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Environmental factors and exposures may contribute to many

serious diseases afflicting humans. Biomarkers are useful to

understand disease processes and identify early events leading

to disease. The National Toxicology Program (NTP) convened

a workshop in September 2006 to help identify biomarkers that

could be used in toxicology studies with rodents to predict disease

outcome and detect early events in disease processes. Expert

scientists reviewed biomarkers for disease/injury related to the

heart, lung, and/or changes in lipid/carbohydrate metabolism and

made recommendations for those that could be incorporated into

NTP studies on a routine or selective basis. Although numerous

biomarkers were discussed, only a few were considered amenable

for routine use. This article summarizes recommendations for the

most promising biomarkers and presents the NTP perspective on

those that will be included in the bioassay program on a routine

or special study basis. Breakout group reports and additional

information on the workshop, including participants, presenta-

tions, and background materials, are posted on the NTP Web site

http://ntp.niehs.nih.gov/go/20940.
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Inherited susceptibilities, environmental factors, and age
play a role in the development of major diseases (Schwartz
et al., 2004), and the National Toxicology Program (NTP) has
played an important role in identifying the environmental fac-
tors that contribute to these diseases. While probably best
known for its cancer bioassay program, the NTP also conducts
studies to address other diseases and disorders (i.e., reproduc-
tion toxicity, immunotoxicity, neurotoxicity, etc.) and is inter-
ested in enhancing its assessment of environmental influences
on other major diseases. Heart disease, respiratory disease, and
disorders of metabolism such as diabetes consistently rank in

the top 10 leading causes of morbidity and mortality for both
men and women in the United States and have significant
associated personal and financial costs. For these reasons, the
NTP is in the process of identifying and incorporating bio-
markers for diseases of the heart, lung, and lipid/carbohydrate
metabolism to enhance its toxicology testing program. It is
important to emphasize that while NTP studies have a default
or ‘‘core’’ selection of end points that are consistent across
studies (see ‘‘NTP Studies’’ in background materials at http://
ntp.niehs.nih.gov/go/20940 and Table 1), the majority of stud-
ies also include adjunct components ranging from the collec-
tion of additional selective end points to the use of novel
technologies. For example, in a study of ephedra (a dietary
supplement), telemetry was utilized to measure cardiovascular
responses (Howden et al., 2005). The NTP is also assessing and
evaluating enhanced in vivo test protocols for assessing QT
interval prolongation. While these measurements are not typ-
ical, a major goal of the workshop was to identify end points
that could be added routinely to toxicity studies to provide
more confidence that NTP studies are adequately screening
for changes in heart and lung disease/function and lipid and
carbohydrate metabolism.

On 20–21 September 2006, the NTP organized a workshop
‘‘Biomarkers for Toxicology Studies’’ to help address this task
(the workshop agenda, presentations, background materials,
roster of the invited panel and other attendees, and other related
information can be found on the NTP Web site [http://ntp.
niehs.nih.gov see ‘‘Meetings & Workshops’’ or directly at
http://ntp.niehs.nih.gov/go/20940]). The specific purpose of the
workshop was to identify biomarkers related to heart, lung, and
lipid/carbohydrate metabolic function and injury that could be
included in subchronic (90-day) rodent toxicology studies to
better characterize end points of environmentally induced dis-
ease or biological processes related to human disease etiology.
This workshop is the fourth in a series the NTP has organized
as part of implementing the NTP Roadmap to critically eval-
uate its testing program and determine whether any refinements
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or new strategies are needed to maximize its impact on public
health (http://ntp.niehs.nih.gov/go/20940).

An ideal biomarker should qualitatively or quantitatively
measure biologic, pathologic, or pharmacologic responses
(De Gruttola et al., 2001) and be a specific and sensitive indi-
cator of a disease process (Kraemer, 1992). Biomarkers may
measure upstream events prior to the onset of a disease or
downstream disease events. Biomarkers may measure non-
specific biological variations or adverse effects characteristic
of disease processes. For NTP purposes, biomarkers can be
used to (1) improve detection of disease and disease processes,
(2) maximize the information derived from toxicology studies
used for hazard identification, (3) aid in understanding mech-
anisms of disease processes, and (4) detect changes early in
disease development. This includes not only biomarkers for
specific diseases but also biomarkers that measure common
mechanisms in multiple disease processes. The ideal biomarker
would also need to be both appropriate to measure disease in
model systems (e.g., rodents) and predictive of an analogous
disease process or altered function in humans. The biomarker
may be the same across species (e.g., insulin, troponin) or have
an analogue in rodents and humans (e.g., a2-macroglobulin in
the rat and C-reactive protein in humans). Additional desirable
biomarker attributes include the ability for samples to be easily
collected and assays that can be conducted in a timely and cost-
effective manner.

