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The Contribution of Air Pollution to the
Burden of Cardiovascular Disease

J. Patrick Mastin

Division of Extramural Research and Training
National Institute of Environmental Health and Safety

Research Triangle Park, NC.

The þrst people to experience the health effects of air 
pollution were undoubtedly the þrst people to use þre for 
cooking and staying warm.  However, it wasnõt until people 
began to live together in cities and began to burn coal and 
other fossil fuels, for industrial processes and transportation 
as well as food and warmth, that medical professions began 
to seriously consider the adverse health effects of these 
combustion products.  Now that our society and economy are 
dependent on the beneþts of burning these fuels, we live in an 
atmosphere that is made up, not only of “natural” gases (such 
as nitrogen, oxygen, carbon dioxide) and aerosols (such as 
wind-borne dust), but also potentially harmful gases, such as 
ozone, aldehydes, and sulfur dioxide, and aerosols consisting 
of microscopic droplets of such chemicals as sulfates and 
nitrates and carbon particles (“soot”) to which chemicals 
such as hydrocarbons and heavy metals are adsorbed.  This 
is especially true in large metropolitan and industrial areas.  
As a result of this increase in air pollution, the biomedical 
community began, especially in the last century, to investigate 
the health effects of air pollution on the large number of 
people who are now exposed.

For obvious reasons, most research was initially focused 
on the toxic effects of air pollution on the lungs, and it was 
shown that air pollution can exacerbate chronic lung diseases, 
including asthma, in adults and children.  However, in the 
early and middle 1990s researchers began to þnd, somewhat 
surprisingly, that air pollution also appeared to be associated 
with mortality from cardiovascular disease (CVD).  Two 
landmark studies in this area – the Six Cities Study and 
the American Cancer Society Study – that looked at large 
populations of people exposed to a wide range of levels of 
pollution strongly suggested that cardiovascular disease was 
associated especially with the particulate component (often 
referred to as “particulate matter” or “PM”) of air pollution 
(1,2).  Since those initial studies, many reports have conþrmed 
a robust link between exposure to PM and cardiovascular 
disease and death, and more recent reports have also 
suggested a connection between ozone exposure and CVD.  
Publications in leading cardiovascular journals and other high 
impact journals, including a Scientiþc Statement on òAir 
Pollution and Cardiovascular Disease by the American Heart 

Association (3), suggest that the cardiovascular community 
is recognizing the potential contribution of environmental 
exposure to risk for CVD.

The signiþcance of an air pollutionðCVD connection 
could be quite profound.  While the associations that have 
been seen are fairly small, often less than 1% increase in risk 
per 10 microgram/cubic milliliter difference in PM levels, 
many people are exposed to air pollution, so the cumulative 
effect could be great.  In addition, cardiovascular disease 
(sometimes referred to simply as “heart disease”) is the 
primary cause of death in the industrialized world.  According 
to the American Heart Association, 927,448 people died of 
CVD in the United States in 2002.  This represents a death 
rate of 320.5 per 100,000 people and accounts for 38.0% of 
all deaths (4).  Depending on how signiþcant a risk factor air 
pollution exposure proves to be, relative to the other known 
risk factors – age, race, lifestyle factors (such as smoking, 
physical inactivity, and diet), serum lipids, and family history 
– reduction in air pollution levels could be a means for 
signiþcantly reducing the burden of CVD.

However, epidemiologic associations, although they may 
be strong, donõt completely make the case.  There is also the 
issue of “biological plausibility”:  does the association make 
sense based on what we know, or what we can learn, about 
the how cardiovascular diseases develop?  In other words, 
are there pathologic mechanisms to explain the association?  
This represents a major focus of research in the area of 
pollution-related CVD.

Several mechanisms to explain air pollution toxicity 
have been proposed and all have data to support them.  
These ideas developed mostly from research on the effects 
of PM.  The most obvious explanation is direct toxicity to 
the cardiovascular tissue.  This seems most plausible for 
chemicals that can be solubilized in the lung after inhalation, 
such as aldehydes and metals dissolved from particulate 
matter, and transported to the cardiovascular tissues, most 
likely through the blood.  However, there is also evidence 
that the particles can be translocated intact from the lung to 
vascular and cardiac tissues.  This is especially true for the 
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smaller, so-called, ultraþne particles.  Once in the vicinity of 
the CV tissue, the pollutants might adversely affect the tissue 
by causing or increasing local inÿammation, interfering with 
metabolic processes, disrupting ion channel function, etc.  
The pollutants might also cause local inÿammatory responses 
in the lung that result in production of inÿammatory mediators 
that could be transported to the cardiovascular tissues, 
thus affecting function.  Either of these two mechanisms 
might explain experimental data showing an increase in 
atherosclerosis in animals exposed to PM (5).

