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Macrophages play an important role in host-defense and inflammation. In response to an immune
challenge, macrophages become activated and produce proinflammatory mediators that contribute to
nonspecific immunity. The mediators released by activated macrophages include: superoxide anion;
reactive nitrogen intermediates, such as nitric oxide and peroxynitrite; bioactive lipids; and cytokines.
Although essential to the immune response, overproduction of certain macrophage-derived mediators
during an immune challenge or inflammatory response can result in tissue injury and cellular death.
The present report is focused on understanding some of the molecular mechanisms used by macro-
phages to produce reactive nitrogen intermediates in response to immunostimulatory agents such as
heat shock protein 60 and bacterial lipopolysaccharide. The role of Toll-like receptors and transcription
factors such as nuclear factor kappa B (NFkB) in the innate immune response is also described. A basic
understanding of the underlying molecular mechanisms responsible for macrophage activation should
serve as a foundation for novel drug development aimed at modulating macrophage activity.
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INTRODUCTION
The primary objective of the Introduction to Pharma-

cology course given at the College of Pharmacy and
Allied Health Professions at St. John’s University is to
introduce students to the fundamental principles of phar-
macology. This course is required for all students enrolled
in toxicology, physician’s assistant, and doctor of phar-
macy (PharmD) programs, and it is also a prerequisite for
advanced courses within the pharmacy curriculum. Our
PharmD program is a 6-year program and the majority of
matriculating students begin immediately after high
school.

The Introduction to Pharmacology course is a
2-credit, half-semester, course that is offered during the
spring semester of the third year of study toward the
PharmD degree. This course serves as a steppingstone
into advanced courses taken in the fourth and fifth years
of the PharmD curriculum. The fourth- and fifth-year
PharmD students take a series of integrated, team-taught,
Drugs andDisease courses that examine the predominant
human pathologies that students will encounter in their

professional practice. The Drugs and Disease courses
incorporate advanced pharmacology concepts as well as
issues relating to molecular and cellular pathology,
medicinal chemistry, and clinical therapeutics. Therefore,
students must progress into the fourth year possessing
a firm command of the basics of pharmacology. The
Introduction to Pharmacology course is the major forum
in which PharmD students have the opportunity to master
basic pharmacological principles. All of the pharmacol-
ogy topics encountered in subsequent courses build upon
these key concepts. Failure of students to master the
information in the Introduction to Pharmacology course
puts them at a serious disadvantage and decreases the
likelihood of understanding the advanced pharmacology
concepts that they will later encounter.

The importance and relevance of pharmacology to
pharmacy is emphasized in each lecture. The students
are urged to study a minimum of 3 hours for every 1 hour
of lecture. Most students who heed this advice perform
well and usually find themselves in the upper third of their
class with respect to the distribution of final grades for the
course. Students who perform poorly are encouraged to
make use of the instructor’s office hours to identify learn-
ing problems and discuss study strategies.

The class meets twice weekly for 6 weeks. Unlike
more advanced course offerings within the curriculum,
the entire Introduction to Pharmacology course is taught
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by a single professor. Each lecture is 2 hours and the
topics emphasized are pharmacokinetics, pharmacody-
namics, and drug metabolism. The students’ mastery of
these key aspects of pharmacology is then assessed
through a 2-hour written examination given after 6 lec-
tures. Postmidterm lectures focus on the pharmacology of
the autonomic nervous system and the immune system.
The final examination is comprehensive and cumulative.

The subject of the present report forms part of a lec-
ture relating to the pharmacology of innate immunity. It is
not meant to serve as a comprehensive overview of what
is presently known on the subject but rather to discuss
several examples of key biological pathways and chem-
ical mediators associated with macrophages. It is our
belief that students need to be educated and prepared for
a pharmacy career that will span a lifetime. Research that
is presently being done in academia and at research cen-
ters to unravel complex molecular signaling pathways
and to gain an understanding on how such pathways trig-
ger the production of inflammatory mediators by macro-
phages will hopefully result in the therapeutic agents of
tomorrow. Such novel drugs could provide the cure for
sepsis or serve as better alternatives to NSAIDs and ste-
roids in the treatment of chronic inflammatory diseases
such as rheumatoid arthritis.

