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REPORT 

Early Markers of Lung Injury 

John N. Evans1 , David R. Hemenway, and Jason Kelley 

ABSTRACT 

The goal of this study was to develop an early marker of 
lung injury that might change in response to exposure to a 
mobile source emission. Nitrogen dioxide (N02)2 was cho
sen as an example of an atmospheric pollutant that is 
related to automobile emissions. Since reorganization of 
the connective tissue matrix of the lung occurs in response 
to injury, markers of connective tissue metabolism were 
selected as targets. Hydroxylysine became the marker of 
choice. It is an amino acid that is virtually exclusive to col
lagen, although it does occur in minimal amounts in other 
proteins. Furthermore, it is excreted in the urine, which 
makes it readily available for analysis using noninvasive 
techniques. Other markers evaluated as part of the study in
cluded angiotensin-converting enzyme as a marker of lung 
injury, desmosine as a marker of elastin degradation, and 
hydroxyproline as another marker of collagen metabolism. 

Male Fischer-344 rats were exposed in whole-body cham
bers to controlled concentrations of N02 for various doses 
and periods of time. The concentrations of N02 ranged 
from 0.5 to 30 parts per million (ppm); the rats were exposed 
for six hours per day for periods of two days to four weeks. 
Urine and bronchoalveolar lavage samples were collected 
and analyzed for the appropriate marker. In addition, pul
monary function studies and histologic examinations of the 
lungs were completed at selected time points. 

Urinary hydroxy lysine concentration increased as a func
tion of N02 concentration during six-hour-per-day ex
posures for two days. This short-term exposure required rel
atively high doses to achieve significant changes in the 
hydroxy lysine output. During one-week exposures to either 
25 or 30 ppm N02 , there was an increase in urinary hydrox
y lysine associated with changes in lavage concentrations of 
angiotensin-converting enzyme and hydroxylysine. The 
lungs of these animals demonstrated histologic changes 
typical of oxidant injury. 

Four-week exposure protocols using 0.5 and 1 ppm N02 

were most interesting in terms of the sensitivity of the 
marker. There was minimal damage revealed by the histol
ogy and function studies, yet there were significant in-

1 Correspondence may be addressed to Dr. john N. Evans, College of Medi
cine, Department of Physiology and Biophysics, Given Building, University 
of Vermont, Burlington, VT 05405. 
2 A list of abbreviations appears at the end of this report for your reference. 

creases in the excretion of hydroxylysine. It appears that 
hydroxylysine can be indicative of exposure when other 
parameters are normal. It will require long-term follow-up 
of exposed rats to determine whether or not the change in 
marker concentration is predictive of damage. 

Hydroxy lysine may be an excellent marker of exposure to 
oxidants in the human population. Controlled studies toes
tablish base-line values are needed, followed by carefully 
controlled studies in individuals with connective tissue ab
normalities of the lung. 

INTRODUCTION 

The overall goal of this study was to identify a biological 
marker, or markers, of lung injury that is induced by ex
posure to mobile source emissions. A basic operating prem
ise was that the marker had to be available in a body fluid 
that could be monitored in a relatively noninvasive manner 
in humans. The marker should vary with the level of ex
posure and should reflect the extent of injury to the lung. 
The fluids deemed acceptable for analysis included bron
choalveolar lavage fluid, blood, and urine. Nitrogen diox
ide was selected as an example of a pollutant associated 
with mobile source emissions. Indices of connective tissue 
metabolism were chosen as possible markers, for the rea
sons cited below. 

Environmental pollutants that result from mobile source 
emissions, such as N02 , have been implicated in the devel
opment of pulmonary injury. Evidence in humans and 
animals exists to demonstrate altered broncho-reactivity 
and lung compliance associated with metabolic and bio
chemical changes (for reviews see Mustafa and Tierney 
1978; Dawson and Schenker 1979). Nitrogen dioxide is pro
duced by oxidation of atmospheric nitrogen and is a ubiqui
tous pollutant of the environment. Urban concentrations 
can range from 0.08 to 0.2 ppm, with spikes to 1 ppm. In 
addition to exposure due to combustion engines, occupa
tional exposures occur in arc welding, in copper dip tanks, 
and in agricultural settings. It is clear that a large number 
of individuals are exposed to a wide range of N02 levels de
rived from a variety of sources. 

The response of the lung to N02 is complicated and de
pends on species, level of exposure, duration of exposure, 
and the time at which the lung is examined relative to ex
posure. There appear to be acute effects, including bron-
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chospasm, and long-term effects involving reorganization 
of the connective tissue matrix of the lung. Reported 
changes in pulmonary connective tissue range from the de
velopment of pulmonary fibrosis to emphysema. Hattori 
and Takemura (1974) reported the development of fibrotic 
lesions in mice after exposure to 0.5 ppm N02 for six 
months. Dr6zdz and coworkers (1977) exposed guinea pigs 
to 1 ppm N02 for six months and reported a significant de
crease in lung collagen. Kleinerman and colleagues (1982) 
exposed hamsters to 30 ppm N02 for three weeks and 
reported a decrease in elastin and collagen during ex
posure, which returned toward normal after exposure. On 
the basis of light microscopic examination, Freeman and 
associates (1969) reported changes in col1agen and elastin 
in alveolar septa when rats were exposed to 15 ppm N02 for 
one week. These studies are only a representative sampling 
of the literature on the effects of N02 on pulmonary con
nective tissue. It is clear that exposure induces changes in 
connective metabolism, with subsequent development of 
significant changes in lung architecture; the actual out
come is dependent on the level and duration of exposure 
and the species exposed. 

The present study is based on the evidence, cited above, 
that alterations in the connective tissue do occur in N02 

exposure. The two major components of this matrix are 
collagen and elastin. These proteins are synthesized and 
degraded in the lung as part of an ongoing turnover of con
nective tissue components. In the development of fibrosis 
or emphysema, the relationship of synthesis and degrada
tion is altered, which results in a net change of col1agen or 
elastin content in the lung. 

We selected hydroxy lysine as a potential marker of lung 
injury. It is a modified amino acid found in relatively few 
proteins. It is essentially unique to collagen and to proteins 
containing collagen-like sequences. It has greater specific
ity for these proteins than does hydroxyproline, another 
modified amino acid that has been used extensively in 
previous metabolic and lung injury studies. When peptides 
are degraded, the constituent hydroxylysine is not reuti
lized in the body, but rather is released in the urine, pre
sumably in the form of small peptides. 

Hydroxylysine has an advantage over hydroxyproline, the 
more commonly studied collagen amino acid, in that it is 
not found in appreciable amounts in the procollagen 
telopeptides. These are relatively long peptides that are 
cleaved from the collagen molecule as it is synthesized. Al
though most of the length of these peptides consists of 
globular, noncollagen domains, one of the procollagen 
propeptides contains an internal collagen-like sequence 
that is rich in hydroxyproline. With this knowledge in 
hand, it is no longer possible to think of hydroxyproline as 
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a strict marker of degradative processes that attack mature 
tissue collagen. Because the procollagen peptides do not 
contain hydroxy lysine residues, the presence of hydroxy ly
sine in tissues more closely reflects tissue collagen levels, 
and its appearance in body fluids can be assumed to more 
accurately reflect degradative processes. 

Desmosine is a complex cross-linked amino acid deriva
tive that is specific for the connective tissue protein elastin. 
Previous work has shown that during elastin turnover in the 
body, desmosine is not reused, and is not taken up in the 
intestines. Desmosine released in elastin degradation is ex
creted in the urine. Goldstein and Starcher (1978) have 
demonstrated that urinary desmosine excretion is markedly 
increased after intratracheal instillation of elastase. Harel 
and coworkers (1980) have shown that urinary excretion of 
desmosine is elevated in patients with chronic obstructive 
pulmonary disease when compared with control subjects. 

Angiotensin-converting enzyme is found in a number of 
tissues, including the capillary bed of the lung. Appear
ance of angiotensin-converting enzyme in bronchoalveolar 
lavage fluid serves as a sensitive and early marker of lung 
injury induced by pneumotoxic drugs (Newman et al. 1980) 
or by oxidant gases (Rowe et al. 1981). The enzyme in lavage 
fluid appears to be derived from endothelial cells and is not 
a transient exudate from the serum. 

SPECIFIC AIMS 

The specific aims ofthis project were (1) to identify mark
ers of lung injury that could be measured in lavage fluid or 
urine; and (2) to determine if levels of these markers areal
tered when rats are exposed to controlled concentrations of 
N02 . 

METHODS 

ANIMALS 

Rats were selected as the experimental species for these 
studies because of their extensive use in previous studies of 
lung injury in this laboratory and others. Male Fischer-344 
rats were obtained from Charles River Laboratory (Kingston, 
NY) breeders. These rats were born via Caesarean section 
and were maintained, upon delivery to the University of 
Vermont, in an isolated facility used only for exposure 
studies. 

EXPOSURE 

The rats were exposed in horizontal laminar flow cham-
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bers (previously described in Hemenway et al. 1983). The 
rats were individually caged within the chamber, and, 
when appropriate, metabolic cages were employed to col
lect urine samples during the exposures. 

As described previously (Hemenway and Jakab 1987), sig
nificant effort was expended to develop reliable and ac
curate methods of generating and monitoring N02 in the 
chamber. Briefly, in a fume hood, a 50-liter Teflon bag was 
filled with pure N02 and dry pure nitrogen. The concen
tration of N02 in this source bag was varied depending on 
the desired final concentration in the chamber. The bag was 
connected to a stainless-steel 1eflon diaphragm pump, and 
flow from the bag was varied, relative to the main chamber 
flow, in order to achieve the desired chamber concentra
tion. This system is highly accurate and repeatable. We have 
consistently achieved levels within 10 percent of target con
centration in these studies. Nitrogen dioxide levels were 
monitored on-line in the chamber using a high-temperature 
converter, chemiluminescent N02 analyzer. 