A third hypothesis is that pollutants might trigger nerve 
endings in the lung which subsequently send impulses to the 
brain and in turn back to the heart.  These nerves are part of the 
autonomic nervous system and inÿuence how the heart beats.  
This has been offered as a mechanism to explain evidence 
that PM in the lung can affect the rhythm of the heart.  It is 
of course likely that all of these mechanisms play a role.

There is one more important question that research 
needs to answer:  Why are individuals affected differently 
by exposure to air pollution?  What are the individual 
“susceptibility factors” that make one person more at risk 
from exposure to air pollution?  Evidence has begun to 
suggest that the elderly and those with pre-existing disease 
are most affected.  It is also reasonable to suspect that air 
pollution might worsen the effects of the “traditional” risk 
factors for CVD, such as smoking and diet.  And þnally, an 
active area of research in all areas of disease susceptibility is 
the role of genetics.  A coordinated approach between basic 
laboratory science and population-based science is needed 
to fully resolve this question.

In the articles that follow, researchers from the University 
of Louisville, who are active this area of research, discuss 
many of the important considerations involved in trying to 
understand air pollution-related cardiovascular disease.  First, 
Drs. Prough, Amunom, and Conklin provide an overview 
of the chemistry of some chemicals in air pollution, such as 
polycyclic aromatic hydrocarbons and aldehydes.  In addition, 
they outline the metabolic processes the body uses to try to 
eliminate these exogenous chemicals, and importantly, how 
the processes sometime create metabolites that are more toxic 
than the original compound.  Finally, they discuss some of the 
consequences of the chemical reactions of these compounds 
with DNA and proteins.  In another chapter, Pierce and 
coworkers describe the use of mass spectrometry in deþning 
protein adducts and their contribution to cardiotoxicology.

Drs. Hill, Barski, and Bhatnagar then review some 
of the epidemiologic findings linking air pollution and 

cardiovascular disease, as well as data linking occupational 
exposures to cardiovascular disease.  They also discuss work 
in their lab and in othersõ that is looking at how exposure 
to aldehydes can cause alterations in serum lipid proþles, 
a known risk factor for cardiovascular disease in humans, 
and can reduce the bodyõs ability to protect the heart against 
ischemia, a common cause of heart attacks.  Dr. Prabhuõs 
overview focuses more on the effects of particulate matter, 
for which there is the most data related to cardiovascular 
disease.  In addition, he briefly discusses some of his 
research on aldehydes which shows that acrolein, a common 
aldehyde in various kinds of smoke including tobacco smoke, 
depresses the heartõs ability to function optimally, perhaps 
due to its effect on the protein that causes the heart muscle 
to contract.

Research on the health effects of air pollution continues to 
be an active and crucial scientiþc effort.  New epidemiologic 
data strengthen the case for a link between exposure and 
cardiovascular disease, as well as other conditions not 
previously considered, such as adverse birth outcomes.  As 
these data accumulate, the need to understand how these 
pollutants cause their effects becomes more important as well.  
Agencies such as the National Institute of Environmental 
Health Sciences (NIEHS) and EPA are currently funding 
research, such as that described here at the University of 
Louisville, to try to elucidate these mechanisms.  The results 
of this research cannot only lead to a reduction in the rate 
of disease from air pollution exposure through enactment 
of appropriate air pollution standards, but can also add to 
our overall understanding of the causes and the pathologic 
mechanisms of heart disease.