The material presented here examines the role of the
macrophage in innate immunity. Although a great deal
can be written on this subject, the lecture on this topic is
aimed at providing a few examples of molecular mecha-
nisms that are used by macrophages to defend the host
against infection. After having attended the lecture and
reviewed the material presented, it is expected that stu-
dents will be able to answer the following questions:

d What is immunity? What are the 2 major types of
immunity in humans?

d What are the 7 categories of innate immunity?
What are the main features of each category?

d What are macrophages and how do they contrib-
ute to innate immunity?

d What is bacterial lipopolysaccharide (LPS)?
d What is heat shock protein 60 (HSP60)? What is

common to both HSP60 and LPS?
d What are Toll-like receptors (TLRs)? How do

they help macrophages to respond to LPS?
d What is the role of the transcription factor NFkB

in macrophage activation by LPS?

OBJECTIVES
Immunity

The term ‘‘immunity’’ refers to all of the mechanisms
used by the body to obtain protection against pathogens
such as opportunistic bacteria, fungi, and viruses, and

against a wide variety of foreign substances. Foreign
substances capable of inducing an immune response that
culminates in the production of antibodies are called
immunogens. Immunogens are capable of stimulating
immune responses partly because of the presence of
specific molecular structures on their surface, known as
antigenic determinants or ‘‘epitopes.’’ Microbes, foreign
substances, or foreign particles capable of interacting
with components or products of the immune system are
designated as ‘‘antigens.’’ Whereas all immunogens stim-
ulate immune responses, antigens may or may not be
immunogenic. The reason for this is many compounds
exist that are capable of binding with components of the
immune system but incapable of inducing immune
responses. In the present article, our discussion of anti-
gens will be limited to those that are also immunogenic.

There are 4 major types of antigen classes: carbohy-
drates, lipids, nucleic acids, and proteins. Antigens signal
the immune system that something ‘‘foreign’’ is present in
the body. When an immunogen such as a pathogenic bac-
terium gains access into the body of a healthy and immu-
nocompetent individual, antigens present on the surface of
the bacterium not only bind to antigen receptors on im-
mune cells but also to circulating antibodies. The binding
of antigens to these immune system components activates
a cascade of events that results in immunity. Humans pos-
sess 2 broad types of immunity termed acquired immunity
and innate immunity. The interaction of the cellular and
molecular components of these types of immune defenses
ensures adequate resistance to infection.1

Understanding the mechanisms whereby pathogens
activate immune responses is an area of great scientific
interest and of epidemiological concern. One could argue
that of all the organ systems in the body, the immune
system ranks second in complexity only to the nervous
system. The past 10 years have uncovered many critical
molecular aspects of immunity. When one considers that
the system is involved in numerous human pathologies
ranging from sepsis to autoimmune diseases, an under-
standing of the molecular mechanisms that drive immu-
nity should serve as a platform for the development of
useful therapeutic agents. The present report provides
a concise overview of the 2 basic types of immunity,
describes the role played by macrophages in the develop-
ment of an innate immune response, and stresses the
importance of the activation of Toll-like receptors by
specific ligands to innate immunity.

Acquired Immunity
Acquired immunity is specific to and activated by

particular antigens. In other words, acquired immunity
may protect an individual against infection by one type
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of pathogen but not against infection by another type of
pathogen. So what, then, determines whether a pathogen
will be dealt with via an acquired immune response? The
answer to this question depends on whether the immune
system has previously been presented with that particular
antigen. Acquired immunity develops after birth as the
result of accidental or intentional exposure to pathogens.
The B- and T-lymphocytes are the 2 major cell types
involved in acquired immunity. In response to the binding
of antigens to specific receptors on their surface, mature B-
lymphocytes differentiate into plasma cells which produce
and secrete antibodies into the bloodstream. In contrast, T-
lymphocytes secrete cytokines and growth factors that are
required for B-cell activation and also for the regulation of
cell-mediated immunity and for the activation of cells in-
volved in innate immunity, especially the macrophages.2