HYDROXYLYSINI>~ 

1btal hydroxylysine, including both the free and glyco
sylated forms, was measured using a method developed as 
part of this project (Kelley and Chrin 1984). Briefly, we 
adapted a thin-layer chromatographic procedure capable of 
analyzing picomolar quantities of individual amino acids. 
The procedure uses 14C-dansyl chloride to form 14C-di
dansyl hydroxylysine, which can be readily separated from 
other amino acids by thin-layer chromatography on polya
mide plates (Airhart et al. 1979). Quantification of nonradio
labeled hydroxylysine is carried out directly on acid hydro
lysates of crude tissue and body fluid samples by mixing 
these with a precise amount of 3Ii-hydroxylysine ("probe"). 
The degree to which the specific radioactivity of the latter 
isotope is lowered allows indirect, but very specific, quan
tification of picomolar quantities of hydroxylysine. 

To quantify hydroxylysine content of lavage, urine, and 
crude tissue, aliquols were hydrolyzed overnight in redis
tilled hydrochloric acid (HCl) at 110°C under vacuum, evap
orated to dryness, resuspended twice in redistilled water, 
and redried. The dried sample was resuspended in de
ionized water to the volume needed. An aliquot of hydroly-· 
sate was mixed with 10 ft] of 3H-·hydroxylysine (300 pmol, 
unless otherwise stated), dried under vacuum, and solubi
lized in 20 ftl of 1 M sodium-carbonate, sodium-bicarbonate 
buffer (pH 9). The pH of the resulting sample was tested, 
and 10 ftl additional buffer was added if the pH remained 
less than 9. 

An equal volume of 14C-dansyl chloride solution in ace
tone was added to the sample and was reacted at 37°C in a 

humidified atmosphere for 30 minutes, or until the yellow 
color disappeared. The reacted sample was dried and then 
extracted three times in 100 ~tl of water-saturated ethyl ace
tate. The pooled samples in ethyl acetate were dried, and 
the sample was reconstituted in 10 ftl deionized water. 

Chromatography was performed, as previously de
scribed. In brief, the reaction mixture was applied near the 
corner of a 7.5 x 7.5-cm2 micropolyamide plate by repeated 
spotting of individual microdrops from a capillary tube. 
The plates were developed first by ascending chromatogra
phy in covered glass tanks in formic acid (88 perc:ent):water 
(1:50 v/v) and then dried. The plates were then turned 90 
degrees and rechromatog:raphed in benzene:glacial acetic 
acid (9:1 v/v). For optimal separation of hydroxy lysine from 
other dansylated derivatives, chromatography was repeated 
in a second dimension with the same solvent system. Devel
opment in each tank was continued until the solvent front 
ran all the way to the top of the plate. Under the conditions 
of chromatography chosen, most of the amino acids were al
lowed to migrate, in both dimensions, further from the ori
gin in order to provide optimal separation of didansyl
hydroxylysine from dansyl-hydroxide and other closely 
neighboring derivatives. Dansyl-amino acids were visual
ized under short-wave ultraviolet light through protective 
lenses, and were identified on the basis of patterns pub
lished in the literature (Kelley and Chrin 1984). 

Individual dansylated derivatives were cut from the plate 
and placed in 7-ml scintillation vials, to which were added 
0.15 ml fresh NCS tissue solubilizer (Amersham, Arlington 
Heights, IL) and 3 ml Econofluor. Radioassay was per
formed in a Packard Tri-Carb liquid scintillation spectrome
ter with average counting efficiencies of 0.35 for 3H and 
0.70 for 14C. The 'lH-specific radioactivity of hydroxy lysine 
(dpm/pmol) was then calculated as: 

_ 
3IJ ~pm x 2 

14C dpm/7.2 dpm/pmol 

where 7.2 represents the specific radioactivity of 14C

dansyl chloride. The twofold correction is made because of 
the didansylated nature of the hydroxylysine species iso
lated. 

Hydroxylysine in nonradioactive biologic samples was 
quantified by mixture with the 3H-hydroxylysine probe, as 
described above. The expected reduction of specific radio .. 
activity as increasing amounts of nonlabeled hydroxy lysine 
were added can be expressed by the equation: 

pmol (unknown) ~ pmol (probe) X r·· S}\,(pr()Q(l) - 1 ]
SA (mix) 

where SA stands for the specific activity, and mix 
represents the mixed probe and unknown standard (Airhart 
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et al. 1979). We set up the assay in such a way that unknown 
samples containing 300 pmol of hydroxylysine fell in the 
middle of the nonlinear dilution curve. 

The hydroxylysine contents of the unknown samples 
were expressed directly or were normalized to volume or to 
total amino acid content (for urine and lavage samples), to 
dried weight or to protein content (for tissue homogenates), 
or to creatinine (for urine samples). 

To quantify hydroxylysine in lavage fluid, a 1-ml aliquot 
of thawed fluid was precipitated overnight at 4°C by the ad
dition of 10 ml of ice-cold 100 percent ethanol. The protein 
pellet was collected by centrifugation at 2,500 x g for 15 
minutes at 4°C, and was dissolved in 1 ml of redistilled HCl. 
The sample was hydrolyzed overnight under vacuum, evap
orated to dryness, resuspended twice in deionized water, 
and redried. The dried sample was then reconstituted in 10 
J..ll of deionized water, mixed with 300 pmol of 3H-hydroxy
lysine having a specific radioactivity of 32.0 dpm/pmol, 
dried under vacuum, and solubilized in 20 f..ll of 1 M so
dium bicarbonate buffer (pH 10) for reaction with 14C-dan
syl chloride (see above). An equal volume of dansyl chlo
ride solution (11.42 dpm/pmol) in acetone was added to the 
sample and was reacted at 37°C for 30 minutes. The final 
dansyl chloride concentration in the reaction mixture was 
4.2 mM. The reacted sample was then dried down and ex
tracted in 100 J..ll of water-saturated ethyl acetate. The ethyl 
acetate extract was evaporated to dryness, and then recon
stituted in 10 f..ll of acetone for spotting on a micropolyamide 
plate (see above). 

DESMOSINE 

Desmosine was measured in urine samples by Dr. Shiu 
Yeh Yu, at the V.A. Medical Center in St. Louis, who em
ployed a highly sensitive radioimmunoassay, capable of de
tecting as little as 200 pg of desmosine (Harel et al. 1980). 
Urine samples were hydrolyzed with 6 M HCl at 110°C for 
48 hours. After hydrolysis, the sample was filtered and ex
cess HCl was removed by evaporation in a rotary-vacuum 
evaporator. The dry residue was resuspended and desmo
sine was determined by radioimmunoassay. 

CREATININE AND PROTEIN 

Creatinine content of unprocessed urine was determined 
by the picric acid method, using a standard kit obtained 
from Sigma Chemical Co. Total amino acid content of urine 
or lavage fluid was measured using a ninhydrin-based reac
tion. Total protein was determined by the method of Lowry 
(1951). 
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ANGIOTENSIN-CONVERTING ENZYME 

Angiotensin-converting enzyme activity was measured 
using the radioassay devised by Ryan and colleagues (1978) 
using the synthetic tritiated benzoyl-phe-ala-proline as the 
substrate. This method is capable of measuring angiotensin
converting enzyme in less than 106 endothelial cells. All 
samples were assayed in triplicate, with and without the 
angiotensin-converting enzyme inhibitor captopril (5 J..lmol) 
present. The difference between the inhibited and unin
hibited values was used as the basis for quantification ofthe 
enzyme activity. Unless otherwise indicated, inhibited 
samples were no different from base-line (no enzyme) sam
ples, indicating that no other enzymatic activities in crude 
samples were capable of cleaving the synthetic substrate 
employed. One unit of enzyme activity was defined as the 
amount of enzyme digesting 1 percent of available substrate 
per minute. The sensitivity of the assay was such that a 
change in activity of less than 0.12 percent could be de
tected. All reactions were shown to be linear with time 
and amount of enzyme added. Incubation time was ad
justed such that 5 to 20 percent of available substrate was 
hydrolyzed. 

Electrophoretically pure rat lung angiotensin-converting 
enzyme, isolated by affinity chromatography (Bull et al. 
1985), was used as a positive control in the enzyme assay. 
For this purpose, the enzyme was purified by single-step af
finity chromatography on a lisinopril-sepharose column, as 
described by Bull and colleagues (1985). The column al
lowed a single-step 600-fold purification of angiotensin
converting enzyme from lung homogenates to a single pep
tide of 172 kDa as determined by polyacrylamide gel elec
trophoresis. 

To standardize the enzyme assay in studies carried out on 
different days, samples of unknowns were run on more than 
one occasion and chromatographically purified rat lung 
angiotensin-converting enzyme was used as a standard. 

HYDROXYPROLINE 

Hydroxyproline was measured using the same derivatiza
tion thin-layer chromatography assay that was used for 
hydroxy lysine (Airhart et al. 1979); however, the probe used 
was 3H-hydroxyproline. This method allows detection of 
less than l pmol. 

URINE COI,LECTION 

Urine was collected for biochemical studies by placing 
rats in individual metabolic cages specially constructed to 
fit within the N02 exposure chambers. This allowed full 
24-hour urine collections to be carried out without inter-
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ruption during the exposure periods. The urine was im
mediately acidified after collection to avoid the formation 
of precipitates. One drop of analytical grade 6 N HCl was 
added to each sample. 