J. Patrick Mastin obtained he B.S. at Centre College, 
Danville, KY., and his Ph.D. degree in Pathology at Duke 
University. He took his þrst position with the NIEHS at 
Cincinnati and subsequently moved to Research Triangle 
Park, NC. where he is Chief of the Cellular, Organ and 
Systems Pathobiology section.
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Introduction

The concern that many products of combustion can cause 
adverse biological effects in mammals has stimulated research 
that provides a partial understanding of how compounds, like 
benzo[a]pyrene (B[a]P), cause speciþc cancers, such as small 
cell carcinoma. Like many other environmental chemicals, 
B[a]P, in and of itself, is not chemically reactive, but must 
be metabolically activated by enzymes in our cells. In the 
case of B[a]P, a polycyclic aromatic hydrocarbon [PAH], 
it has been well documented that it is formed during the 
combustion of tobacco or other organic materials and has the 
potential to cause cancer in animals and man. An elegant set 
of experiments performed in the 1970s (Holder et al., 1974; 
Selkirk et al., 1974; Kapitulnick et al., 1977; Levin et al., 
1986; Chang et al., 1987) documented that benzo[a]pyrene 
requires metabolism in mammalian tissues to form the 
ultimate carcinogenic agent. This reactive intermediate reacts 
with speciþc DNA bases in target genes to form DNA-PAH 
chemical adducts, thereby causing the critical somatic cell 
mutations that lead to cancer. Many of these studies were 
performed in animal models and a series of biological 
oxidative reactions studied in these models were shown 
to form the 9,10-epoxy-7,8-dihydrodiol-benzo[a]pyrene, 
the ultimate carcinogenic form of B[a]P (Holder et al., 
1974; Levin et al., 1986). The realization that such reactive 
intermediates are formed in our bodies with our own enzymes 
has been a paradox to understanding the carcinogenicity 
and/or toxicity of such compounds, since normally these 
enzyme systems detoxify foreign compounds by converting 
them to water-soluble, easily excreted metabolites. This 
article will review some of the compounds formed during 

the combustion process or inÿammatory processes and how 
they are detoxiþed on the one hand and cause environmental 
disease on the other.

Compounds formed during the combustion process.

During the combustion processes associated with 
open þres, burning tobacco products, and automobile fuel 
combustion, organic materials are heated to extremely high 
temperatures and sometimes at high pressures in the presence 
of oxygen. Under conditions of complete combustion, i.e., 
in the presence of excess oxygen, most organic materials are 
converted to carbon dioxide and water, while compounds 
containing heteroatoms such as sulfur and nitrogen, are 
converted to ammonia, SO2, nitrogen oxides, etc. Such 
combustion reactions are known as complete combustion 
reactions and normally produce new chemical products with 
low chemical reactivity.

The energy associated with this process in the absence 
of excess oxygen causes pyrolysis reactions that lead 
to condensation reactions and formation of PAHs and 
decomposition reactions to small, reactive organic molecules, 
such as carbon monoxide (CO), acrolein and formaldehyde. 
This process is known as incomplete combustion and often 
forms chemicals with higher chemical reactivity. In addition, 
toxic metal oxides are produced from the metals in the 
organic material, such as arsenic used as wood preservatives, 
lead in older paints, etc. Due to the intense temperature and 
diverse conditions created during burning, both degradative 
oxidation to compounds like carbon dioxide and water are 
formed (expected during complete combustion). During 

The Role of Metabolism in Protection Against
Cardiotoxic Compounds

Russell A. Prough, Immaculate Amunom, and Daniel J. Conklin

Department of Biochemistry & Molecular Biology and the Division of Cardiology,
Department of Medicine, the University of Louisville School of Medicine, Louisville, KY.

Abstract

Combustion of organic matter in the presence of oxygen leads to complete combustion forming CO2, water, and oxides. 
Incomplete combustion leads for pyrolysis forming either fused ring molecules or unsaturated compounds, like acrolein and 
formaldehyde. The unsaturated compounds are chemically reactive and directly alter cell growth and differentiation. The 
fused ring compounds are chemically stable, unless metabolized by enzymes in our bodies to reactive intermediates. We have 
evolved several families of enzymes which detoxify these reactive intermediates. This article will review how products of 
pollution are formed, how they directly or indirectly react with biomolecules, and how they are toxic in the heart and other 
vascular tissues.
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incomplete combustion, unburned organics are formed 
including fused ring compounds, such as the polynuclear 
aromatic hydrocarbons, such as naphthalene, benzo[a]pyrene, 
and chrysene or carbon monoxide, aldehydes like acrolein 
and formaldehyde, sulfur dioxide, and nitrogen oxides 
produced (expected during incomplete or partial combustion). 
In the case of the smaller compounds, such as CO, sulfuric 
acid, hydrochloric acid, hydroÿuoric acid, nitric acids and 
NO derivatives, these compounds can react with biological 
molecules, like hemoglobin, cytochromes, glycolytic enzymes, 
and alter their function; while the polynuclear hydrocarbons, 
dioxins, and furans may be largely chemically inert under 
these same conditions. Due to the diverse products formed 
from þre or other smoke producing processes, molecules are 
generated that either act directly to alter biological molecules 
or subsequently become metabolically activated to reactive 
intermediates by the enzymes in our body.