Innate Immunity
In contrast to antigen-mediated acquired immune

responses, innate immune defenses are nonspecific in

nature. The physiological purpose of innate defenses is
to prevent the approach, deny the entrance, or destroy
microorganisms or other foreign environmental agents
without distinguishing among specific types of immuno-
gens. Table 1 lists the 7 major responses and components
of innate immunity, among which the phagocytes play
a unique nonspecific role in host defense.1

Phagocytes serve as ‘‘janitors’’ of the innate immune
system in that they remove entire pathogens and debris.
The phagocytic cells of the human immune system in-
clude the microphages and the macrophages. Examples
of microphages are the neutrophils and eosinophils, both
of which are leukocytes that normally circulate in the
blood and that will enter peripheral tissues when these
tissues have been injured or infected. Macrophages are
physically larger than microphages and are found both
circulating in the blood and as fixed populations within
certain body tissues. Microphages and macrophages rep-
resent the ‘‘first line’’ of defense to invading pathogens. In
response to pathogens, these phagocytic cells engulf and

Table 1. Seven Major Responses and Components of Innate Immunity*

Nonspecific Defense Role Comments

Fever In response to pathogens, body
temperature rises above 37.2
degrees Celsius; fever mobilizes
immune defense; accelerates repair.

Inhibits pathogens. Accelerates
metabolism.

Inflammatory response Local response to injury or infection;
directed at the tissue level; restricts
the spread of injury; combats
infection.

Blood flow increased; phagocytes
activated; capillary permeability
activated; complement activated;
clotting walls off the injured or
infected region; regional
temperature increased; activation of
specific defenses.

Interferon production Increases the resistance of cells to
infection.

Delays or prevents the spread of
disease; released by activated
macrophages, lymphocytes or virus-
infected cells.

Immunological surveillance Destruction of abnormal cells. Abnormal cells are destroyed by
natural killer cells.

Complement system Attacks and breaks down cell walls of
invading microorganisms; attracts
phagocytes and stimulates
phagocyte activity; promotes
inflammation.

At least 11 plasma proteins form the
system; classical and alternate
pathways exist. Both pathways
culminate in activation of
complement proteins to help prevent
disease.

Physical barriers Prevent approach and deny access of
pathogens.

Epithelial linings; tight junctions;
secretions such as sweat, sebum and
mucous.

Phagocytes Janitorial role; remove debris and
pathogens; release toxic agents that
kill pathogens.

Neutrophils, eosinophils, monocytes
and macrophages.

*Compiled from references 1 and 2.
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destroy the invaders, sometimes even before the detection
of the invaders by the lymphocytes involved in acquired
immunity.1,2

THE ROLE OF MACROPHAGES IN
INNATE IMMUNITY

Macrophages are derived from hematopoietic stem
cells in the bone marrow. Following a maturation and
proliferation process that is dependent upon hematopoi-
etic factors such as macrophage colony stimulating factor
(MCSF) and granulocyte-macrophage colony stimulating
factor (GMCSF), monoblast precursor cells develop into
monocytes (Figure 1). Monocytes then leave the bone
marrow and enter the blood where they circulate through-
out the body. They are estimated to comprise 5% of all
circulating leukocytes. Approximately 24 hours after
entering the systemic circulation, monocytes migrate into
tissues where they differentiate into macrophages. During
this maturation process, the cells become larger and the
numbers of mitochondria and lysosomes within them
increase. The relative amounts of lysosomal enzymes,
including acid phosphatase, beta-glucuronidase, cathepsin,
and aryl sulfatase are also notably higher in macrophages
than in their precursors.3 The process of macrophage dif-
ferentiation is regulated by their microenvironment and
by the degree of hematopoietic stimulation within the
tissue.4,5