LAVAGE COLLECfiON 

Alveolar lavage was carried out by the sequential instilla
tion offour boluses (7 ml each) of phosphate-buffered saline 
(PBS), through a polyethylene catheter that was ligated in 
place in the trachea after excision of the thoracic contents 
from the chest. Fluid recovery exceeded 24 ml in all animal 
groups studied. Prior to lavage, all lungs were perfused 
with PBS through the right ventricle at low pressure, to re
move intravascular blood. Each lavage sample was cen
trifuged at 500 rpm in a clinical centrifuge for 10 minutes, 
to remove cells and debris, and then stored at - 20°C until 
analyzed. 

PULMONARY FUNCTION 

Pulmonary function studies were completed using previ
ously published methods from our laboratories (Kelley et al. 
1980). Briefly, plethysmographic methods were used to de
termine lung volumes and capacities in spontaneously 
breathing rats that had been anesthetized. Quasistatic defla
tion pressure-volume curves were completed to determine 
lung compliance. 

HISTOLOGY 

Histologic evaluation was completed using previously 
described techniques (Adler et al. 1986). The rat was anes
thetized and tracheostomized. The abdomen was opened 
and both hemidiaphragms were ruptured to allow the lungs 
to collapse. Fixative (10% neutral buffered formalin) was 
then instilled through a low-resistance system, and the lung 
held at the pressure of 20 em H20 for at least 1 hour. The 
lungs were then immersed in fixative at this pressure for 24 
hours. Step sections were cut through the right lobe of each 
animal. Three sections were randomly selected and three 
areas were analyzed in each section. A general histologic 
evaluation was completed by a pathologist who was not in
formed about which tissues were experimental and which 
were control. In each of the areas, the mean linear intercept 
was determined as an index of alveolar size. 

STATISTICS 

Data analysis was performed using Statistical Analysis 
System (SAS) statistical software (SAS Institute Inc. 1985). 
Analyses of variance (ANOVAs) were computed for a variety 

of experimental designs to determine the effect of dose (or 
time) on the response variable. Contrasts were constructed 
to decompose the dose (or time) effect into linear and quad
ratic components. If the original ANOVA resulted in a sig
nificant treatment effect, controls were compared with each 
experimental treatment level via contrasts using the Bonfer
roni adjustment for the number of comparisons performed. 

EXPOSURE PROTOCOL 

Several experiments were conducted using different con
centrations of N02 for various lengths of time. Table 1 sum
marizes the different experiments and analyses performed. 

RESULTS 

EFFECT OF DIET ON URINARY HYDROXYLYSINE 

When standard rat chow, which contains 6 percent fish 
meal protein, was consumed, the rats had a urinary hydrox
ylysine output of 16.7 ± 5.6jlmol/24 hours, compared to 6.2 
± 3.1 jlffiol/24 hours in rats maintained on a diet free of 
meat protein. In order to minimize the effect of diet on 
hydroxy lysine excretion in urine, all experiments were com
pleted with rats maintained on meat-protein-free food. This 
provided a uniform and stable base-line level of hydroxy ly
sine excretion throughout the course of these studies. 

EFFECT OF OXYGEN INJURY ON 
URINARY HYDROXYLYSINE 

Inhalation of high fractions of oxygen is well known as a 
method of inducing injury to the lung. Since the injury was 
predominantly limited to the lung, a preliminary study was 
completed to determine the effect of 85 percent oxygen on 
the urinary output of hydroxy lysine in rats. The results are 
shown in Figure 1. This level of oxygen exposure is sub
lethal in the rat, yet there is a substantial increase of hydrox
y lysine during the exposure period that begins after ap
proximately four days, with a maximum value after seven 
days. The effect is transient, with the hydroxy lysine urinary 
output returning to control levels by nine days of exposure. 

TWO-DAY l~XPOSURES, MULTIPLE 
CONCENTRATIONS 

In order to determine the effect of short-term exposure, a 
series of N02 levels were evaluated using a time sequence 
of six hours per day for two days. The following six ex
posure levels of N02 were achieved: 1.05 ± 0.01; 3.0 ± 
0.02; 7.72 ± 0.17; 14.69 ± 0.30; 25.0 ± 1.1; 28.2 ± 1.5 (mean 
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Table 1. Description of Experiments 

Number of Animals Analyzed 
Cl 

Concentration Length of Exposure Hydroxy- Hydroxy- Angiotensin- Hydroxy- Pulmonary 
Overall ofN02 at Time of Sampling lysine lysine Converting Desmosine proline Function 
Design (ppm)a (days) in Urine in Lavage Enzyme in Lavage in Urine in Urine Histology Tests 

6 hours/day unexposed - 16 6 5 
for 2 days 1 2 6 6 6 

3 2 6 6 6 
7.5 2 6 6 6 

15 2 5 6 
25 2 4 
30 2 6 6 6 

6 hours/day unexposed 10 3 4 
for 5 days 7.5 1 7 3 

7.5 2 7 3 
7.5 3 7 3 
7.5 4 7 3 
7.5 5 4 3 6 4 

unexposed 14 3 4 3 
30 1 6 3 
30 2 7 3 
30 3 6 3 
30 4 3 3 
30 5 7 3 4 4 

6 hours/day, unexposed - 10 9 10 10 12 13 
5 days/week 25 2 (week 1) 4 6 6 
for 2 weeks; 25 4 (week 1) 6 5 5 
plus 2-week 25 5 (week 1) 6 4 4 
recovery 25 2 (week 2) 6 6 6 
period 25 4 (week 2) 6 6 6 

25 5 (week 2) 6 4 5 
25 3 (week 1 of recovery) 5 5 5 
25 2 (week 2 of recovery) 5 5 5 
25 5 (week 2 of recovery) 4 5 

6 hours/day, unexposed - 7 22 12 8 8 
5 days/week 1 3 [week 1) 3 
for 4 weeks; 1 3 [week 2) 4 
plus 4-week 1 3 (week 3) 8 
recovery 1 3 (week 4) 6 
period 1 5 (week 4) 8 9 4 4 

1 3 (week 1 of recovery) 8 
1 3 (week 3 of recovery) 7 t'!i 
1 3 (week 4 of recovery) 5 l'l ., 
1 5 (week 4 of recovery) 12 12 4 4 ~ 

6 hours/day, unexposed 
s:: 

- 15 22 21 10 l'l 

'"' 5 days/week 0.5 3 [week 1) 7 ~ 

"' for 4 weeks; 0.5 3 (week 2) 7 '"' "' plus 4-week 0.5 3 (week 3) 5 0 ,., 
recovery 0.5 3 (week 4) 7 ,.... 

i:: 
period 0.5 5 (week 4) 10 8 4 4 = 

0.5 3 (week 1 of recovery) 7 I~ 0.5 3 [week 2 of recovery) 8 I ::· 
0.5 3 (week 3 of recovery) I~ 
0.5 5 [week 4 of recovery) 11 12 5 5 

a Target concentration; actual concentration slightly different (see text). 
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Figure 1. Urinary concentration of hydroxy lysine per milligram of creati
nine, based on 24-hour urine collections. During the four-day control period 
rats inspired room air, which was followed by 10 days of continuous exposure 
to 85 percent oxygen. Values expressed are means ± 1 SEM for six rats per 
group. * ~ significant (p < 0.05) difference from control. 

± SD). Six male adult (300 to 320 g) rats were exposed to 
each concentration, and six rats served as unexposed con
trol animals. There was no significant difference in the 
body weights between the exposed and control animals 
prior to or after the two-day exposure. In this series, the rats 
were killed within 18 hours of the termination of the ex
periment. 

The ratio of the amount of hydroxy lysine in the urine of 
exposed rats to the amount of the hydroxy lysine in the urine 
of control rats is expressed in Figure 2. There were three 
separate groups of control animals for these experiments, 
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Figure 2. Urinary concentration of hydroxylysine, expressed as exposed 
value relative to control value, based on 24-hour urine collection during the 
second day of exposure to N02 (two days, six hours per day). The ratio of ex
perimental to control urinary hydroxy lysine has a significant (p < 0.05) linear 
dependence on dose. Values are expressed as means ± 1 SEM. The number 
of exposed/control rats is shown in parentheses. * ~ significant (p < 0.01) 
difference from control. 

and their hydroxylysine content in urine differed (0.30 to 
0.60 ~-tmol/ml); this necessitated the use of the experiment
to-control ratio in order to compare these six experiments. 
The increase in urinary hydroxylysine ratio was a signifi
cant (p < 0.01) linear function of exposure level, demonstrat
ing a dose-dependent relationship. This result demon
strates that a two-day exposure, for six hours per day, results 
in an increase in urinary output of hydroxy lysine. The urine 
volume and creatinine levels were not different in the ex
perimental versus control groups. 

When bronchoalveolar lavage was completed at the end 
of the two days of N02 exposure, the lavage concentration 
of hydroxy lysine increased (p < 0.05) as a linear function of 
exposure level (Figure 3). Analyses of variance between ex
perimental and control groups demonstrated significant 
changes at 7.5, 15, and 30 ppm. Angiotensin-converting en
zyme levels in lavage fluid also increased (p < 0.05) as a lin
ear function of N02 concentration, primarily as a result of 
the response seen at 30 ppm (Figure 4). Based on the 
ANOVA, there was a significant (p < 0.05) increase, com
pared to control animals, in the rats exposed to 30 ppm. 

Although there were significant linear components to the 
relationship between lavage protein concentration and level 
of exposure, a significant (p < 0.05) increase was observed 
only at 30 ppm N02 , when compared to the control levels 
(Figure 5). If the angiotensin-converting enzyme activity 
was normalized to the protein concentration, no significant 
changes were observed at any of the concentrations tested. 