Electrophilicity and adduct formation: The chemical 
nature of toxic organic materials.

The foreign compounds formed by combustion processes 
can cause a number of responses. First, these compounds 
cause direct chemical or toxicological reactions of the 
electrophilic compounds formed during combustion. An 
electrophilic agent is one which is electron deþcient, such as 
|} unsaturated aldehydes (formaldehyde and acrolein), sulfur 
dioxide or nitrogen oxides. These compounds react with 
various cellular nucleophiles (electron-rich compounds), like 
glutathione [g-glutamyl-cysteinyl-glycine], a tripeptide thiol 
capable of reacting with reactive electrophilic compounds 
which like to gain electrons into their structure (Figure 
1). Thus, other biological nucleophiles, like proteins or 
nucleic acids, can also form such adducts with electrophilic 

compounds. The aldehydes described above are examples 
of reactive electrophiles formed during the combustion 
process that are directly reactive with biological materials 
like proteins and DNA or the cellular nucleophiles. 

These reactive chemicals are produced by the combustion 
process; however, new reactive intermediates may be 

formed biologically when enzymes in our bodies catalyze 
modification of various functional groups on other 
compounds formed during combustion. For example, 
combustion causes formation of PAHs during incomplete 
combustion of organic materials, including cigarette smoke. 
Examples of these compounds would include naphthalene 
and benzo[a]pyrene (Figure 2A). In and of themselves, these 
molecules are not chemically reactive, but upon metabolism 
by oxidative enzymes known as monooxygenases, these PAH 
can be converted into epoxides, compounds which are also 
electrophilic in nature (Figure 2B). Like the |} unsaturated 
aldehydes, epoxides are capable of reacting with cellular 
nucleophiles, such as glutathione, proteins and nucleic acids 
of DNA (Figure 2C). So in summary, combustion produces 
compounds that are either direct acting chemicals, like |} 
unsaturated aldehydes, or that require subsequent metabolic 
activation to produce reactive chemicals, like epoxides of 
polynuclear aromatic compounds.

The Bodyõs Defense: Mechanisms of foreign compound 
elimination.

Many of the organic compounds produced by combustion 
are fat-soluble and are taken up by our fatty tissues as a 
storage depot. This is one reason that exposure of mammals 
to foreign compounds is hazardous; i.e., their lipid-solubility 
causes the compounds to accumulate in the body and be 
stored for long periods of time. An example of this situation 
is the storage of polycyclic aromatic hydrocarbons and 
compounds like dioxin (formed both by forest þres and 
by man) in the fatty tissues of our bodies after exposure or 
ingestion of these materials. Without methods to remove these 
compounds from the environment so they wonõt accumulate 

Figure 1. The reaction of the cellular nucleophile, glutathione or -glutamyl-
cysteinyl-glycine, with the combustion product acrolein (2-propenal) to form 
the GSH-acrolein conjugate.

Figure 2. The metabolism of polycyclic aromatic hydrocarbons. A. Naphthalene 
and benzo[a]pyrene. B. The oxidation of naphthalene to form naphthalene oxide. 
C. The reaction of glutathione with naphthalene oxide to form the glutathione 
conjugate of naphthalene.



8 	 Fall/Winter 2006

in the body, we have to rely on a series of enzymes that aid 
in the elimination of these compounds from the body. The 
difference in the rate of accumulation of these compounds 
in our fatty tissues and their elimination by metabolism to 
more polar compounds dictates how fast they leave our body. 
One way to describe the duration of retention of compounds 
in our body is the term half-life, or the time it takes for Ý of 
the body burden of a compound to be eliminated through the 
kidneys or gastrointestinal (GI) tract. 