Macrophages represent a functionally heterogeneous
population of immune cells in the body. Despite tissue-
specificity differences among them, macrophages share
several common features. They are highly phagocytic
cells, able to engulf not only bacteria but also foreign
particulate and soluble substances through the process
of endocytosis. Macrophages also exhibit several recep-
tors on their surface for the recognition of other cells or
antigens to be phagocytosed and for binding to comple-
ment fragments, mannose residues on bacteria, and the Fc
region of immunoglobulin G. An additional role of mac-
rophages is to participate in the activation of T lympho-
cytes by presenting certain antigens to them via surface
molecules designated as major histocompatibility com-
plexes (MHC).5

When a macrophage comes in contact with a foreign
stimulus, it becomes ‘‘activated.’’ Activated macro-
phages respond to pathogens in 1 of 3 ways. They may
engulf a pathogen or other foreign objects and destroy
them within lysosomes via the action of lysosomal
enzymes. (In Figure 1, the black spherical structures seen
in the lower portion of the cytoplasm are the lysosomes.)
In some instances, macrophages may bind or remove an
invading pathogen from the interstitial fluid only when

assisted by lymphocytes involved in acquired immunity.
Thirdly, activated macrophages release a wide array of
mediators including reactive oxygen and nitrogen spe-
cies, hydrolytic enzymes, bioactive lipids, and cytokines
such as tumor necrosis factor alpha (TNFa).1,6,7 These
mediators are believed to confer bactericidal and cyto-
static action to the macrophage as well as play a role in
the recruitment and accessibility of other inflammatory
cells to an area of injury. Overproduction of nitric oxide
and other macrophage-derived mediators can also lead to
tissue injury and toxicity in the host.8

Macrophages are found in all organs and connective
tissues where they play an important role in host defense.
Significant populations of macrophages are found in the
liver, lung, spleen, kidney, and brain. Hepatic macro-
phages, also known as Kupffer cells, constitute approxi-
mately 30% of the non-parenchymal cells of the liver and
account for 80%-90% of all the macrophages in the
body.5,9,10 Under normal circumstances, these cells have
relatively long lives and are localized in hepatic sinusoids
where they participate in the clearance of pathogens and
bacterial-derived toxins from the circulation. During
inflammatory conditions of the liver, as observed follow-
ing chemical insult with hepatotoxicants such as
acetaminophen or carbon tetrachloride, there is an

Figure 1. Transmission electron micrograph of a circulating
monocyte. Monocytes are phagocytic cells that migrate into
tissues and differentiate into macrophages. Note that the
nucleus occupies most of the volume of the cell. Organelles
such as mitochondria and lysosomes and structures such as
phagosomes are also observed in the cytoplasm. (Magnifica-
tion 5000x).
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accumulation of macrophages and an increase in the pro-
duction of cytotoxic mediators such as nitric oxide and
TNFa at the area of injury. Blocking the activation of
macrophages with macrophage-specific inhibitors such
as gadolinium chloride results in decreased tissue injury
following exposure to these hepatotoxicants.11

Nitric Oxide
Nitric oxide is a free radical membrane-permeable

inorganic gas.12 The importance of nitric oxide in biolog-
ical functioning is apparent from the numerous physio-
logical processes regulated by this molecule. Aside from
its role in smooth muscle relaxation and blood pressure
regulation, nitric oxide is involved in renal function, neu-
rotransmission, respiration, gastrointestinal function,
wound healing, and nonspecific immunity.12,13 Nitric
oxide is enzymatically generated by most cells of the body
including the vascular endothelium, neurons of the brain
and enteric nervous system, and cells of the immune sys-
tem.14 Three unique isoforms of the enzyme nitric oxide
synthase (NOS) are presently known to catalyze the 5-
electron oxidation of L-arginine to L-citrulline and nitric
oxide. These 3 enzymes are not alternately spliced var-
iants of a single gene but rather are coded by unique genes.
NOS1 was the first isoform to be identified and is often
referred to as neuronal NOS (nNOS), as it was first char-
acterized in neurons. NOS2 is an inducible isoform that
was originally identified in macrophages and is some-
times referred to as macrophage NOS or iNOS. NOS3
was characterized in endothelial cells and is often referred
to as endothelial NOS (eNOS).15