This series of experiments demonstrates that hydroxyly
sine levels in both the urine and the bronchoalveolar lavage 
fluid will increase when rats are exposed for relatively short 
times to moderate-to-high levels of N02 . The angiotensin
converting enzyme level and the protein concentration are 
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Figure 3. Concentration of hydroxy lysine in bronchoalveolar lavage fluid af
ter two days of exposure to N02 for six hours per day. Values are expressed 
as means ± 1 SEM for six rats per group. * ~ significant (p < 0.05) difference 
from control. 
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Figure 4. Activity of angiotensin-converting enzyme per milliliter of bron
choalveolar lavage fluid after two days of exposure to N02 for six hours per 
day. Values are expressed as means ± 1 SEM for six exposed rats and five 
control rats per group. * ~ significant (p < 0.05) difference from control. 

significantly increased only at the highest levels of ex
posure. 

FIVE-DAY EXPOSURES, MODERATE AND 
HIGH CONCENTRATIONS 

A moderate level of N02 (7.2 ± 0.1 ppm) was used in a 
six-hours-per-day, five-day exposure protocol. Thirty-two 
male Fischer-344 rats (200 to 230 g) and 32 nonexposed con
trol rats of the same weight range were studied. There were 
no demonstrable effects on body weight as a function of ex
posure. Urine was collected during the exposure. Lavage 
analysis, histologic evaluation, and pulmonary function 
testing were completed at the end of the five days of ex
posure. 

Histologic examination revealed that the exposure to 7.5 
ppm N02 for six hours per day had only minor effects on 
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Figure 5. Concentration of protein in bronchoalveolar lavage fluid after two 
days of exposure to N02 for six hours per day. Values arc expressed as means 
± 1 SEM for six rats per group. * significant (p < 0.05) difference from 
control. 
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Early Markers of Lung Injury 

Figure 6. Histologic section of lung after three days of exposure to 7.5 ppm 
N02 for six hours per day. Magnification -- x 40. 

the lung. After three days of exposure, there were no gross 
lesions and only slight evidence of epithelial thickening in 
alveoli near terminal bronchioles (Figure 6). Although 
there was some evidence of macrophage accumulation, this 
was also seen in the sections from control animals (Figure 
7). After five days of exposure to 7.5 ppm N02 , a slight 
thickening of the epithelium was observed again, and ami
nor loss of cilia was seen in both large and small airways 
(Figure 8). Control rats demonstrated no evidence of dis
ease. The mean linear intercept was not different in the con
trol (45.1 ± 5.3) and experimental (45.8 ± 4.02) groups. 
Evaluation of pulmonary function tests revealed a signifi
cant (p < 0.02) increase in lung compliance after five days 
of exposure (0.60 ± 0.03 vs. 0.78 ± 0.12 ml!cm water). 

During the first day of exposure to 7.5 ppm N02 , the uri
nary concentration of hydroxy lysine rose significantly (p < 
0.05) to three times that observed in the unexposed control 

Figure 7. Histologic section of lung from a control animal. Magnification ~ 
X 40. 
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Figure 8. Histologic section of lnng after five days exposure to 7.5 ppm N02 
for six hours per day. Magnification x 40. 

animals (Figure 9). This value decreased to levels not sig
nificantly different from the control levels over the next four 
days. Angiotensin-converting enzyme activity in lavage 
fluid was not significantly different when exposed rats were 
compared with unexposed control rats (Figure 10); how
ever, the angiotensin-converting enzyme activity demon
strated a significant (p < 0.05) quadratic trend as a function 
of days of exposure. Lavage protein concentration had a ten
dency to rise, but no statistically significant (quadratic, p < 
0.7) changes were detected (Figure 11). 

This experiment demonstrates that a moderate level of ex
posure can result in significant increases in the urinary ex
cretion of hydroxylysine at a time when bronchoalveolar 
lavage angiotensin-converting enzyme activity is not signif
icantly changed. This transient increase occurs despite the 
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Figure 9. Urinary hydroxylysine concentration based on a 24-hour urine 
collection during exposure to 7.5 ppm N02 for six hours per day. Values are 
means ± 1 SEM. The number of determinations is shown in parentheses. 
" ~ significant (p < 0.05) difference from control. 

DAYS Of EXPOSURE 

Figure 10. Activity of angiotensin-converting enzyme per milliliter of bran· 
choalveolar lavage fluid after exposure to 7.5 ppm N02 for six hours per day. 
Values are means ± 1 SEM for three rats per group. No significant change. 

fact that the histologic evidence of injury to the lung is 
minimal. 

To test the effect of the five-day exposure to a higher (29.5 

± 0.3 ppm) level of N02 , 64 male rats (body weight 175 to 
200 g) were studied. Thirty-two rats were exposed for six 
hours per day for five consecutive days, and 32 served as 
control animals. Urine and bronchoalveolar lavage samples 
were collected over the course of the exposure from exposed 
and unexposed rats. In addition, lungs were fixed at the ter
mination of the exposure for histologic examination and the 
determination of mean linear intercept. Pulmonary func
tion was also compared in the exposed and control animals. 

Exposure to 30 ppm N02 for six hours per day had overt 
effects on the lung as revealed by histologic examination. 
After three days of exposure, there was thickening of alveo-
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Figure 11. Concentration of protein in bronchoalveolar lavage fluid after ex
posure to 7.5 ppm N02 for six hours per day. Values are means ± 1 SEM for 
three rats per group. No significant change. 

9 



lar walls and alveolar ducts, with some sloughing of ciliated 
cells. The lungs of control animals were normal, with intact 
cilia and thin alveolar membranes. After five days of ex
posure, there was increased thickening of the epithelium in 
alveoli near terminal bronchioles and alveolar ducts. This 
thickened area was made up of cuboidal-like cells, with a 
large influx of macrophages. There was significant loss of 
cilia and sloughing of the airway epithelium. Control 
animals at this time appeared normal. The mean linear in
tercept was significantly (p < 0.05) reduced in the exposed 
(37.6 ± 2.71), compared with control (47.73 ± 3.45), sam
ples, demonstrating a reduction in alveolar size. Pulmonary 
function analysis revealed a decrease in lung compliance, 
as well as in vital capacity and total lung capacity. 

The concentration of hydroxy lysine in the urine varied as 
a quadratic function of time (p < 0.05). The concentration 
was significantly (p < 0.05) different from the control level 
during the first day of exposure to 30 ppm N02 , reaching 
three times the control value (Figure 12). During the re
maining four days, the concentration diminished, reaching 
a level approximately twice that of the unexposed control. 
Analysis of the bronchoalveolar lavage fluid revealed a 
significant (p < 0.05) increase in angiotensin-converting 
enzyme activity per milliliter of lavage fluid on each day, 
relative to the control value (Figure 13). The change in 
angiotensin-converting enzyme activity took on a signifi
cant (p < 0.05 ) quadratic pattern over time. The maximum 
elevation, which was 10 times the control value, occurred 
on the third day of exposure, slightly decreasing on the 
fourth and fifth days. There was also a rapid increase in to
tal protein in the lavage f1uid during the exposure, demon
strating significant (p < 0.05) differences between experi
mental and control values on days 1, 2, and 3, and returning 
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Figure 12. Urinary hydroxy lysine concentration based on 24-hour urine col
lection during exposure to 30 ppm N02 for six hours per clay. Values are 
moans 1 SEM. The number of rats at each time point is given in paren-
theses. * significant (p < 0.05) difference from control. 
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Figure 13. Activity of angiotensin-converting enzyme per milliliter of bron
choalveolar lavage fluid after exposure to 30 ppm N02 for six hours per clay. 
Data represent means ± 1 SEM for three rats per group. * ~ significant (p 
< 0.05) difference from control. 

to base line by days 4 and 5. When the angiotensin-convert
ing enzyme activity was expressed as a percentage of total 
protein, that is, as the specific activity, there were no sig
nificant changes in the exposed rats. 

These results demonstrate that exposure of rats to high 
concentrations of N02 for five days results in histologically 
demonstrable injury to the lung. This injury is associated 
with significant elevations of both the urinary concentra
tion of hydroxylysine and the activity of angiotensin
converting enzyme in lavage fluid. The rise in hydroxyly
sine occurred early and demonstrated a return toward nor
mal as exposure continued. 

TWO-WEEK EXPOSURES, HIGH CONCENTRATIONS 

Rats were also exposed to 25 ppm of N02 for six hours 
per day, five days per week, for two weeks. This is a total of 
60 hours of exposure to a relatively high concentration of 
N02 . Thirty-two male rats (225 to 275 g) were exposed, and 
32 unexposed control animals of the same weight range 
were maintained in N02-free conditions. Urine samples 
were collected during exposure, and rats were killed at the 
end of each week of exposure, and two weeks after the ter
mination of the exposure. 

After five days of exposure to 25 ppm N02 for six hours 
per day focal accumulations of macrophages were observed 
in interstitial areas of the lung. There appeared to be areas 
of increased connective tissue accumulation and increased 
numbers of fibroblasts (Figure 14). The lungs of control 
animals at this time appeared normal. After two weeks of 
exposure, the lesions appeared to be worse, with increased 
areas of alveolar thickening, hypercellularity, and further 
evidence of connective tissue deposition in the interstitium 
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Figure 14. Histologic section of lung from rat nxposed to 25 ppm N02 for 
six hours per day for five clays. Magnification ~ x 40. 

(Figure 15). When the lungs were examined two weeks after 
the termination of exposure, they appeared normal, with 
only a few areas of alveolar thickening (Figure 16), and they 
were not distinguishable from the lungs of control rats. Af
ter one and two weeks of exposure, the mean linear inter
cept was decreased in the exposed group, compared to the 
control group ( 40.1 ± 4.5 vs. 49.4 ± 4.1; p < 0.05). After two 
weeks of recovery, the mean linear intercept was not differ
ent in the experimental and control groups. No significant 
alterations in pulmonary function were detected at any of 
the time points. 