Prior to the workshop, NTP staff summarized candidate
disease biomarkers from a review of the literature (see topic
specific worksheets in ‘‘Background Materials’’ at http://ntp.
niehs.nih.gov/go/20940) that included a broad look at the field
of biomarkers in physiological measurements, serum and tissue
analyses, and noninvasive techniques (e.g., imaging). An ex-
pert panel from academia, industry, and government was
convened for each topic (heart, lung, lipid/carbohydrate).
Following a plenary session that provided an overview of the
biomarkers for each topic, workshop participants met in their
respective discussion groups to identify the most useful bio-
markers that NTP could consider incorporating into its studies.
Discussions focused not only on biomarkers for specific
diseases but also biomarkers that measure common mecha-

nisms in multiple disease processes such as inflammation. The
following summaries focus on breakout group discussions. For
complete details of the proceedings, see the meeting Web site
(http://ntp.niehs.nih.gov/go/20940).

BIOMARKERS OF LUNG FUNCTION AND INJURY

The lung breakout group discussed a variety of biomarkers
and approaches for collecting biomarkers ranging from bron-
choalveolar lavage (BAL) fluid analysis, respiratory function,
enhanced tissue pathology, imaging, and gene analysis to pro-
teomics. Of these, the group considered BAL and enhanced
histopathology as potentially the most useful for the NTP. Gene
expression analysis and use of imaging techniques were also
considered promising for detecting the broad range of lung
disease. However, none of the approaches were considered
appropriate for routine use for a variety of reasons including the
possibility that they would necessitate the use of additional
animals, issues regarding data interpretation, and/or require-
ments for specialized equipment.

BAL is applicable to both rodents and humans, can identify
early as well as late events in lung disease/dysfunction, and
does not require specialized or new technology for analysis.
BAL analysis can be performed readily at necropsy and cou-
pled with standard histopathological analysis for detecting
pulmonary injury. The group felt BAL would be especially
appropriate for identifying changes in the lungs by obtaining
cell counts and differentials but did not make specific recom-
mendations on which other end points should be assessed. BAL
end points that help to identify lung inflammation and injury
include total protein, beta-glucuronidase, lactate dehydroge-
nase, alkaline phosphatase, chemokines, cytokines, antioxi-
dants, and albumin (Benson et al., 1989; Henderson, 2005;
March et al., 2006; Seagrave et al., 2005). Because the method
is largely invasive in small animals and would be most infor-
mative when conducted at multiple time points, a major draw-
back is that use of lavage analysis would require additional
animals be added to a study.

Enhanced histopathological analysis can identify lung in-
jury, inflammation, apoptosis, repair, and other events either
early or late in the disease process. Special staining techniques
identify specific marker proteins allowing for quantitative
analysis and potentially detection of exposure-related toxicity.
For example, trichrome and Periodic acid-Schiff stains are used
to identify collagen and mucopolysaccharides, respectively,
and proliferating cell nuclear antigen and Ki67 protein may be
used to measure cell proliferation (Meert et al., 2004). Electron
microscopic analysis is useful for identifying mitochondrial
damage (Bishop et al., 2004; Dunnick et al., 2004). Morpho-
metric analysis of the lung allows for quantitative assessment
of lesions but requires accurate measurement of lesion size and
is labor intensive (March et al., 2005). In addition, immuno-
histochemical analysis of secreted proteins or protein products

TABLE 1

Routine End Points for the Evaluation of Heart, Lung and

Lipid/Carbohydrate Metabolism

Current Proposed additions

Heart Histopathology Troponin

Lung Histopathology Selective use of

BAL endpoints

Lipid/carbohydrate Serum glucose, histopathology

(e.g., liver, pancreas,

adrenal, gastrointestinal

tract, and thyroid)

Serum cholesterol,

triglycerides and

fructosamine
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associated with tissue injury assessed in BAL can be useful for
cross-platform confirmation purposes.
Imaging using x-ray, magnetic resonance imaging (MRI), or

positron emission tomography (PET) scanning for lung injury
holds promise for detecting early stages of lung disease, has the
advantage of being noninvasive (Chen et al., 2000), and would
allow for comparison of animal/human disease (Bakker et al.,
2005). The major advantages of imaging are that it is non-
invasive, allows for the evaluation of multiple organs simulta-
neously, and can be conducted repeatedly in the same animal.
Major problems, however, are that imaging techniques have
limited capacity to detect subtle or scattered focal tissue
change, and the relatively high equipment costs preclude the
use of imaging technologies on a routine basis.