The nitric oxide synthases can be categorized as
either calcium/calmodulin-dependent (NOS1 and NOS3)
or calcium/calmodulin-independent (NOS2). Whereas
activated calmodulin binds to NOS1 and NOS3 in a
calcium-dependent manner, its binding to NOS2 takes
place in a tight manner in the absence of calcium.16-18

In the presence of the essential cofactors heme, tetrahy-
drobiopterin, FAD, FMN, NADPH and molecular oxy-
gen, nitric oxide synthases convert L-arginine into nitric
oxide and L-citrulline in a 1:1 stoichiometric ratio. The
NOS1 and NOS3 isoforms are constitutively expressed
and continuously release low levels of nitric oxide. Since
the induction of NOS2 by cytokines and proinflammatory
agents such as lipopolysaccharide (LPS) results in high
levels of nitric oxide for extended periods of time, it is
designated as the high throughput isoform.19

Nitric oxide is a key mediator of nonspecific immu-
nity. Evidence in support of this role stems from several
reports describing the production of nitric oxide by mac-
rophages stimulated by antigens such as bacteria, viruses,
and parasites.19-21 Mice deficient in the NOS2 gene were

more susceptible to infection than their wild-type coun-
terparts.22 The toxicity of nitric oxide to the invading
pathogen is related, at least, to its ability to inhibit ribo-
nucleotide reductase and to interfere with DNA synthesis.
Nitric oxide also inactivates iron-sulfur clusters of such
vital enzymes as NADH:ubiquinone oxidoreductase.23

The removal of excess nitric oxide from the blood is still
not well understood. Its clearance in vivo is postulated to
occur through reaction with oxyhemoglobin to form met-
hemoglobin and nitrate.24

Though nitric oxide itself is quite toxic, its reactive
nature leads to the formation of other toxic reactive nitro-
gen intermediates.19,23 Nitric oxide reacts with molecular
oxygen in solution to produce both stable and relatively
nontoxic species, such as nitrite and nitrate, and toxic and
reactive species such as nitrogen dioxide. Nitrogen diox-
ide can further react with nitric oxide to yield dinitrogen
trioxide, a potent nitrosating agent. Nitrogen oxides have
been shown to increase lipid peroxidation and decrease
antioxidant defense systems.25 Exposed thiol groups can
react with nitric oxide and then later liberate the ex-
tremely reactive nitrosonium ion. The reaction of nitric
oxide and superoxide results in the formation of peroxy-
nitrite, a powerful oxidant. This reaction is rapid, approx-
imately threefold faster than the reaction of superoxide
with superoxide dismutase. As activated macrophages
produce both nitric oxide and superoxide, the formation
of peroxynitrite is likely in these cells.8,26 In turn, nitra-
tion of exposed tyrosine residues by peroxynitrite also
contributes to cellular toxicity.

Although necessary for adequate immunity, the pro-
duction of nitric oxide and other reactive nitrogen inter-
mediates for the purpose of preventing the spread of
infections can also have toxic effects on the host. Indeed,
since nitric oxide reacts with most host biomolecules
including DNA, proteins, lipids, thiols and metals, overpro-
duction of this and other reactive nitrogen intermediates
can have deleterious effects.23 The formation of nitrotyr-
osine residues has been observed in atherosclerotic pla-
ques, synovial fluid of arthritic patients, lung tissue of
animals exposed to LPS, and in several other human
and animal disease states.27 Overproduction of nitric
oxide has also been implicated in sepsis, neurodegenera-
tive disorders, inflammation, and colon cancer.28-30