Urinary hydroxylysine determinations were completed 
twice per week, and demonstrated a significant (p < 0.05) 

linear rise during the exposure period (Figure 17). The max
imal value was observed at the end of the second week of 

Figure 15. Histologic section of lung from rat exposed to 25 ppm N02 for 
six hours per day, five clays per week, for two weeks. Arrows indicnte nlveolar 
thickening. hypercellularity, and beginning of collagen deposition. Magnifi
cation "" x 40. 

Figure 16. Histologic section of lung from rat two weeks after termination 
of exposure to 25 ppm N02 for six hours per day, five clays per week, for two 
weeks. Magnification ~ x 40. 

exposure, and was 10 times that of the unexposed control 
group. At the end of the first week of recovery, the urinary 
levels had fallen substantially, but were still greater than 
those of the control group; this held true even after two 
weeks of recovery. The lavage angiotensin-converting en
zyme activity, expressed per milliliter of recovered lavage 
fluid, was unchanged during the exposure. Lavage protein 
concentration was significantly (p < 0.05) elevated at the 
end of each week of exposure, and returned to control levels 
after two weeks of recovery. 

The effects of N0 2 exposure on elastin degradation, as 
measured by urinary desmosine level, were monitored as 
part of this protocol (Figure 18). The urine samples col
lected from the rats exposed to 25 ppm N02 for two weeks 
were prepared for desmosine analysis. 
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Figure 17. Urinary conccntration of hydroxy lysine based on 24 .. bour urine 
collection during exposure to 25 ppm N02 for six hours per clay. Days on 
which exposure occurred aro labeled. Values are means ± 1 SEM. The num
ber of rats at each time point is given in parentheses. '~ "" significant (p < 
0.05) difference from control. 
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Figure 18. Urinary concentration of desmosine based on 24-hour urine col
lection during exposure to 25 ppm N02 for six hours per day. Days on which 
exposure occurred are labeled. Values are means ± 1 SEM. The number of 
rats assayed at each time point is shown in parentheses. * significant (p 
< 0.05) difference from control. 

Desmosine analyses of urine hydrolysates were expressed 
as a concentration and also were normalized to urinary cre
atinine concentration. The base-line value for urinary des
mosine in control animals was 10.31 ± 2.92 nmol/mg creati
nine (mean ± SD), or 9.61 ± 3.37 nmollml of urine. The 
urinary desmosine level demonstrated a significant (p < 
0.05) linear increase during the exposure period. Based on 
ANOVA, the values on days 11 and 17 were significantly (p 

< 0.05) increased when compared to the control value. Dur
ing the subsequent recovery period, during which the 
animals breathed only ambient air without further N02 ex
posure, the urinary desmosine levels remained elevated for 
one week, and then returned toward normal levels. Because 
N02 exposure had little effect on the urinary creatinine ex
cretion, there were no differences in the data plotted for 
concentration versus concentration normalized to creati
nine concentration. 

Thus, elastin breakdown products can also be detected in 
statistically significantly elevated levels after high-dose ex
posure to N02 for two weeks. It is of interest that, compared 
with the immediate release of collagen-breakdown prod
ucts (hydroxylysine) at this exposure level, there is an ap
parent delay in elastin degradation. The different enzy
matic pathways involved may have differential latencies for 
activation. 

The benefits of using hydroxy lysine as a marker of colla
gen turnover have been discussed elsewhere (Krane et al. 
1977). In this same exposure, we investigated whether the 
more abundant, but less specific, modified amino acid 
hydroxyproline also could serve as a marker of N02 ex
posure of rats. f<or this purpose, urinary samples were also 
analyzed for hydroxyproline concentration. The exposure 
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Figure 19. Urinary concentration of hydroxyproline based on 24-hour urine 
collection during exposure to 25 ppm N02 for six hours per day. Days on 
which exposure occurred are labeled. Values are moans ± 1 SEM. The num
ber of rats per group is shown in parentheses. * ~ significant (p < 0.05) 
difference from control. 

protocol was as indicated above: two weeks of N02 at 25 
ppm (five days per week, six hours per day), followed by a 
two-week recovery period. 

The base-line value for urinary hydroxyproline in control 
animals that breathed room air was 1.2 ± 0.1 ~mol/mg cre
atinine (mean ± SD), or 0.85 ± 0.1 ~mollml of urine. With 
exposure to high levels of N02 , the urinary hydroxyproline 
level rose slowly to a significantly (p < 0.05) elevated level 
during the second week of exposure (Figure 19). The maxi
mum concentration occurred in the middle of the second 
week of exposure, and was three times above the control 
level. During the subsequent week of exposure, there was 
a decrease in the urinary hydroxyproline level, and during 
the recovery period, the urinary hydroxyproline concentra
tion returned to normal levels. Because N02 exposure had 
little effect on the urinary creatinine excretion, there were 
no important differences in the data plotted for concentra
tion versus concentration normalized to creatinine concen
tration. 

These results contrast with the data on hydroxy lysine ex
cretion from the same experiment, in which there was an 
immediate, but more sustained, elevation for the full two 
weeks of exposure, followed by return toward normal levels. 
More noteworthy is the relative magnitude of the response 
to N02 : In contrast to the 3-fold rise in hydroxyproline con
centration, hydroxylysine rose 10-fold. The extremely low 
background would be expected based on the relative 
proportions of hydroxylysine and hydroxyproline in colla
gen. The lesser rise of hydroxyproline points to greater 
degradation of this amino acid in preference to excretion 
via the urine. On an absolute scale, the base-line hydroxy ly
sine excretion (0.30 ~mollml) is one-third the level of the 
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basal hydroxyproline, but it rises to somewhat higher levels 
in response to N02 . This head-to-head comparison vali
dates our hypothesis that hydroxylysine measurements 
should be more sensitive than hydroxyproline measure
ments to environmental perturbations. 

FOUR-WEEK EXPOSURES, LOW CONCENTRATIONS 

In order to study a low dose over a longer period, 32 male 
adult rats (200 to 275 g) were exposed to 0.95 ± 0.12 ppm 
N02 for six hours daily, five days per week, for four con
secutive weeks. This is a total of 120 hours of exposure to 
N02 . Urine samples were collected periodically during the 
experiment, and rats were killed after four weeks of ex
posure or after four weeks of recovery from the exposure. 
The control group consisted of 32 rats of the same weight 
range (200 to 275 g). 

Exposure of rats to 1 ppm N02 for six hours per day, five 
days per week, for four weeks did not have any major effects 
on the lung, based on histologic examination. There were 
only subtle thickenings at alveolar ducts, which were 
limited to focal regions. The lungs of control animals were 
normal at this time point. Four weeks after the termination 
of the exposure, it was not possible to detect any differences 
between the exposed and the control lungs. After four 
weeks of exposure, the mean linear intercept was un
changed in the experimental, compared with the control, 
group (48.1 ± 8.1 vs. 46.7 ± 0.8). When compared four 
weeks after the termination of the exposure, no significant 
difference was detectable between the experimental and 
control mean linear intercepts (52.8 ± 5.2 vs. 50.2 ± 6.7). 

No significant differences in pulmonary function between 
exposed and control rats were detectable after four weeks of 
exposure or after the four-week recovery period. 

As shown in Figure 20, urinary hydroxylysine demon
strated a gradual linear increase (p < 0.05) during the four
week exposure period. The concentration of urinary hy
droxylysine during the control period was 0.62 ± 0.24 ~-tmol/ 

ml prior to exposure, a value that is typical for control rats. 
The hydroxylysine concentration in urine was at its maxi
mum during the week after exposure, and was more than 
300 percent of the control value. The urinary hydroxy lysine 
concentration decreased during the recovery period, and 
was only 113 percent of the control value in the middle of 
the fourth week of recovery. 

Three groups of rats were lavaged as part of this experi
ment: unexposed control animals; a group exposed for four 
weeks; and a group exposed for four weeks and then al
lowed to recover for four weeks. The lavage total protein was 
32.1 ± 23.6 ~-tg/ml in the control group. After four weeks of 
exposure the protein concentration was 50.5 ± 32.3 ~-tg/ml, 
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Figure 20. Urinary concentration of hydroxy lysine based on 24-hour urine 
collection during exposure to 1.0 ppm N02 for six hours per day. Days on 
which exposure occurred are labeled. Values are means ± 1 SEivL The num
ber of rats studied at each time point is shown in parentheses. * ~ significant 
(p < 0.05) difference from control. 

and after the recovery period this value was 16.2 ± 5.9 

~-tg/ml. These differences were not statistically significant 
because of a high level of variability. Angiotensin-convert
ing enzyme activity was also determined in these lavage 
fluid samples. Lavage angiotensin-converting enzyme ac
tivity, expressed per milliliter of recovered lavage fluid, was 
1.78 ± 0.42 in 12 control rats. In rats exposed for four weeks, 
the angiotensin-converting enzyme activity significantly (p 

< 0.05) increased to 2.50 ± 0.75, which is 140 percent of the 
activity in control animals. After four weeks of recovery, the 
angiotensin-converting enzyme activity had returned to 
control levels, at 1.31 ± 0.48. 

The concentration of hydroxy lysine in the lavage fluid of 
22 unexposed control rats was 6.2 ± 2.1 nmol/ml, and was 
significantly lower (2 .7 ± 1.0 nmol/ml) in 8 rats studied af
ter four weeks of exposure. In 12 rats studied after four 
weeks of recovery, the lavage hydroxylysine concentration 
was greater (3.1 ± 0.95 nmol/ml), but was still significantly 
reduced compared to the control animals. 