BIOMARKERS OF HEART FUNCTION AND INJURY

The heart breakout group recommended the routine inclu-
sion of three biomarkers into NTP subchronic studies: troponin
(McDonough and Van Eyk, 2004; Wallace et al., 2004), a2-
macroglobulin in the rat, and B-type natriuretic peptide (BNP)
(Apple et al., 2005a,b). All of these biomarkers are considered
indicative rather than predictive of a disease process. Imaging
techniques for suspected cardiotoxicants were also considered
promising as the technology becomes available but were not
currently recommended.
Troponin T and I are components of the heart muscle and

their release into serum is indicative of early events in heart
tissue degeneration, necrosis, and myocyte damage (Wallace
et al., 2004). In humans, troponin (T or I) is the preferred
marker for diagnosis of myocardial injury, and increased car-
diac troponin is defined as a measurement greater than the 99th
percentile of an appropriate reference group. In animal models,
a cardiac troponin response is heart specific and often asso-
ciated with morphological changes histologically. Troponin
can be measured from a serum sample, thus obtaining a rela-
tively noninvasive procedure. There are several drawbacks
associated with the use of troponin as a biomarker. The selec-
tion of an appropriate assay method is very important. Many
reagent kits are available from various manufacturers to mea-
sure troponin I, but they do not perform equally in laboratory
animals (Jaffe et al., 2006). Time dependence issues also exist
since the circulating half-life is short (several hours) in rodents.
Lastly, the assay has a relatively high cost per animal.
The group recommended acute-phase reactant protein, a2-

macroglobulin (analogous to human C-reactive protein), is not
cardiac specific. It was recommended because they felt it
important to have an indicator of systemic inflammation
(Zhang et al., 2006). Alpha2-macroglobulin is considered to
be a ‘‘negative’’ predictor such that a normal value indicates
the absence of systemic inflammation. In a nonspecific way,
a2-macroglobulin may also address potential effects on the
vasculature. While no good markers of vascular damage were

identified, an elevated a2-macroglobulin could be associated
with vascular injury including inflammation. Conversely,
normal a2-macroglobulin levels would suggest an absence of
vascular inflammation/injury. Similar to troponin, this bio-
marker is also easily obtainable (serum sample) and measur-
able (immunoassay).

Natriuretic peptides function to regulate fluid volume, elec-
trolyte balance, and blood pressure. They are released in
response to increased blood pressure, increased sodium con-
centration, and atrial/ventricular stretch. BNP is a hormone
released by the heart during ventricular stress (Lubien et al.,
2002). The group recommended BNP as a biomarker to eval-
uate myocardial pressure and volume overload. BNP is consid-
ered a strong ‘‘negative predictor’’ since a low value means
circulatory volume parameters are normal. An elevated BNP
indicates a change in circulatory volume or blood pressure and
may suggest hypervolumic states related to such conditions as
heart failure, cardiac hypertrophy, renal disease, liver disease,
or certain endocrine disorders. The NTP is currently working to
develop a serum BNP assay. Currently, in rodents the BNP
assay requires RNA extraction from the heart, which limits
measurement collection to necropsy.

Ultrasound is a noninvasive technology that can be used on
a live animal to detect early and late cardiac disease and can be
a relatively high throughput technology (40–60 animals a day).
Detection of abnormal heart rate and blood pressure fluctua-
tions may predict future heart disease (Badea et al., 2004, 2005,
2006). Molecular probes may be used in conjunction with
ultrasound to further understand disease processes. Enhanced
imaging techniques, such as a Micro Computed Tomography
Scanner (Micro CT), were recommended for use in character-
izing disease processes after a cardiac toxicant is identified.