Lipopolysaccharide and Toll-Like Receptors
Lipopolysaccharide (LPS) is a structural component

of the outer membrane of gram-negative bacteria which
contributes to the structural integrity of the organism and
confers toxicity against the susceptible host. The mole-
cule has a lipid domain (Lipid A) which anchors it into the
outer membrane, a core polysaccharide domain attached
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to Lipid A, and a polysaccharide (O antigen) that extends
to the external environment from the core polysaccharide.
After lysis of gram-negative bacteria by the complement
system, LPS is released into the circulation where it
becomes bound to plasma proteins designated as LPS-
binding proteins. In this conjugated form, LPS is pre-
sented to specific receptors on monocytes and macro-
phages. Understanding the mechanisms that underlie
LPS signaling should provide a foundation for novel drug
development aimed at preventing or decreasing some of
the pathophysiological effects of LPS such as fever,
hypotension, shock, and possibly death.2,6

LPS stimulates macrophages to produce cytotoxic
and proinflammatory mediators such as nitric oxide,
TNFa, bioactive lipids, and cytokines.6 When LPS binds
and activates receptors on the surface of macrophages,
that signal is propagated across the membrane through
the cytoplasm and eventually brought to the nucleus
where gene transcription of the proinflammatory media-
tors is stimulated. For example, LPS stimulates gene tran-
scription of NOS2 in macrophages, in part, by stimulating
NFkB transcription factors to leave the cytoplasm and
enter the nucleus. Once inside the nucleus, the NFkB
factors will drive the transcription of proinflammatory
genes like NOS2.6 The mechanism by which extracellular
LPS is able to stimulate gene activation via this and other
transcription factors in macrophages has only recently
been elucidated.6

Scientists have known since the early 1990s that the
effects of LPS on macrophages are mediated by the acti-
vation of the CD14 receptor.6 The CD14 receptor is a
glycophosphatidylinositol-linked outer membrane pro-
tein that neither traverses the membrane nor has an in-
tracellular effector domain.31 Because this cell surface
receptor lacks an intracellular effector domain, it was
formerly believed that a second molecular component
of the receptor was present to enable the LPS-mediated
signaling to be transduced across the membrane, and ul-
timately, to effect gene activation.32 The existence of
this additional LPS-receptor component, designated as
the ‘‘Toll-like’’ receptor 4 (TLR4), has recently been con-
firmed and found to be itself a transmembrane receptor
with an extracellular LPS-binding domain and a cytoplas-
mic domain that serves as a platform for the recruitment of
protein kinases involved in cell signaling. In humans,
TLRs participate in the innate immune response.32,33 Sev-
eral in vitro studies support a role for TLR4 in LPS
signaling.34-36 LPS was also recently reported to stimu-
late a physical association between CD14 and TLR4.37

Animals resistant to toxic doses of LPS have a single point
mutation in the coding region of the TLR4 gene. The net
effect of this point mutation is that the TLR4 gene sub-

sequently codes for a mutated and nonfunctional TLR4
receptor, thus demonstrating the receptor-conferred sen-
sitivity to LPS.32,36

The 10 TLRs thus far identified in humans are listed
in Table 2. Each TLR is a transmembrane-spanning pro-
tein with common leucine-rich repeat (LRR) on the out-
side of the membrane and a highly conserved domain that
shares homology with the intracellular domain of the
interleukin-1 receptor on the inside of the membrane.38

Known ligands of TLRs include LPS, peptidoglycan,
lipoteichoic acid, and stress proteins.32,33

LPS stimulates the activity of NFkB.6 The mecha-
nism leading to this activation involves a ‘‘signaling’’ pro-
cess that starts when LPS binds to the CD14/TLR4
complex on macrophages. Binding of LPS to this receptor
complex stimulates a phosphorylation signaling cascade
which culminates in the translocation of NFkB transcrip-
tion factors into the nucleus.39 Once inside the nucleus,
these factors bind to specific promoters to stimulate gene
transcription (Figure 2).