This experiment demonstrates that exposure to a rela
tively low concentration of N02 (1 ppm) for longer time 
periods than in earlier experiments causes increases in 
hydroxy lysine excretion. The excretion decreased when the 
rats recovered from this level of exposure. The histologic 
changes were minimal at this level of exposure. 

Another long-term exposure was conducted in which 32 

male adult rats (175 to 225 g) were exposed to 0.5 ± 0.05 

ppm N02 for six hours per day, five days per week, for four 
consecutive weeks. This results in a total exposure of 120 

hours for the entire period. This level of exposure is the 
lowest reported in these studies. Urine samples were col
lected at frequent intervals throughout the protocol, and 
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lavage fluid was collected for analysis after four weeks of 
exposure, and after four weeks of recovery. Thirty-two unex
posed rats of the same body weight served as control animals. 

Exposure of rats to 0.5 ppm N02 for six hours per day, 
five days per week, for four weeks did not result in any pul
monary effects that were demonstrable histologically. It was 
not possible to detect differences between the lung sections 
from the exposed (Figure 21) and the control animals. When 
evaluated four weeks after the termination of the exposure, 
it was still not possible to detect differences in the two 
groups of tissues. At the end of the exposure period, no sig
nificant difference was observed in the mean linear inter
cept between the control (50.2 ± 0.71) and exposed (47.9 ± 
4.39) groups. After the four-week recovery period, there was 
a significant increase in the mean linear intercept in the rats 
that had been exposed to N02 . This change in mean linear 
intercept was associated with a significant increase in the 
vital capacity at the end of the four weeks of exposure, as 
well as with an increase in compliance after the four-week 
recovery period. 

As shown in Figure 22, urinary concentration of hydrox
ylysine measured in rats exposed at weekly intervals rose 
sharply during the first two weeks of exposure, then de
creased slightly during the next two weeks and during one 
week of recovery. The control value for the concentration of 
hydroxylysine in the urine was 0.37 ± 0.12 J..lmol/ml. The 
maximal mean value (1.55 ± 0.69 J..lmol/ml) observed in the 
urine occurred during the second week, and was 418 per
cent of the control value. During the remaining two weeks 
of exposure, the urinary hydroxylysine concentrations re
mained elevated (1.2 ± 0.3 J,.lmol/ml), but gave no further 
evidence of an increase in response to continued exposure. 
During the recovery period, the concentration fell to ap
proximately 0.72 to 0.75 J..lmol/ml, which was not signifi-

Figure 21. Histologic section of lung after four weeks of exposure to 0.5 ppm 
N02 for six hours per day, five clays per week. Magnification ~ x 40. 
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Figure 22. Urinary concentration of hydroxy lysine, based on 24-hour urine 
collection during exposure to 0.5 ppm N02 for six hours per clay. Days on 
which exposure occurred are labeled. Values are means ± l SE!vl. The mun
ber of rats studied at each time point is shown in parentheses.* = significant 
[p < 0.05) difference from control. 

cantly different from control levels. Unlike the urinary con
centrations of hydroxy lysine, the lavage concentrations did 
not change during the course of exposure or recovery. 

Lavage total protein concentration was determined in 21 
control rats, 10 rats studied after four weeks of exposure, and 
12 rats allowed to recover from the exposure for four weeks. 
The control lavage total protein concentration was 17.3 ± 7.8 
J,.lg/ml, which was unchanged after exposure (17.8 ± 7.8), or 
during the recovery period (19.1 ± 7.2). Unlike in the 1-ppm 
four-week exposure study, no changes were observed in la
vage total protein. 

Similarly, the lavage angiotensin-converting enzyme ac
tivity was unchanged in this exposure protocol. The value 
was 1.85 ± 0.60 units/ml in 21 control animals, 1.63 ± 0.85 
units/ml in 8 rats studied after four weeks of exposure, and 
2. 27 ± 0.65 units/ml in 12 rats allowed to recover for four 
weeks. When angiotensin-converting-enzyme-specific ac
tivity was determined, no significant changes were ob
served over time. 

Again, a low dose (0.5 ppm) of N02 exposure for longer 
time periods resulted in increased urinary output of hy
droxylysine. It was not possible to detect changes in these 
lungs by histologic examination. There was a small in
crease in mean linear intercept, with an associated increase 
in vital capacity. 

DISCUSSION 

These studies indicate that hydroxy lysine has potential as 
a marker of pulmonary changes associated with N02 ex
posure. Hydroxy lysine concentration in the urine definitely 
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rises in response to N02 . However, the rise is not as great 
as the rise seen with exposure to high concentrations of ox
ygen. An interesting question is whether or not the rise in 
urinary hydroxy lysine is a more specific marker than other 
indices of exposure, such as lavage angiotensin-converting 
enzyme or protein levels. In this regard, it is most interest
ing that at the lowest levels of N0 2 used in these studies 
(0.5 ppm for four weeks), the urinary hydroxy lysine rose sig
nificantly, an absolute fourfold elevation. In contrast, at the 
same dose, there was no elevation in lavage protein level. 
This suggests that hydroxy lysine is superior to total protein 
as a marker, and that there is a selective alteration in the me
tabolism of hydroxylysine-containing proteins upon low
level exposure to N02 . 

Another index of specificity of hydroxy lysine-containing 
peptides built into these studies was the use of creatinine 
to normalize urinary hydroxy lysine concentration data. We 
were concerned that with exposure to high levels of N02 , 

there might be alterations in animal behavior, fluid or food 
intake, and a generalized catabolic state, with release of 
elevated levels of urinary amines. Alternatively, there might 
be altered concentrations of urinary amino acids as a conse
quence of decreased fluid intake. Indeed, there was a rise 
in urinary creatinine levels during the early response to the 
highest levels of N02 ; however, this rise did not reach 
statistical significance in any given experiment. Under no 
circumstances did the minor changes in urinary creatinine 
levels explain changes in urinary hydroxy lysine concentra
tion. As a consequence of this observation, in most cases 
hydroxylysine data were not normalized to the measured 
creatinine levels. Furthermore, the changes in creatinine at 
high levels of exposure to N02 were paralleled by rises in 
urinary total nitrogen, measured early in this series of ex
periments. 

Our understanding of the interactions between oxidant 
gases, such as N02 , and connective tissue components has 
been advanced during the past several years since the pres
ent series of studies was first proposed (Riley and Kerr 1985; 

Riley et al. 1987). Connective tissue components can be 
directly degraded by oxidants in vitro. Given the vulnerabil
ity and first-line exposure of the lung to oxidants, pulmo
nary connective tissue might be expected to be particularly 
vulnerable to such an untoward oxidant effect. Indeed, it is 
not clear whether or not even the low levels of oxygen found 
in ambient air are adequate to promote connective tissue 
breakdown. If such were the case, it might be further 
hypothesized that any effects of low levels of N02 might act 
in concert with ambient oxygen to promote connective tis
sue breakdown. It is well recognized that exposure of 
animals to toxic levels of oxidant gases leads to emphysema
tous lesions within several weeks. 

Oxidant gases can be expected to alter connective tissue 
metabolism at several points. They can interact with proteo
lytic enzymes, induce release of such enzymes from in
flammatory cells, and directly interact with collagen and 
other matrix components in ways that make the latter more 
vulnerable to enzymatically mediated proteolysis. Riley 
and colleagues (1987) have documented increased levels of 
hydroxyproline-containing peptides in lavage fluid after ex
posure to oxygen. As in the present studies, they found that 
the content of such material rose fourfold to fivefold after 
a sublethal exposure to oxygen. In contrast to our studies 
with N02 , there was no evidence of elastin breakdown after 
hyperoxic injury. When collagen cross-linking was pre
vented by pretreating animals with the lathyrogen, beta
aminopropionitrile, histologic changes of emphysema were 
significantly worse (Riley et al. 1987). This suggests that 
replacement of connective tissue is a normal part of the at
tempted repair process after severe hyperoxia. 

All ofthe present observations are consistent with the no
tion that hydroxylysine found in urine samples of N02-

exposed animals comes from the lung rather than from 
other tissues. The best data upon which to base this asser
tion come from the lavage studies, in which there is a high 
degree of correlation between hydroxy lysine levels in lavage 
and urine. Moreover, the hydroxy lysine levels in both fluids 
rise in direct proportion to each other. There is a clear ex
ception to this observation at the lowest dose tested (0.5 

ppm N02), where the lavage concentration dropped during 
exposure. We do not have an explanation for this result. 

We had originally hypothesized that hydroxy lysine would 
prove to be a more sensitive and specific marker than hy
droxyproline. This indeed turned out to be the case. This 
comes about partly because of a lower initial background 
level of hydroxylysine. Although both modified amino 
acids rise to approximately the same absolute levels during 
high-level N02 exposure, the fact that hydroxylysine starts 
from a lower background level in unexposed animals has 
the effect of heightening the difference between control and 
exposed animals. In a similar fashion, hydroxylysine ap
pears more sensitive than desmosine. Differences in the 
magnitude and time courses for these three markers could 
be important clues to our understanding of the connective 
tissue response. 

In this study, we found that the absolute increases in 
hydroxy lysine are significant at exposure levels as low as 0.5 

ppm N02 after one week of exposure. Because monitoring 
at earlier time points at this exposure level was not carried 
out in this study, it is not clear whether or not urinary 
hydroxylysine rises even earlier at these low levels. It is in
teresting to contrast this observation with published studies 
of the effects of lethal levels of hyperoxia on the lung (Riley 
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et al. 1987). The magnitude of the rise of hydroxyproline in 
the study by Riley and coworkers is of the same magnitude 
as that seen with 0.5 ppm N02 . Moreover, there were no ac
companying changes in histology after exposure to this 
level of N02 , making hydroxylysine measurements the 
most sensitive index of impact on the lung under the condi
tions of this study. 