BIOMARKERS OF LIPID/CARBOHYDRATE METABOLISM

Metabolic diseases such as diabetes have both genetic and
environmental components (Florez et al., 2006). Often the term
‘‘metabolic syndrome’’ is applied to a disease process that may
result in insulin resistance or increased risk for cardiovascular
disease (Eckel et al., 2005). Obesity is projected to affect over
65% of the adult population in the United States (Muoio and
Newgard, 2006), is a common cause of insulin resistance in
children, and is associated with an increase in type 2 diabetes
and vascular disease (Weiss et al., 2004). High-fat diets are
linked to tissue dysfunction and disease development (Muoio
and Newgard, 2006). Increased plasma lipid levels may block
insulin signal transduction (Muoio and Newgard, 2006) result-
ing in increases in serum insulin levels.

The breakout group recommended measurement of serum
levels of cholesterol/triglycerides, insulin, and glutathione
(although glutathione was recommended by the lipid/carbohy-
drate breakout group, this end point was discounted during final
plenary discussions as being too nonspecific and problematic
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to measure correctly) as useful biomarkers of metabolic al-
terations possibly leading to disease. The lipoproteins high
density lipoprotein (HDL), low density lipoprotein (LDL), and
very low density lipoprotein were not recommended primarily
because of differences between rodents and humans. In rodents,
cholesterol partitions primarily into the HDL fraction, while in
humans, a considerable amount partitions into LDL (Lehmann
et al., 1993). HDL is the predominant lipoprotein in mice (LDL
is in humans), and increases in HDL in mice do not tend to
parallel increases in HDL in humans. Thus, total cholesterol is
a more reasonable comparison to make between rodent and
human data. The group did not believe measuring individual
lipoproteins would provide sufficient added benefit compared to
measuring total serum cholesterol. Routine measurement of
fatty acid concentrations also was not recommended because
they were not considered to be very sensitive or informative
unless the animals are in a tightly controlled, fasted state (NTP
animals are not typically fasted).

Insulin was recommended because it is considered a better
marker of glucose regulation than glucose, particularly in ani-
mals that are not fasted. Other alternatives include measuring
glucose attached to hemoglobin in red blood cells (hemoglobin
A1c or HbA1C) (Saudek et al., 2006) or serum fructosamine
(glycated albumin) (Fonseca et al., 2000; Monnier, 2006)
because they are less sensitive to fluctuations based on feeding
status (Rendell et al., 1985).

Body composition analysis using dual-energy x-ray absorp-
tiometry to evaluate lean mass, fat mass, and bone density or
microCT to distinguish visceral and subcutaneous fat was
recommended for selective use to identify possible metabolic
disease processes (Jamieson et al., 2006). Like the heart break-
out group, this group thought general measures of inflam-
mation, such as TNF-alpha and IL-6, could be useful as a
routine measurement or in special studies even though changes
would not be specific to perturbations in lipid or carbohydrate
metabolism.

NTP PERSPECTIVE

NTP convened this workshop to identify biomarkers for
heart, lung, and lipid/carbohydrate disease that could be added
routinely to NTP subchronic toxicology studies. Based on dis-
cussions at the workshop and follow-up meetings among NTP
staff, it is clear for a variety of reasons that very few of the
biomarkers recommended are appropriate for routine inclu-
sion in NTP studies. Prior to making any modifications to the
toxicology bioassay, the NTP must carefully consider ‘‘added
value.’’ Added value must consider not only the scientific
knowledge gained but also resources expended (e.g., equip-
ment, additional animals, costs, personnel, etc.) to obtain that
knowledge. While all of the biomarkers discussed have
scientific merit, any included in an NTP study paradigm must
possess three critical scientific attributes: (1) appropriate for

the species being tested (i.e., rats and/or mice), (2) sensitive
and specific for detecting injury or altered function, and (3)
relevant for identifying potential human health effects. If a
biomarker possesses these attributes, then NTP must consider
other more practical factors such as invasiveness of sampling
procedure, availability of a reliable, rapidly performed assay or
technique, and cost-worthiness.

Biomarkers of Lung Function and Injury

Given the challenges of studying the respiratory system, it is
not surprising that the lung breakout group did not strongly
recommend any biomarker for routine inclusion in NTP
studies. The most promising techniques identified were BAL
and enhanced histopathology. The NTP does not consider
either of these necessarily appropriate for studies that do not
use inhalation as the route of exposure unless the lung is
a known target organ. The use of BAL in inhalation studies
would increase the number of animals used per study and
require some degree of methods development and staff
training. The most likely scenario is that NTP will continue
to use BAL and enhanced histopathology for special studies
when the lung is a suspected target, and the specific research
question will guide and ultimately determine which specific
markers NTP measures using these techniques.