Using a battery of enzymes that are oxidative, reductive 
and/or conjugative (i.e., linking a water-soluble compound 
to a fat-soluble compound) in reaction type, our organs, 
especially the liver, can metabolize both direct and indirect 
acting reactive chemicals by attaching an oxygenated 
functional group to the molecule. Subsequently, other 
enzymes add a water-soluble compound like a sugar, sulfate, 
water, or glutathione to the molecules. In the pharmacology 
literature, the oxidative/reductive enzymes have been termed 
Phase I metabolic enzymes; the conjugative enzymes are 
therefore termed Phase II synthetic enzymes. Finally, 
there are processes that extrude these compounds or their 
metabolites from the tissues into the blood stream, urinary 
tract, or GI tract for disposition from the body; this process 
is called transporter enzymes or Phase III enzymes. For most 
chemicals, these reactions produce compounds which are 
not toxic and by adding water-soluble molecules to these 
oxygenated molecules, are made more water soluble. This 
increased solubility allows these water-soluble materials to 
be removed from fatty tissues and organelles in our liver 
and other tissues and export them to the kidney or feces 
for elimination. If the compounds formed have little or no 
toxicity, then the compounds are rapidly and efþciently 
removed from our body. These processes decrease the half-
life of organic molecules in our body through enhanced 
disposition after metabolism. Our livers are designed to be 
very active in eliminating such compounds from the body 
and serve as a “garbage system” for elimination of fat-soluble 
compounds, both foreign compounds and endogenous 
compounds, including cholesterol and fat.

The enzyme systems of importance that are involved in 
eliminating such compounds are listed in Table 1 above. The 
major oxidative enzyme encompasses a heme-thiolate protein 
family containing over 100 distinct genes in mammals. It 
carries out oxidation of carbon compounds by attaching an 
oxygenated functional group that eventually can become linked 
to water-soluble biomolecules, increasing the water solubility 
of these combustion products. The sorts of water-soluble 
molecules that are involved in conjugation reactions include 
glutathione (-glutamyl-cysteinyl-glycine or GSH utilizing 
glutathione S-transferases), glucuronic acid (UDP-glucuronic 
acid utilizing UDP-glycosyltransferases), sulfate (3õ-
phosphoadenosine 5õ-phosphate utilizing sulfotransferase), 
acetate (acetyl-CoA utilizing N-acetyltransferases), and water 
(H2O utilizing epoxide hydratase).

Many of the metabolic processes in mammalian cells 
have the ability to alter the expression of various genes 
to compensate for times when more or less metabolism is 
needed. These same processes exist in toxicology, since it 
has been shown that an organism is highly sensitive to a 
chemically-reactive material upon þrst exposure, but during 
subsequent exposure to the compound less toxicity results. 
This process is known as “tolerance” and can be explained 
by a number of biological mechanisms. One part of this 
process is known as “induction” and generally is due to an 
increase in transcriptional activity of gene expression and 
the accumulation of the protein catalysts in our tissues and 
cells. This inductive process allows compounds to which 
we are exposed to have the ability to increase their own 
metabolism; through activating speciþc receptors in target 
tissues like liver, these receptors function after chemical 
exposure, like the sex steroids act through nuclear receptors 
or transcription factors (Nebert et al., 2004; Whitlock et 
al., 1997). One particular receptor is the Arylhydrocarbon 
receptor (AHR) which is ubiquitously distributed throughout 
the body (Figure 3). The PAHs formed during incomplete 
combustion activate this receptor in those tissues that become 
exposed to these materials. Upon entry into the cell and 
binding to the AHR, the compounds cause the AHR to migrate 

TABLE 1. Common enzymes involved in foreign compound metabolism

	 Enzyme	 Reaction type	 Reactant	 Cofactor

	 Cytochrome P450	 HydroxylaseEpoxidase	 Molecular oxygen	 Reduced pyridine nucleotides