With regard to the sensitivity of indirect monitoring of 
lung connective tissue breakdown by urinary measure
ments, it is of interest that in the two studies using low lev
els of N02 exposure (0.5 and 1 ppm), the urinary levels 
were elevated, while other biochemical indices of direct 
lung changes were negative or not significantly elevated. 
For instance, during exposures to both 0.5 ppm and 1 ppm 
N02 , urine hydroxylysine levels were significantly ele
vated. However, at neither of these exposures did lavage pro
tein levels rise significantly. This is one of the most cogent 
arguments for the specificity of urinary hydroxy lysine mea
surements in these studies. From a practical viewpoint, it 
suggests that in future studies involving low-level N02 ex
posure, investigators might best "normalize" hydroxylysine 
data to simultaneously measured total protein levels. As im
portantly, hydroxy lysine levels changed when the histology 
was judged normal and few functional changes were ob
served. This leads us to recommend long-term follow-up 
experiments to assess whether lesions would develop over 
time. 

When one compares the results from the studies pre
sented in this report, there appear to be both acute and 
chronic responses to N02 . This observation has direct im
plications for the design of potential studies in human 
populations, indicating the desirability of a study design 
with continuous rather than spot testing in human popula
tions. Only with extreme exposure to N02 or other oxidant 
gases would human subjects show evidence of altered con
nective tissue metabolism and excretion of matrix peptides 
(Hatton et al. 1977). 

On the basis of the biochemical and physiologic argu
ments put forward above, hydroxy lysine and desmosine ap
pear to be markers of degradation derived from connective 
tissue, and are, therefore, specific for degradation of matrix 
proteins. In contrast, excess levels of hydroxyproline in 
urine may reflect both synthetic as well as degradative 
processes occurring within the connective tissue compart
ment of the lung. It would seem valuable to study base-line 
hydroxylysine levels in a healthy volunteer population to 
determine human variability. Once this value is estab
lished, specific populations could be targeted in which one 
would expect abnormal connective tissue degradation. If 
such experiments demonstrate a reasonable base line for 
hydroxy lysine, with changes of magnitude in disease states 
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that are measurable, then a controlled study of people ex
posed to mobile source emissions could be undertaken. 
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INTRODUCTION 

A Request for Applications (RFA 82-2), which solicited 
proposals for "Cellular and Biochemical Markers Related to 
Nonneoplastic Chronic Lung Diseases;' was issued by the 
Health Effects Institute (HEI) in the summer of 1982. In re
sponse to the RFA, Drs. J. Evans and J. Kelley, from the 
University of Vermont, submitted a proposal entitled "Early 
Markers of Lung Injury." The HEI approved the three-year 
project, which began in July 1983. Total expenditures were 
$495,765. The Investigators' Report was received at the HEI 
in August 1987 and was accepted by the Health Review 
Committee in April 1988. During the review of the Investi
gators' Report, the Review Committee and the investigators 
had the opportunity to exchange comments and to clarify 
issues in the Investigators' Report and in the Review Com
mittee's Commentary. The Health Review Committee's Com
mentary is intended to place the Investigators' Report in per
spective as an aid to the sponsors of the HEI and to the 
public. 

THE CLEAN AIR ACT 

The U.S. Environmental Protection Agency (EPA) sets 
standards for oxidants (and other pollutants) under Section 
202 of the Clean Air Act, as amended in 1977. Section 
202(a)(1) directs the Administrator to "prescribe (and from 
time to time revise) ... standards applicable to the emission 
of any air pollutant from any class or classes of new motor 
vehicles or new motor vehicle engines, which in his judg
ment cause, or contribute to, air pollution which may 
reasonably be anticipated to endanger public health or wel
fare." Sections 202(a)(3) and 202(b)(1) impose specific re
quirements for reductions in motor vehicle emissions of 
certain oxidants (and other pollutants) and provide the EPA 
with limited discretion to modify those requirements. 

In addition, Section 109 of the Clean Air Act provides for 
the establishment of National Ambient Air Quality Stan
dards to protect the public health. The current standards in
clude those for ozone and nitrogen dioxide. The determina
tion of the appropriate standards for emissions of oxidants 
and their precursors depends, in part, on an assessment of 
the risks to health that they present. It is recognized that, 
in animals, repetitive exposure to oxidant gases may lead to 
chronic loss of lung function; however, in humans, more in
formation is available on the acute effects of exposure. Thus, 
identification of early markers of lung injury can contribute 
to the understanding of both acute and chronic effects caused 

by oxidants and, therefore, to informed regulatory decision 
making. 

BACKGROUND 

Oxidants represent a class of reactive pollutants derived 
primarily from atmospheric reactions between the combus
tion products of fossil fuels and oxygen, catalyzed by sun
light. In acute animal experiments, the inhalation of high 
concentrations of oxidants results in pulmonary edema, in
flammation, and hyperplasia of constituent cells (U.S. En
vironmental Protection Agency 1986). The contribution of 
oxidants to the development of chronic lung disease, such 
as fibrosis or emphysema, has received considerable atten
tion. However, because the early stages of these diseases are 
not well understood, it has been difficult to relate pollutant 
exposure to such delayed, chronic effects. Thus, the iden
tification of biochemical or cellular markers that are as
sociated with the onset of chronic pulmonary disease could 
aid in determining the role of oxidant exposure. 

The biological basis for either emphysema or fibrosis re
sides in the connective tissue matrix of the lung paren
chyma. The major components of lung connective tissue 
are collagen, elastin, glycosaminoglycans, and glycopro
teins, such as fibronectin and laminin (Hance and Crystal 
1975; Turino 1985). These components provide structural 
support and dictate the mechanical properties of the lung. 
Collagen, which exists as several types, and elastin have re
ceived the most study because they constitute more than 90 
percent of the matrix components. 

The formation of collagen fibrils requires intracellular 
synthesis of procollagen molecules and extracellular con
version of the procollagen to collagen (reviewed by Prockop 
et al. 1979a,b). Procollagen is a triple-helical, rigid mole
cule composed of three polypeptide chains, called a 
chains. Combinations of different subtypes of these chains 
determine the final collagen type. During synthesis of the 
a chains, some of the proline and lysine amino acids are 
hydroxylated. Subsequent to hydroxylation, sugar residues, 
specifically galactose and glucose, are attached to the 
hydroxylysine. These, as well as other modifications, are 
important in the assembly of the helical chains to form the 
procollagen molecule. After secretion, procollagen is pro
cessed to yield collagen, which self-associates to form col
lagen fibrils. The enzyme, lysyl oxidase, mediates the cross
linking of the collagen molecules. A number of factors have 
been identified that regulate the amount, as well as the 
characteristics, of the collagen fibrils. 
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Elastin is the protein component of the elastic fiber, and 
is derived from a soluble form, tropoelastin (reviewed by 
Sandberg et al. 1981). Tropoelastin is synthesized, under
goes posttranslational hydroxylation of some proline amino 
acids, and is secreted. Once in the extracellular space, 
tropoelastin is crosslinked to form the insoluble elastin fi
ber. Lysyl oxidase participates in the formation of the cross
linking amino acids, desmosine and isodesmosine, which 
are unique to elastin. In contrast to collagen, little is known 
about what regulates elastin metabolism. 

Collagen and elastin are susceptible to degradation by 
specific proteases, which have either collagenase or elas
tase activity. The sources of these enzymes are the blood 
and inflammatory cells, such as polymorphonuclear leuko
cytes and alveolar macrophages. The activity of these pro
teolytic enzymes is regulated by inhibitor molecules called 
antiproteases or protease inhibitors. 

Emphysema is characterized by permanent enlargement 
of the alveolar airspaces, destruction of alveolar walls, and 
an absence of fibrosis (Snider et al. 1985). Morphometric 
analysis of emphysematous tissues shows airspace enlarge
ment (as measured by mean linear intercept, an estimator 
of average airspace size) and a decrease in alveolar surface 
area. Animal models of the disease are considered appro
priate if enlargement of the airspaces distal to the terminal 
bronchioles can be demonstrated (Snider et al. 1986). 

The loss of structural integrity of the lung parenchyma 
has led to research focusing on the role of the connective 
tissue components in the pathogenesis of emphysema. The 
most popular hypothesis for the development of this dis
ease suggests that an imbalance between proteolytic en
zymes and their inhibitors results in the destruction of the 
pulmonary interstitium (reviewed by Janoff 1985). Early
onset, familial emphysema occurs in individuals with an 
inheritable deficiency of the alpha-1-proteinase inhibitor. 
These individuals develop panlobular emphysema, in 
which all components of the acinus are destroyed. In con
trast, with centrilobular emphysema, which is associated 
with cigarette smoking, the alveoli adjacent to the respira
tory bronchioles are selectively destroyed, but the more dis
tal alveolar tissue is spared. 

Intratracheal instillation of elastase into animals produces 
lesions similar in appearance to human panlobular emphy
sema (Kaplan et al. 1973) and is used as a model to study 
the biochemical events of connective tissue turnover. After 
initial degradation, elastin, which normally exhibits little 
turnover, is rapidly synthesized (Kuhn et al. 1976; Yu et al. 
1978; Karlinsky et al. 1983). In addition, collagen content 
decreases but is also replenished (Kuhn et al. 1976; Yu and 
Keller 1978; Karlinsky et al. 1983). The restoration of these 
two components in experimental systems may explain why 
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the measurement of total elastin and collagen content in 
emphysematous lungs from humans reveals normal levels 
(reviewed by Hance and Crystal 1975). What may be of more 
importance are the organization of the elastic fiber network 
(Kuhn et al. 1976) and the relative proportions of elastin, 
collagen, and glycosaminoglycans (Karlinsky et al. 1983). 