Biomarkers of Heart Function and Injury

The NTP is currently developing and validating a serum
troponin assay for routine use as a screen for cardiac damage.
While the breakout group did not recommend a specific type of
troponin (i.e., TnT or TnI), the NTP is validating an assay based
on TnT and plans initially to run all these assays at the National
Institute of Environmental Health Sciences (NIEHS). Currently,
only one vendor has appropriate reagents. The use of a single
assay in one laboratory should result in consistent assay per-
formance. The current assay for TnT appears to perform well
in the rat, although the NTP will evaluate the mouse as well.
To validate this assay, serum samples will be collected after
exposures to known cardiotoxicants and compared to heart
histopathology to determine if the assay can be used to detect
early signs of cardiotoxicity. Additionally, the NTP will com-
pare troponin response and cardiac histology for about 20 chem-
icals to evaluate its predictive and diagnostic utility.

The NTP is also interested in supporting research to develop
a serum assay for B-type natriuretic peptide because the current
assay requires RNA extraction from the heart, which limits
collection to necropsy. Enhanced pathologic analysis of cardiac
tissue and electron microscopy may also be of particular help
for identifying injury as has been shown with AZT (Bishop
et al., 2004) for identifying development of mitochondrial
damage (Dunnick et al., 2004). This enhanced pathology is
particularly important in order to identify subcellular structural
abnormalities and would be used for special studies.
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Biomarkers of Lipid/Carbohydrate Metabolism

Since the workshop, the NTP has added total serum choles-
terol and triglyceride concentrations to its clinical chemistry
panel. While the breakout group recommended that NTP rou-
tinely measure insulin as a marker of abnormal carbohydrate
regulation, the NTP believes a more practical option is fruc-
tosamine, an indicator of long-term glycemic control. The NTP
considers fructosamine to be a more practical option for mea-
suring glycemic control than HbA1C because the rate of HbA1C
formation is variable between species due to differences in
erythrocyte glucose permeability (Rendell et al., 1985). In com-
parison to the insulin immunoassay, the assay for fructosamine
is considerably less expensive and more amenable to routine
use. The NTP is currently validating a fructosamine assay.

Inflammation Biomarkers

The importance of assessing inflammation in toxicology
studies was a reoccurring theme in all breakout groups because
of its role in multiple disease states. Some biomarkers may be
useful for detecting a variety of disease processes including
markers for inflammation such as chemokine biomarkers
(Charo and Ransohoff, 2006), which direct circulating leuko-
cytes to sites of inflammation or TNF-alpha or interleukins.
NTP is exploring the feasibility of adding a panel or profile of
selected markers of inflammation.

Imaging Analysis

While noninvasive imaging technologies are appropriate for
each type of health effect considered at the workshop (i.e., x-
ray, MRI, or PET scanning for lung disease, heart ultrasound,
body composition analysis with dual-energy x-ray absorpti-
ometry, etc.), the NTP will not be incorporating these tech-
nologies on a routine basis at the present time. Regular use
would require the purchase of new equipment and hiring
trained personnel. In addition, imaging technologies may also
require centralized facilities because of the large fixed costs in
buying and maintaining equipment. All of these factors
combined make routine use cost prohibitive. However, NTP
and NIEHS are using these technologies in small pilot studies
to identify lung and heart disease in rodents.

Gene Expression Data

All three breakout groups considered gene expression
analysis. Gene expression analysis has been used on human
tissues in an attempt to characterize and predict disease
processes (Blaxall et al., 2003; Wesselkamper et al., 2005).
And, thus, gene transcript changes from rodent toxicology
studies could be evaluated with a vision to extrapolate the
findings as they might relate to human disease. Advantages of
gene expression data are that analysis allows for measuring
indicators that are part of multiple disease processes. However,
to interpret the data, it is necessary to correlate genotypic and

phenotypic changes and relate these changes both within
a species and between species (e.g., rodents and humans).
The bioinformatics required to interpret the data properly are
not as advanced as the technology, which prohibits the use of
gene expression data on a large scale. In addition, the bio-
informatics methods will require more standardization before
the information can be used in regulatory decisions (Goodsaid
and Frueh, 2006). In summary, while gene expression analysis
was recognized as a valuable research tool, none of the
breakout groups felt it is appropriate for routine inclusion in
NTP studies at the present time. The groups suggested,
however, that NTP consider selectively archiving tissue such
as the spleen, liver, heart, lung, and possibly brain for future
gene expression analysis as part of its routine toxicology
studies.

