risk of
cardiovascular side effects will increase. Our model demon-
strated the capability to reproduce the known side effects and
strengths of 11 common NSAIDs (Table 1).

2.2. Algorithms for Key Target Identification and Optimum
Intervention

We established a computational multitarget optimal inter-
vention (MTOI) method to identify key targets and to search
for all possible intervention solutions in the biological
network.19 The fundamental concept is that we can define
different states of the network, including normal and disease
state. MTOI uses a Monte Carlo simulated annealing algorithm

to search for all possible solutions that perturb the network to
drive the disease state back to the normal state. The MTOI
algorithm can also be used to obtain unknown parameters by
computational fitting to experimental data. We also developed
differential simulated annealing (DSA), a novel global
optimization algorithm, for robustly and efficiently estimating
the kinetic parameters for biological network models.22

2.3. Key Target and Optimum Intervention Analysis of the
AA Network

MTOI succeeded in identifying all established anti-inflamma-
tory drug targets, including PLA2, COX-2, 5-LOX, PGES, and
LTA4H. In addition, MTOI identified several enzymes for
which increased activity is desired for an anti-inflammatory
treatment, including 15-LOX and leukotriene-B4 ω-hydroxylase
2.
MTOI was then used to identify optimal solutions for an AA

network intervention. To achieve the goal of reducing
inflammatory mediator production while simultaneously
maintaining a constant PGI2/TXA2 ratio, all of the solutions
involved multitarget interventions. For example, the combina-
tion of PGES and LTA4H and the combination of COX-2/1
and LTA4H are two promising solutions involving only two
targets. However, these inhibitor combinations can only be
used in the proper dosing ranges. The range of the valid ratio of
drug plasma concentration to inhibition constant ([I]/Ki) for
LTA4H in the PGES and LTA4H solution is quite narrow, and
the ratio of inhibition for COX-1/COX-2 must be maintained
in a limited range in the COX-2/1 and LTA4H solution. The
dosing ranges are greater, however, when more targets are
inhibited, such as the combination of PLA2, 5-LOX, and COX-
2/1 or the combination of PLA2, COX-2/1, and LTA4H.
Experimental studies were conducted to investigate the

optimal multitarget intervention solutions provided by MTOI.
A quantitative study was performed using an LC-MS/MS
method to evaluate eicosanoid AA network metabolism
responses in calcium ionophore stimulated Sprague−Dawley
rat blood samples.23 As well, selective inhibitors of 5-LOX,
COX, LTA4H, PGES, and their binary combinations have been
studied for their influences on the AA metabolism dynamics.
Initially, reported selective inhibitors of 5-LOX, LTA4H,

COX, and PGES were used to perturb the system, and the
modulatory effects of single-target inhibitors on the AA
network were examined. Inhibiting 5-LOX or COX caused a
switch in AA metabolism to the other respective pathway

Figure 2. Outline of the influence of different perturbation strategies on the AA network: (a) simplified model of AA network; (b) effectiveness of
different intervention strategies.
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(Figure 2). These results indicate that when single-target
therapies are intended for use as anti-inflammatory treatments,
downstream enzymes, including LTA4H and PGES, are better
targets compared with upstream enzymes, such as 5-LOX and
COX.11,13

When inhibitors of the upstream enzymes 5-LOX and COX
were used simultaneously, a higher inhibitor concentration was
needed to achieve the same reduction in LTB4 or PGE2

production. In the current study, however, when one of the
binary targets was a downstream enzyme or when both
downstream enzymes were inhibited, the 5-LOX and COX
pathways had an alternative subpathway just above the point of
inhibition, and no obvious redistributing to the other pathway
was observed. Moreover, the combination of 5-LOX/PGES or
LTA4H/COX can augment the 12/15-LOX pathway, products
of which can be further metabolized into endogenous anti-
inflammatories (Figure 2). This phenomenon implies that
downstream enzymes or combinations with at least one
downstream enzyme are better targets than upstream
enzymes.24−26 In fact, licofelone (ML3000), an inhibitor of
FLAP, COX, and mPGES-1, has already entered phase III
clinical trials.27,28