	 Glutathone S-transferase	 Thiol conjugation	 Electrophile	 Glutathione

	 Sulfotransferase	 Sulfate conjugation	 Phenol	 3õ-Phosphoadenosine 5õ-phosphate

	 Glycosyltransferase	 Glucuronidation	 Phenol	 UDP-glucuronic acid

	 N-acetyltransferase	 Acetylation	 Amines	 Acetyl-Coenzyme A

	 Epoxide hydratase	 Hydration	 Epoxides	 Water
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to the nucleus of these target cells and activate a battery 
of genes involved in disposition of combustion products 
and other chemicals, eventually resulting in the increased 
expression of the messenger RNA and protein encoding the 
enzymes involved in foreign compound metabolism, such 
as cytochrome P4501A1, UDP-glucuronosyltransferase, etc. 
The enhanced excretion of the foreign compounds results 
from this increased expression of the genes involved in 
disposition of foreign compounds and enhances elimination 
of these compounds from the body. These receptors often 
also increase other biomolecules serving as protective 
agents for the body, like glutathione. The oxidative enzymes 
also catalyze a limited number of reactions leading to 
deleterious reactions, such as DNA and protein activation. 
The paradoxical dichotomy of these enzymesõ action in 
activating a limited number of chemicals and their major role 
in eliminating most other chemicals, including those we take 
as drugs and beneþcial compounds, causes us to be cognizant 
of the importance of limiting our exposure to combustion 
compounds and other materials that may be bioreactive or 
can be made bioreactive.

Many other ligand-activated nuclear receptors or 
transcription factors exist which can interact with foreign 
compounds as well as endogenous compounds. Another 
important receptor is the NF-E2-related (Rushmore et al., 
1990; McMahon et al., 2991; McMahon et al., 2003) nuclear 

transcription factor (also known as Nrf2) which is released 
from a cytoplasmic protein complex upon binding of 
electrophilic compounds. The subsequent accumulation of 
Nrf2 in the nucleus activates another discrete set of target 
genes important for increasing the concentration of other 
enzymes, including GSH synthase, heme oxygenase, and 
many other protective enzymes. This regulatory system is 
involved in protecting against the direct acting chemicals 
formed like NOx, |}unsaturated aldehydes, sulfur dioxide, 
metals; i.e, the compounds also produced by the incomplete 
combustion process.

Reactive chemicals cause abnormal cell growth and 
proliferation.

In the past, considerable research has been directed 
toward understanding how toxic chemicals cause cancer. 
The consensus is that foreign compounds are converted 
to reactive electrophiles that can chemically react with 
cellular nucleophiles like protein and nucleic acid to form 
products known as adducts. Such reactions are believed to 
lead to toxicity by damaging proteins by forming protein 
adducts or carcinogenesis by forming DNA adducts that 
result in somatic cell mutations and cancer. However, the 
literature offers a second role for toxic chemicals in causing 
abnormal cell proliferation and inÿammation that results in 

formation of aberrant tissue growth and development, such 
as atherosclerosis. Chemicals such as the a,b-unsaturated 
aldehydes or reactive electrophilic intermediates of polycyclic 
aromatic hydrocarbons may be part of this second mechanism 
for causing disease in humans (Bhatnagar and Srivastava, 
1992; Ramos et al., 1996; Moorthy et al., 2002). Aberrant 
proliferation of vascular smooth muscle cells has long been 
known to allow these cells to calcify and form plaque in 
arteries and aorta. This aberrant cell growth, accumulation of 
lipid and calciþcation eventually results in closure of vessels 
leading to and throughout the heart, causing cardiovascular 
disease and atherosclerosis. Therefore, these exposures to 
reactive chemical intermediates can not only cause cancer, 
but also other chronic diseases like atherosclerosis, heart 
disease and possibly other diseases like diabetes. This is 
schematized in Figure 4 showing that aldehydes, R-CH=O, 
like formaldehyde or acrolein formed by decomposition 
of volatile organic compounds cause toxic endpoints 
such as atherosclerosis, dyslipidemia (excess lipid in the 
bloodstream), and endothelium dysfunction (inadequate 
endothelial cell function). These lead to diseases like diabetes, 
obesity, hypertension, etc.