SUMMARY AND CONCLUSIONS

In summary, NTP felt the workshop provided valuable
insights into biomarkers that would address information about
lung and cardiac function and injury as well as lipid/
carbohydrate metabolism and greatly appreciated the active
participation by all workshop attendees. After careful consid-
eration of the workshop’s recommendations, the NTP will
immediately begin including serum cholesterol and triglycer-
ides as routine measures in its subchronic studies. Several other
biomarkers (TnT, fructosamine, and possible BNP) will be
added routinely when the assays are appropriately standardized
and validated. Initially, NTP will limit routine collection of
samples for biomarker analysis to the rat because the rat can
provide more sample volume, whereas routine collection in
mice may not be feasible unless additional animals are used.
Other recommended biomarkers (e.g., imaging, BAL, gene
expression, etc.) will be included as adjunct evaluations on
a more limited basis.

Use of biomarkers for heart, lung, or altered lipid/carbohy-
drate metabolism will likely require internal validation studies
with known chemicals to determine the utility of a biomarker
for routine hazard identification studies. In addition, as an
integral component of the current effort, NTP plans to conduct
an assessment in 5–10 years on whether the addition of the
biomarker end points enhances our ability to detect and un-
derstand environmentally induced diseases.

ACKNOWLEDGMENTS

This workshop was supported by the Intramural Research Program of the

NIEHS, National Institutes of Health. NTP recognizes the contributions of all

the workshop participants and in particular: James Popp, Stratoxon LLC,

(workshop chair), Steven Kleeberger, NIEHS (lung breakout group chair),

Bennett (Ben) Van Houten, NIEHS (heart breakout group), and Sheila Collins,

Chemical Industry Institute of Toxicology, (lipid/carbohydrate metabolism

breakout group).

BIOMARKERS FOR HEART, LUNG, OR METABOLIC DISEASE 33



REFERENCES

Apple, F. S., Panteghini, M., Ravkilde, J., Mair, J., Wu, A. H. B., Tate, J.,

Pagani, F., Christenson, R. H., Jaffe, A. S., and Committee on standardization

of markers of cardiac damage of the IFCC (2005a). Quality specifications for

B-type natriuretic peptide assays. Clin. Chem. 51, 486–493.

Apple, F. S., Wu, A. H. B., Mair, J., Ravkilde, J., Panteghini, M., Tate, J.,

Pagani, F., Christenson, R. H., Mockel, M., Danne, O., et al. (2005b). Future

biomarkers for detection of ischemia and risk stratification in acute coronary

syndrome. Clin. Chem. 51, 810–824.

Badea, C., Hedlung, L. W., and Johnson, G. A. (2004). Micro-CT with

respiratory and cardiac gating. Med. Phys. 31, 3324–3329.

Badea, C. T., Bucholz, E., Hedlund, L. W., Rockman, H. A., and Johnson, G. A.

(2006). Imaging methods for morphological and functional phenotyping of

the rodent heart. Toxicol. Path. 34, 111–117.

Badea, C. T., Fuhara, B., Hedlund, L. W., and Johnson, G. A. (2005). 4-D

Micro-CT of the mouse heart. Mol. Imaging 4, 110–116.

Bakker, M. E., Stolk, J., Putter, H., Shaker, S. B., Parr, D. G., Piitulainen,

E., Russi, E. W., Dirksen, A., Stockley, R. A., Reiber, J. H., et al. (2005).

Variability in densitometric assessment of pulmonary emphysema with

computed tomography. Invest. Radiol. 40, 777–783.

Benson, J. M., Burt, D. G., Cheng, Y. S., Hahn, F. F., Haley, P. J., Henderson,

R. F., Hobbs, C. H., Pickrell, J. A., and Dunnick, J. K. (1989). Biochemical

responses of rat and mouse lung to inhaled nickel compounds. Toxicology 57,

255–266.