Of course, the AA metabolic network is complicated, and
further studies are necessary to discover better intervention
solutions. Our model also needs modification before
application in other cell types or tissues. Further, full
comprehension of the effectiveness of enzymes with more
than one function in the network cannot be achieved by

analyzing only flux changes. For example, in addition to
generating the inflammatory mediator LTB4, LTA4H also
possesses aminopeptidase activity. In 2010, Snelgrove et al.
identified the neutrophil chemoattractant Pro-Gly-Pro (PGP)
as the physiological substrate of LTA4H.29 In acute neutrophil
driven inflammation, PGP was degraded by LTA4H, which
facilitated the resolution of inflammation. Therefore, designing
a compound against LTA4H that activates the aminopeptidase
activity or selectively inhibits the hydrolase activity or both
could be useful for treating pulmonary inflammation. We have
found a series of diphenyl ether derivatives that can enhance
the aminopeptidase activity of LTA4H without affecting LTB4
formation.30,31 Shim, Paige, and their co-workers further
developed these compounds into 4-methoxydiphenylmethane,
a more stable bioavailable molecule that augments the
aminopeptidase activity of LTA4H.32 Preclinical evaluation of
this compound revealed protection against intranasal elastase-
induced pulmonary emphysema in murine models. Addition-
ally, 5-LOX plays multiple roles in the AA network and is
involved in the biosynthesis of anti-inflammatory mediators,
including lipoxins (LXs) and other proresolving mediators that
are generated from eicosapentaenoic acid (EPA) and
docosahexaenoic acid (DHA).33 Consequently, a LTA4H/
COX intervention may provide a better therapeutic solution
than interference using 5-LOX/PGES inhibitors.

Figure 3. General procedure for the common pharmacophores method.
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3. MULTIPLE TARGET DRUG DESIGN FOR AA
NETWORK INTERVENTION

Three possible pharmacological approaches are available to
control multiple targets in a disease network, including drug
cocktails, multicomponent drugs, and multiple ligands.34

Among these strategies, the development of designed multiple
ligands (DMLs) has attracted significant attention35 because
DMLs decrease drug−drug interaction risks and may be more
robust regarding fluctuations in drug concentration.17 Several
multitarget agents against inflammation have been discovered,
especially COX/5-LOX inhibitors, and exhibited significant
increases in efficacy both in vitro and in vivo.36 However,
designing efficient multitarget inhibitors is challenging because
interactions with several targets must be considered simulta-
neously. Hence, we have used four different strategies for the
discovery of multitarget inhibitors for AA network intervention.

3.1. Common Pharmacophore Screen

The pharmacophore, which is a group of structural molecular
features recognized at binding sites that are responsible for the
biological activity of molecules, is widely used in medicinal
chemistry. We hypothesized that if several protein targets could
bind to the same molecule, all of the binding sites should
theoretically share a number of common features. Based on this
assumption, a virtual screen can be performed to identify
molecules that may bind to these targets after deriving the
common pharmacophore.37 The general procedure for this
method (Figure 3) included (a) generating pharmacophore
models for each protein using Pocket v.2,38 (b) identifying the
common pharmacophores by comparing the pharmacophore
models of multiple proteins, (c) selecting the molecules whose
binding conformations accommodated the common pharma-
cophores, (d) analyzing the binding conformations of the
selected compounds using a more rigorous docking approach,
and (e) experimentally testing whether the candidates could
inhibit the activities of the target proteins.
Dual-target inhibitors against human nonpancreatic secretory

PLA2 (hnps-PLA2) and human LTA4H (LTA4H-h) were
discovered using the common pharmacophores strategy,26 and
one of the compounds, 1, 2-amino-3-[5-(benzyloxy)-1H-indol-
3-yl]propanoic acid (JMC08-4), was selected for further
optimization. The most potent compound inhibited hnps-
PLA2 and LTA4H-h with IC50 values of 9.2 ± 0.5 μM and 2.4
± 1.4 μM, respectively.39

3.2. Ligand Merging

For systems with known ligands, multitarget ligands can also be
designed by merging the chemical structures,34 which we
employed to devise one series of COX and LTA4H dual
inhibitors.26 We started with 1-(2-(4-phenoxyphenoxy)ethyl)-
pyrrolidine, an LTA4H inhibitor reported by Penning et al.,40

and nimesulide, a COX-2 selective NSAID used clinically,
which are compounds that share the same phenoxyphenyl
scaffold. Subsequently, a series of 1-(2-(4-phenoxyphenoxy)-
ethyl)pyrrolidine derivatives were synthesized and tested. The
most potent compound inhibited PGE2 and LTB4 production
in a human whole blood assay with IC50 values of 5.0 and 0.73
μM, respectively (Figure 4).