Table 2. Toll-like Receptors (TLR) Involved in Innate
Immunity in Humans.*

Receptor
Cellular

Localization Known Ligands

TLR1 Plasma membrane Triacylated
lipoproteins and
mycobacterial
products

TLR2 Plasma membrane Peptidoglycan,
lipoproteins, products
of Gram-positive
bacteria,
zymosan, LPS,
lipoarabinomannin

TLR3 Membrane of the
endoplasmic
reticulum

Double-stranded RNA

TLR4 Plasma membrane LPS, taxol, fibronectin,
HSP60

TLR5 Plasma membrane Bacterial flagellin

TLR6 Plasma membrane Bacterial lipopeptides
and lipoteichoic acid

TLR7 Membrane of the
endoplasmic
reticulum

Imidazoquinolines
(antiviral agents)

TLR8 Membrane of
the lysosome

Single-stranded RNA

TLR9 Membrane of the
endoplasmic
reticulum

Bacterial DNA, CpG
DNA, certain viruses

TLR10 Plasma membrane Unknown

*Compiled from references 32, 33, 39 and 51
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Heat Shock Protein 60 and TLR4
Heat shock proteins (HSPs) are a family of highly

conserved proteins that assist in protein folding and trans-
port and are constitutively present in cells.40 HSPs can be
further induced in cells by both physical and chemical
stresses including exposure to heat, heavy metals, and
ultraviolet light.41,42 Human and microbial HSP60 homo-
logs share considerable similarity at the amino acid level.
Interestingly, in addition to its known role as a chaperonin,
it has recently been demonstrated that this 60 kilodalton
protein can induce macrophages to produce proinflamma-
tory mediators such as nitric oxide, TNFa, and interleu-
kins 6, 12, and 15.43 HSP60 has also been reported to alter
the expression of cellular adhesion molecules, to modu-
late signal transduction pathways involving the ERK and
p38 kinases, and to induce transcription factors such as
NFkB.44-47 HSP60 mediates its effects, in part, by binding
to surface CD14 and Toll-like receptors, which are also
utilized in LPS-mediated signaling and may, therein,
serve as the endogenous ligand of the LPS receptor.44-48

Taken together, these data suggest that HSP60 may be
involved in pathologies involving inflammation.

Nuclear Factor Kappa B
NFkB is a dimeric transcription factor comprised of

2 dissimilar subunits (p50 and p65) and first identified
as a regulatory factor involved in the gene expression of
the immunoglobulin kappa light chain in B cells.49 Due to
the kB consensus sequences that are observed in the
promoters of several genes that are upregulated during
inflammation, the role of NFkB in inflammation is di-
verse. Some of the proinflammatory genes regulated by
NFkB include NOS2, TNFa, IL-1, COX-2, and several
chemokines, all of which can enhance inflammation by
attracting additional inflammatory cells to the site of in-
jury. NFkB also regulates the transcription of its inhibitor
IkB.49 Some of the known inducers of NFkB are TNFa,
IL-1, LPS, double stranded RNA, viral proteins, ionizing
radiation, ultraviolet light, and reactive oxygen species
such as superoxide anion and hydrogen peroxide.
HSP60 has also been shown to induce NFkB activation
in macrophages and other cells of innate immunity.43-47

Antioxidants such as pyrrolidine dithiocarbamate are
known to inhibit p50/p65 activation and may play a role
in decreasing the tissue injury associated with an inflam-
matory response.50

Although proinflammatory mediators are required to
prevent the spread of invading pathogens, their excessive
production by phagocytes involved in innate immunity
can lead to tissue injury.5,11,26 Knowledge of the under-
lying mechanisms of LPS-mediated signal transduction in
macrophages establishes a foundation for developing an