Bishop, J. B., Tani, Y., Witt, K., Johnson, J. A., Peddada, S., Dunnick, J. K.,

and Nyska, A. (2004). Mitochondria damage revealed by morphometric and

semiquantitive analysis of mouse pup cardiomyocytes following in utero

and postnatal exposure to zidovudine and lamivudine. Toxicol. Sci. 81,

512–517.

Blaxall, B. C., Spang, R., Rockman, H. A., and Koch, W. J. (2003). Differential

myocardial gene expression in the development and rescue of murine heart

failure. Physiol. Genomics 15, 105–114.

Charo, I. F., and Ransohoff, R. M. (2006). The many roles of chemokines and

chemokine receptors in inflammation. N. Engl. J. Med. 354, 610–621.

Chen, X. J., Hedlund, L. W., Moller, H. E., Chawla, M. S., Maronpot, R. R., and

Johnson, G. A. (2000). Detection of emphysema in rat lungs by using

magnetic resonance measurements of He diffusion. Proc. Natl. Acad. Sci.

U.S.A. 97, 11478–11481.

De Gruttola, V. G., Clax, P., DeMets, D. L., Downing, G. J., Ellenberg, S. S.,

Friedman, L., Gail, M. H., Prentice, R., Wittes, J., and Zeger, S. L. (2001).

Considerations in the evaluation of surrogate endpoints in clinical trials:

Summary of a National Institutes of Health workshop. Control. Clin. Trials

22, 485–502.

Dunnick, J., Johnson, J., Horton, J., and Nyska, A. (2004). Bis(2-chloroethoxy)-

methane-induced mitochondrial and myofibrillar damage: Short-term time-

course study. Toxicol. Sci. 81, 243–252.

Eckel, R. H., Grundy, S. M., and Zimmet, P. Z. (2005). The metabolic

syndrome. Lancet 365, 1415–1428.

Florez, J. C., Jablonski, K. A., Bayley, N., Pollin, T. I., de Bakker, P. I. W.,

Shuldiner, A. R., Knowler, W. C., Nathan, D. M., Altshuler, D., and Diabetes

Prevention Program Research Group (2006). TCF7L2 polymorphisms and

progression to diabetes in the diabetes prevention program. N. Engl. J. Med.

355, 241–250.

Fonseca, V., Rosenstock, J., Patwardham, R., and Salzman, A. (2000). Effect

of metformin and rosiglitazone combination therapy in pateints with type

2 diabetes mellitus. JAMA 283, 1695–1702.

Goodsaid, F., and Frueh, F. (2006). Process map proposal for the validation of

genomic biomarkers. Future Med. 7, 773–782.

Henderson, R. F. (2005). Use of bronchoalveolar lavage to detect respiratory

tract toxicity of inhaled material. Exp. Toxicol. Pathol. 57, 155–159.

Howden, R., Hanlon, P. R., Petranka, J. G., Kleeberger, S., Bucher, J., Dunnick,

J., Nyska, A., and Murphy, E. (2005). Ephedrine plus caffeine causes age-

dependent cardiovascular responses in Fischer 344 rats. Am. J. Physiol.

Heart Circ. Physiol. 288, H2219–H2224.

Jaffe, A. S., Babuin, L., and Apple, F. S. (2006). Biomarkers in acute cardiac

disease. J. Am. Coll. Cardiol. 48, 1–11.

Jamieson, J. A., Taylor, C. G., and Weiler, H. A. (2006). Marginal zinc

deficiency exacerbates bone lead accumulation and high dietary zinc

attenuates lead accumulation at the expense of bone density in growing

rats. Toxicol. Sci. 92, 286–294.

Kraemer, H. C. (1992). Evaluating Medical Tests: Objective and Quantitative

Guidelines. Sage Publications, London, England.

Lehmann, R., Bhargava, A. S., and Gunzel, P. (1993). Serum lipoprotein pattern

in rats, dogs, and monkeys, including method comparison and influence of

menstrual cycle in monkeys. Eur. J. Clin. Chem. Clin. Biochem. 31, 633–637.

Lubien, E., DeMaria, A., Krishnaswamy, P., Clopton, P., Koon, J., Kazanegra, R.,

Gardetto, N., Wanner, E., and Maisel, A. S. (2002). Utility of B-natriuretic

peptide in detecting diastolic dysfunction. Circulation 105, 595–602.