3.3. Iterative Fragment-Growing and de Novo Multitarget
Drug Design

We developed a de novo multitarget drug design method with
an iterative fragment-growing strategy and used it to design a
series of dual-target inhibitors for COX and LTA4H.41 De novo

design was performed using LigBuilder 3, the third generation
of the de novo drug design program LigBuilder.42,43 Fragments
from known ligands of single targets were extracted and used as
initial structures for further growth using LigBuilder 3. After
molecule growth and activity testing, novel dual-target
inhibitors for COX-2 and LTA4H were obtained. The most
potent compound inhibited PGE2 and LTB4 production in a
human whole blood assay with IC50 values of 7.0 and 7.1 μM,
respectively (Figure 5). This method is suitable for designing
highly integrated inhibitors.
3.4. Sequential Docking

Sequential docking of compounds to different enzymes is a
straightforward method used to identify multitarget inhib-
itors.44 Several 5-LOX/mPGES-1 dual inhibitors, such as
arylpyrrolizines derivatives,24 pirinixic acid derivatives,25 and
mercaptohexanoic acid derivatives,45 have been discovered and
were efficient in reducing PGE2 and LTB4 in vivo. Accordingly,
we utilized sequential docking to identify a series of 5-LOX/
mPGES-1 dual functional inhibitors.46 A comparative model for
5-LOX was first constructed based on the closed conformation
of 15-LOX. A series of novel 5-LOX inhibitors were identified,
of which two appeared to be potential dual-functional inhibitors
of 5-LOX and mPGES-1. One of these inhibitors was 6-nitro-3-
(m-tolylamino)benzo[d]isothiazole-1,1-dioxide (JMC-7), which
had corresponding IC50 values of 1.9 μM for 5-LOX and 6.7
μM for mPGES-1. To identify key interactions between JMC-7
and mPGES-1, we docked the compound to the substrate
binding sites of mPGES-1 using the active conformation of
mPGES-1 we had previously constructed.47 A series of JMC-7
analogues were synthesized and evaluated. The most potent
inhibitor had approximately 3-folder higher activity than JMC-7
to both 5-LOX (IC50 = 0.6 μM) and mPGES-1 (IC50 = 2.1
μM)48 (Figure 6).

4. USING THE AA METABOLIC NETWORK MODEL TO
UNDERSTAND TRADITIONAL CHINESE MEDICINE

We demonstrated by MTOI analysis that optimal solutions for
a disease network often involve mild but simultaneous
interventions of multiple targets. Our findings remind us of
traditional Chinese medicine (TCM), which uses a mixture of
several herbs containing a cocktail of many natural compounds.
Thus, we used the AA metabolic network model in
combination with molecular docking to understand the anti-
inflammatory functions of TCM herbs and formulations.49

Figure 4. Design strategy of ligand merging for COX-2/LTA4H dual
inhibitors.
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Twenty-eight commonly used TCM herbs related to “heat-
clearing” or “syndrome-relieving”, which are often associated
with inflammation, were selected for analysis. The chemical
components of the selected TCM plants were from The
Traditional Chinese Medicine Database.50 First, an overall
docking of these molecules to drug targets in the AA metabolic
network, including COX-1, COX-2, LTA4H, 5-LOX, and
mPGES-1, was conducted to identify the targets of each herb.
The inhibitory effect of each herb was modeled as the sum of its

inclusive molecules. All of the inhibition constants could be
deduced from docking scores. Using these estimated
parameters, we then conducted dynamic network simulations
to calculate the efficacy and side effects of the herbs and three
herbal formulations. Most of the herbs significantly reduced
LTB4 production but not PGE2 production in our computa-
tional model, which differed from the reductions in PGE2
production observed with most NSAIDs. A likely explanation is
that the herbs have historically been chosen to treat syndromes
such as a cough or asthma, which are often related to elevated
LTB4 levels. Further, the predicted ratio of [PGI2]/[TXA2]
ranged from 0.44 to 1.49, which was near or slightly higher than
the normal value (0.68). Consequently, the side effects of these
herbs are predicted to be mild.
The docking results demonstrated that distinct ingredients of

a formula tend to inhibit different targets. Therefore, the
combination of ingredients could cover virtually the whole
network and collectively achieve a superior therapeutic effect.
The other advantage of the formulations is that a much lower
dosage can be used to achieve the goal of simultaneous
inhibition of both the PGE2 and LTB4 pathways compared with
the use of a single herb. This method provides a new technique
to elucidate the regulatory functions of TCM and offers a
computational approach to evaluate TCM from a systems
biology perspective. Moreover, new TCM combinations or
formulas can also be predicted using this method. To this end,
we have used a similar approach to understand anti-influenza
TCM formulations.51