The research being pursued at the University of 
Louisville in our laboratories focuses on how these disease 

Figure 3. The arylhydrocarbon receptor and its action. Polycyclic aromatic 
hydrocarbons can passively diffuse into cells and interact with the Arylhydrocarbon 
receptor (AHR) in the cytoplasm. Activation of the protein complex associated with the 
AHR causes a migration to the nucleus where it combines with the arylhydrocarbon 
receptor nuclear transporter (ARNT) and bind to cognate responsive elements on 
the 5-flanking region of genes. This leads to the production of mRNA’s capable of 
encoding enzymes which detoxify compounds like benzo[a]pyrene to hydroxylated 
metabolites that are not toxic. These metabolites must also be easily excreted from 
the body to diminish environmental disease.
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states arise and how they can be prevented. Our particular 
interest is to see how oxidative and reductive metabolism 
may blunt these toxic events, protecting against aberrant 
cell proliferation. A number of enzymes are involved in 
these oxidation-reduction processes (Figure 4 and Table 2). 
Aldose reductase (AR) or the aldo-ketoreductase (AKR) 
enzyme families chemically reduce aldehydes to alcohols, 
that tend to be less toxic than the aldehyde compounds. In 
addition, aldehyde dehydrogenases use NAD(P)+ to oxidize 
aldehydes to carboxylic acids. Both the alcohols and and 
carboxylic acids can be conjugated with water-soluble 
compounds that enhance excretion through the kidney or 
into the bile. Recently, we have noted that the hemoprotein 
family, cytochrome P450 (also know as CYPP450), can 
also oxidize and reduce aldehydes to carboxylic acids and 
alcohols as well (Amunom et al., 2005). This enzyme system 
has high capacity to remove these foreign compounds and 
appears to serve as a secondary system to protect the body 
from aldehydes when the capacity of the reductases has been 
attained.

Societal problems due to our reliance on modern 
chemical and electrical conveniences.

As seen in the cover of this issue of Sustain, a paradox 
exists in our modern life-style. The freeway shown with 
vehicles moving rapidly through the hospital curve at 
Louisville is a great beneþt to our freedom to travel and 
transport goods around our city at will. The electricity 
produced by coal-þred power plants or products like hot water, 
etc. to which we have become accustomed all require the use 
of combustion of petrochemicals to maintain our lifestyles. 
From the 1950s to the 1980s, we slowly realized that the 
pollution formed from release of combustion processes like 
the automobile engine or coal-þred power plants or chemicals 
from our chemical plants pose a threat to our health through 
a number of malignancies. With the advances in industrial 
technology, workers are increasingly protected from direct 
industrial exposure to such chemicals produced in West 
Louisville. However, the wonderful freeway systems and 
coal-þred power plants continue to expose us to pollution that 

appears to lead to deleterious diseases like atherosclerosis, 
dyslipidemia, and perhaps even diseases like diabetes. The 
coming decade will hopefully provide us with information 
about how the environmental pollution we produce in our 
modern lifestyle causes these emerging diseases threatening 
our populace. In some part, the knowledge we gain about 
how these processes work may allow us to prevent or treat 
these diseases and increase the quality and quantity of life 
for the Citizens of Louisville. However, this realization also 
forces us to devise ways to decrease further the chemical and 
particulate pollution we generate. Since all of these pollution 
products affect health and cause environmental disease, the 
other chapters in this issue will further document the role of 
such chemicals in emerging environmental diseases.
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Figure 4. The role of metabolism in detoxification of aldehydes formed from 
volatile organic compounds that lead to aberrant cell proliferation. AR, Aldose 
reductase; AKR, aldo-ketoreductases; ALDH, aldehyde dehydrogenase; CYP, 
cytochrome P450; VOC, volatile organic chemicals; R-CH=O, chemical formula 
for an aldehyde.

Table 2. Enzyme systems involved in oxidative-reductive metabolism of aldehydes formed from volatile organic compounds

	 Enzyme	 Reaction	 Coenzyme	 Reaction type

	 Aldose reductase	 Glucose Ą Sorbital	 NADPH	 Reduction

	 Aldo-keto reductase	 Aldehyde Ą Alcohol	 NAD(P)H	 Reduction

		  Ketone Ą alcohol

	 Aldehyde dehydrogenase	 Aldehyde Ą carboxylic acid	 NAD(P)+	 Oxidation

	 Cytochrome P450	 Aldehyde Ą carboxylic acid	 NADPH + O2	 Oxidation