March, T. H., Bowen, L. E., Finch, G. L., Nikula, K. J., Wayne, B. J., and

Hobbs, C. H. (2005). Effects of strain and treatment with inhaled all-trans-

retenoic acid on cigarette smoke-induced pulmonary emphysema in mice

COPD. J. Chronic Obstruct. Dis. 2, 289–302.

March, T. H., Wilder, J. A., Esparza, D. C., Cossey, P. Y., Blair, L. F., Herrera,

L. K., McDonald, J. D., Campen, M. J., Mauderly, J. L., and Seagrave, J. C.

(2006). Modulators of cigarette smoke-induced pulmonary emphysema in

A/J mice. Toxicol. Sci. 92, 545–559.

McDonough, J. L., and Van Eyk, J. E. (2004). Developing the next generation

of cardiac markers: Disease-induced modifications of troponin I. Prog.

Cardiovasc. Dis. 47, 207–216.

Meert, A. P., Feoli, F., Martin, B., Verdebout, J. M., Mascaux, C., Verhest, A.,

Ninane, V., and Sculier, J. P. (2004). Ki67 expression in bronchial preneo-

plastic lesions and carcinoma in situ defined according to the new 1999

WHO/IASLC criteria: A preliminary study. Histopathology 44, 47–53.

Monnier, V. M. (2006). The fructosamine 3-kinase knockout mouse: A tool for

testing the glycation hypothesis of intracellular protein damage in diabetes

and aging. Biochem. J. 399, e11–e13.

Muoio, D. M., and Newgard, C. B. (2006). Obesity-related derangements in

metabolic regulation. Annu. Rev. Biochem. 75, 367–401.

Rendell, M., Stephen, P. M., Pauisen, R., Valentine, J. R., Rasbold, K., Hestorff,

T., Eastberg, S., and Shin, D. C. (1985). An interspecies comparison of

normal levels of glycosylated hemoglobin and glycosylated albumin. Comp.

Biochem. Physiol. 81B, 819–822.

Saudek, C. D., Derr, R. I., and Kalyani, R. R. (2006). Assessing glycemia in

diabetes using self-monitoring blood glucose and hemoglobin A1c. JAMA

295, 1688–1697.

Schwartz, D. A., Freedman, J. H., and Linney, E. A. (2004). Environmental

genomics: A key to understanding biology, pathophysiology and disease.

Hum. Mol. Genet. 13, R217–R224.

Seagrave, J. C., McDonald, J. D., Reed, M. D., Seilkop, S. K., and Mauderly,

J. L. (2005). Responses to subchronic inhalation of low concentrations of

diesel exhaust and hardwood smoke measured in rat bronchoalveolar lavage

fluid. Inhal. Toxicol. 17, 657–670.

Wallace, K. B., Hausner, E., Herman, E., Holt, G. D., MacGregor, J. T., Metz,

A. L., Murphy, E., Rosenblum, I. Y., Sistare, F. D., and York, M. J. (2004).

Serum troponins as biomarkers of drug-induced cardiac toxicity. Toxicol.

Pathol. 32, 106–121.

Weiss, R., Dziura, J., Burgert, T. S., Tamborlane, W. V., Taksali, S. E., Yeckel,

C. W., Allen, K., Lopes, M., Savoye, M., Morrison, J., et al. (2004). Obesity

and the metabolic syndrome in children and adolescents. N. Engl. J. Med.

350, 2362–2374.

34 DUNNICK, THAYER, AND TRAVLOS



Wesselkamper, S. C., Case, L. M., Henning, L. N., Borchers, M. T., Tichelaar,

J. W., Mason, J. M., Dragin, N., Medvedovic, M., Sartor, M. A., Tomlinson,

C. R., et al. (2005). Gene expression changes during the development of

acute lung injury: Role of transforming growth factor beta. Am. J. Respir.

Crit. Care. Med. 172, 1399–1411.

Zhang, J., Herman, E. H., Robertson, D. G., Reily, M. D., Knapton, A.,

Ratajczak, H., Rifal, N., Haonchel, R., Blanchard, K. T., Stoll, R., et al.

(2006). Mechanisms and biomarkers of cardiovascular injury induced by

phophodiesterase inhibitor III SK&F 95654 in the spontaneously hyperten-

sive rat. Toxicol. Pathol. 34, 152–163.

BIOMARKERS FOR HEART, LUNG, OR METABOLIC DISEASE 35