5. UP-REGULATING ACTIVITIES OF
LIPOXIN-PRODUCING ENZYMES

It was reported several years ago that an alternative means of
inflammation control is to promote the endogenous resolution
of inflammation. In the 1980s, Serhan et al. discovered a series
of anti-inflammatory mediators formed from AA in human
leukocytes called lipoxins (LXs).52 These endogenous mole-
cules demonstrate the capacity to promote the resolution of
inflammation as well as the return to tissue homeostasis. Hence,
introducing these proresolving molecules may activate the

Figure 5. Flowchart of de novo multitarget ligand design method.

Figure 6. Flowchart of the sequential docking of compounds to 5-
LOX and mPGES-1.
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body’s natural pathways for curbing inflammation and might be
safer than current anti-inflammatory therapeutics.53 However,
because LXs are unstable and difficult to synthesize chemically,
direct application of LXs for inflammation control requires
further development. An alternative is to increase the activity of
the key enzymes involved in the generation of anti-
inflammatory mediators to achieve therapeutic benefits. In
order to accomplish this, however, methodologies for enzyme
activator discovery must be developed.
The design of activators requires information regarding

allosteric sites and knowledge of the mechanisms of activation.
To achieve reasonable modulation of protein activity through
allosteric sites, predictive methods are needed. Accordingly, we
have developed an approach to identify allosteric sites in
proteins based on the coarse-grained two-state Go̅ model and
successfully discovered novel allosteric inhibitors of Escherichia
coli phosphoglycerate dehydrogenase.54

We recently used a protein dynamics-based allosteric-site
prediction approach55 together with a pocket-finding method56

to predict potential allosteric sites in 15-LOX, which is the key
enzyme that produces endogenous anti-inflammatory effectors,
including LXs57 and 15-hydroxyeicosatetraenoic acid (15-
HETE).58 Novel allosteric sites in 15-LOX were predicted
and successfully used in virtual screening to identify both
activators and inhibitors. The most potent activator increased
15-LOX product levels and reduced production of pro-
inflammatory mediators in human PMNs, human whole
blood, and a mouse model of peritonitis. In addition, combined
treatment with the 15-LOX activator and inhibitors of 5-LOX
or COX balanced different pathways in the AA network, which
provided a novel strategy for blocking inflammation with fewer
adverse effects (Figure 2). This work is in submission.59

6. CONCLUSION AND PERSPECTIVE
Traditional, selective single-target drugs cannot effectively
control complex diseases including cancer, diabetes, and
inflammation. Hence, efforts to discover drugs to treat these
diseases should involve multitarget interventions from a
systems biology perspective.60 We utilized the inflammation-
related AA network as a model system to demonstrate how to
understand the molecular mechanisms of a complex disease at
the network level and how the network model can be used to
identify key drug design targets and optimal intervention
solutions. Much has been learned from our AA metabolic
network study, including the realization that a network-wide
analysis provides useful information for understanding related
diseases and interventions and that controlling multiple targets
is typically more efficient than controlling a single target. We
also learned from TCM that mild and balanced interventions
can aid in avoiding potential side effects and that more
attention should be paid to protein activation, because
activation is equal in importance to inhibition. Finally, we
concluded that structure-based drug design and experimental
strategies should be updated to reflect the concept of multiple-
target mild control.
In this Account, we primarily introduced different strategies

that we used to analyze the AA network and to design effective
inhibitors or activators to treat inflammation. Many other
groups have made important contributions to multitarget
inhibitor development and other strategies for superior anti-
inflammatory effects with reduced health risks.25,27,61−66 Some
dual-target inhibitors have already entered clinical trials,
including azelastine,66 tepoxaline,67 and licofelone.27 Conse-

quently, we believe following systems biology guidelines will
enable the discovery of drugs that are safer and more effective
than currently available therapies.
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