Figure 2. Activation of NFkB in macrophages by LPS. Under
normal circumstances, the NFkB transcription factor, a dimer
made up of two subunits called p50 and p65, is observed in the
cytoplasm complexed to an inhibitor protein called IkB.
During a microbial infection, LPS-binding protein (LBP)
binds to circulating LPS and presents it to the CD14 and TLR4
receptors (Step 1). The TLR4 is then activated, initiating
a phosphorylation cascade that culminates in the phosphory-
lation of IkB (Step 2). Phosphorylation of IkB results in the
dissociation of IkB from the complex (Step 3). Interestingly,
the phosphorylated IkB peptide is degraded by the 26S pro-
teasome. The p50/p65 dimer translocates into the nucleus
where it binds to specific DNA sequences called kappa B
sites (kB) and promotes gene transcription (Step 4). Pro-
inflammatory proteins such as NOS2 and TNFa are coded for
by genes that are transcriptionally regulated by NFkB.
(Adapted from references 6, 32, 39 and 49).
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understanding of the need for pharmacologic intervention
at one of several levels. For example, a new drug against
septic shock could be developed to specifically antago-
nize the TLR4 by competing with LPS for binding. The
net effect would be to decrease both nitric oxide produc-
tion and the symptoms of sepsis. A new drug could be
developed to block the recruitment of kinases to the
cytoplasmic domain of TLR4 that are needed to phos-
phorylate downstream targets. Preventing such action
would in essence also shut off the pathway and prevent
the formation of potentially damaging proinflammatory
mediators. Drugs that specifically inhibit NOS2 or NFkB
might also serve as clinically useful agents, especially in
conditions of chronic inflammation where overproduc-
tion of nitric oxide contributes to tissue injury. Under-
standing mechanisms of receptor-mediated signaling
helps the pharmacologist to design new drugs with poten-
tial utility in a clinical setting.

INSTRUCTIONAL METHODS AND
CONTENT

Among the several types of undergraduate and gradu-
ate degrees offered by the College of Pharmacy and Allied
Health Professions at St. John’s University, the PharmD is
achieved at the end of a 6-year curriculum. The material
discussing the activation of macrophages by agonists such
as bacterial LPS or HSP60 is taught in a single 2-hour
lecture in the Introduction to Pharmacology Course. The
course material is presented in a lecture-based format using
Microsoft PowerPoint. Both an outline of each lecture and
the lecture slides are made available to students 24 hours
prior to each class. These materials are posted on the St.
John’s University intranet and are available only to matric-
ulatedstudents. Studentsare assigned readings froma com-
monly used textbook and are also given homework
questions based on reading assignments derived from
pharmacology papers found in recognized journals. The
pace of the lecture is set in such a way as to allow students
to take detailed notes. A 5-minute break is taken at the end
of the first hour of lecture. Although students can ask ques-
tions at any point during the lecture, the final 15 minutes of
the class are specifically devoted to answering questions.
In addition, students have the option to ask further ques-
tions during office hours. Regular office hours are often
extended, especially during examination time, to ensure
that the students can have their questions on the lecture
material answered.

The class size of Introduction to Pharmacology
ranges from 40-50 students. Two written examinations
(midterm and final) are given using a written, multiple-
choice format. In addition to the 2 examinations, 4 un-
announced quizzes are given in short-answer and essay

format. These unannounced quizzes, though unpopular
with students, help them to stay on top of their assigned
readings and to better focus their study efforts in prepa-
ration for the examinations. Examination grades are not
curved and no extra-credit points are offered. Multiple-
choice examinations alone may not be the strongest as-
sessment tools of a student’s knowledge base. However,
the examinations are constructed in a straightforward and
factual manner, and students generally appreciate the
rapid grading this testing format permits. Grades are
posted within 48 hours of an examination. Throughout
the entire course, a web log (blog) is maintained and is
accessible to all students. The blog is not only used to post
relevant information such as supplemental readings and
study outlines, but also to inform the students about the
availability of online pharmacology resources that could
be used to enhance their learning experience. (The blog
site used in this course is available for inspection at: http://
pharmakologika.blogspot.com.).

Given the limited timeframe for this course (6 weeks),
there is no substitute for being prepared both as a student
and as a lecturer. The instructor makes every effort to
ensure that students are receiving accurate and enriching
information concerning key pharmacological principles
that will serve as a solid foundation in future courses. The
instructor also expects that students will put in solid study
efforts on a weekly basis that go beyond simply ‘‘showing
up for class.’’ Although most students agree that the work-
load is heavy, those who put in the effort are quite success-
ful in the course.
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