Pulmonary fibrosis is characterized primarily by exces
sive collagen, which results in a stiffer, less compliant lung 
(Karlinsky and Goldstein 1980). Histological examination 
of fibrotic lungs reveals excess collagen, deposited in an in
homogenous pattern, in the alveolar interstitium, alveolar 
ducts, and respiratory bronchioles. Increased levels of total 
lung collagen have been measured biochemically. The ac
cumulation of collagen has been ascribed to an increase in 
collagen synthesis (Clark et al. 1980). In addition to being 
present in excess amounts, the type as well as the crosslink
ing pattern of collagen is altered (reviewed by Last 1988). 
Although less well described, there is also evidence for in
creases in elastin (reviewed by Karlinsky and Goldstein 
1980) and glycosaminoglycans (reviewed by Turino 1985). 
Several fibrogenic agents have been identified, some of 
which have been used experimentally to study the patho
genesis of the disease. Experimental evidence suggests that 
if repair of the alveolar epithelium is delayed, there is an 
associated proliferation of interstitial fibroblasts and, pre
sumably, altered collagen metabolism (Bowden 1985; Last 
1988). 

Although different models exist for the induction of ei
ther emphysema or fibrosis, it is apparent that the two dis
eases are closely related (Niewoehner and Hoidal 1982). 
Using an experimental system that usually produces inter
stitial fibrosis, Niewoehner and Hoidal (1982) showed that 
when hamsters were fed an inhibitor of lysyl oxidase (P-ami
noproprionitrile), bullus emphysema was present in addi
tion to the fibrotic lesion. The authors suggest that preven
tion of postinjury repair by P-aminoproprionitrile prolongs 
alveolar disruption and promotes subsequent bullus forma
tion. These findings further emphasize the importance of 
the repair process in the pathogenesis of disease. 

Oxidant injury to components of the connective tissue 
has been demonstrated in experimental systems; but how 
these forms of injury relate to human disease is not known. 
Furthermore, although ozone and nitrogen dioxide are both 
oxidants, experimental exposure to either of the two gases 
produces different alterations in the pulmonary connective 
tissue. Experimental evidence from animals exposed to 
ozone suggests that the gas may induce pulmonary fibrosis 
(reviewed by Last 1988). Increases in lung collagen content 
and collagen synthesis rates have been measured (Last 
1988). In addition, morphometric analysis of parenchymal 
tissues reveals histological changes indicative of interstitial 
fibrosis (Boorman et al. 1980; Fujinaka et al. 1985). 



Nitrogen dioxide exposure causes airspace enlargement 
with some alveolar septal fibrosis. Exposure of rats to 30 
parts per million (ppm) of nitrogen dioxide continuously 
for three to six weeks results in mild emphysema (Freeman 
et al. 1968). This model has been adopted as a way of study
ing the morphological and connective tissue biochemistry 
during the early stages of the emphysematous lesions. Dur
ing initial inflammation, large numbers of elastase-rich 
polymorphonuclear leukocytes are recruited from the 
blood to the alveolar airspace (Glasgow et al. 1987). Both 
pulmonary elastin and collagen content decrease during 
the first week of exposure. Collagen content returns to nor
mal levels during oxidant exposure, whereas elastin con
tent does not return to normal until exposure is terminated 
(Kleinerman and Ip 1979). In contrast to the instilled
elastase model, the nitrogen dioxide model results in cen
triacinar emphysema that progresses little after termination 
of exposure. 

Since disruption of the balance between connective tis
sue synthesis and degradation is implicated in the patho
genesis of chronic lung disease, a better understanding of 
the dynamics of collagen, elastin, and, possibly, glycos
aminoglycan (Karlinsky et al. 1983; Turino 1985) turnover 
is needed. Assays that measure components of metabolism 
are available and have been used primarily to analyze events 
in the lung tissue from animal models of either fibrosis or 
emphysema. There has been little application of these as
says to sources that can be sampled relatively easily (urine, 
blood, bronchoalveolar lavage). Goldstein and Starcher 
(1978) demonstrated the usefulness of correlating levels of 
desmosine in the urine with pulmonary elastin content and 
turnover after elastase administration. With respect to the 
effects of oxidants, desmosine levels in hamster urine in
creased after exposure to 30 ppm nitrogen dioxide (Ip et al. 
1984). In humans accidently exposed to very high levels of 
nitrogen dioxide, urinary levels ofhydroxylysine glycosides 
rose (Hatton et al. 1977). A systematic evaluation has not 
been conducted in which markers of pulmonary connective 
tissue metabolism have been measured in accessible fluids 
after oxidant exposure. Ideally, it should be possible to re
late such marker measurements to either exposure levels or 
the potential for disease. 

JUSTIFICATION FOR THE STUDY 

The HEI sought proposals that would improve our under
standing of the relation between oxidant injury and lung 
disease. Of particular interest to the Institute was the iden
tification of sensitive indicators of lung injury and disease 
as measured in human body fluids. A related goal was to 
develop objective measures of exposure or damage to the 

lung. In addition, the HEI sought to support research that 
could demonstrate predictive power from short-term bioas
says for the evaluation of human risk to oxidant exposure. 

Drs. Evans and Kelley hypothesized that alterations in 
connective tissue that are induced by exposure to atmo
spheric pollutants can be monitored by measuring markers 
of connective tissue metabolism. Using nitrogen dioxide as 
the test insult, the investigators proposed to measure mark
ers of connective tissue synthesis (procollagen I terminal 
peptide, lysyl oxidase) and degradation (desmosine, hy
droxylysine, hydroxyproline) in the serum, urine, or lavage 
fluids from rats. Other biochemical markers, lung physiol
ogy, and histology were to be used to assess lung injury. The 
ultimate goal of the proposal was to apply the relatively 
noninvasive means of measuring connective tissue metabo
lism to the human population. 

The proposal was responsive to the RFA. The study was 
well planned, the specific aims logical, and the methods 
appropriate. The choice of markers was considered reason
able, based on the current knowledge of connective tissue 
metabolism. 

OBJECTIVES OF THE STUDY 

The primary goal of this project was to demonstrate that 
markers of connective tissue turnover, available from sam
ples obtained relatively noninvasively, can be used to pre
dict the occurrence of lung injury after exposure to oxidant 
gases. Specific aims of the original proposal were: 

1. To demonstrate that selected markers (procollagen I ter
minal peptide, hydroxylysine, hydroxyproline, desmo
sine, lysyl oxidase, and angiotensin-converting enzyme) 
from serum, urine, or bronchoalveolar lavage fluid pre
dict the time course and severity of lung injury after ex
posure of rats to nitrogen dioxide; 

2. To correlate these biochemical markers with whole-lung 
physiology, lung histopathology, and biochemical mea
sures of lung collagen metabolism; 

3. To determine the sensitivity of these assays to nitrogen 
dioxide exposure as well as to determine the minimal 
level of exposure that affects marker levels; and 

4. Tb develop a rationale for future application of these 
results to human populations. 

In order to accomplish these aims, the investigators had 
to develop, as part of their project, some of the assays used 
to measure the markers of interest. In addition, the investi
gators had to set up and calibrate the nitrogen dioxide ex
posure facility. Thus, their project entailed considerable de
velopmental work before actual experiments could be 
conducted. During the course of the project, changes in per-
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sonnel necessitated the elimination of the lysyl oxidase 
measurements. 

STUDY DESIGN 

Adult male rats (Fischer-344) were exposed to various 
concentrations of nitrogen dioxiJ.e (ranging from 0.5 ppm 
to 30 ppm) for various lengths of time (ranging from two 
days to four weeks) in a series of separate experiments. 
Urine and bronchoalveolar lavage fluid were collected and 
analyzed for markers of lung injury: hydroxylysine, hy
droxyproline, desmosine, and angiotensin-converting en
zyme. In some experiments, lavage and urine volumes, 
dried lung weight, urinary creatinine, lavage and urine 
amino acid content, and lung tissue protein content also 
were measured and used to normalize some of the marker 
values. Pulmonary function studies and histologic exami
nations by light microscopy also were used to assess the ex
tent of oxidant-induced lung injury. 

Animals exposed to clean air were used as negative con
trols. For positive controls, rats were exposed to 85 percent 
oxygen, and urinary hydroxylysine was measured. 

TECHNICAL EVALUATION 

ATTAINMENT OF STUDY OBJECfiVES 

Rather than using a predefined protocol to address a spe
cific hypothesis, the investigators accomplished the spe
cific aims with a series of exploratory experiments that ad
dressed a sequence of questions. 

METHODS AND STUDY DESIGN 

Although the design and conduct of the study were ap
propriate in most respects, it is not clear whether or not the 
control animals were exposed to clean air in the same man
ner as other animals were exposed to nitrogen dioxide. 
Also, the two-day, short-term exposures used in the ex
posure concentration response curve (Figure 2) were not 
optimal, due to the small numbers of animals in each group 
and the limited range of data points between the apparent 
no-effect level and the highest concentration tested. 

The choices of angiotensin-converting enzyme, desmo
sine, and hydroxy lysine were appropriate, and the assay de
veloped to measure hydroxylysine was elegant. However, 
the measures used to correlate lung injury (pulmonary 
function, light microscopy) with changes in marker levels 
were probably too insensitive at low levels of nitrogen diox-
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ide exposure. Thus, at low oxidant levels, it might not have 
been possible with the methods used to determine confi
dently whether or not injury had occurred. 

DATA PRESENTATION AND STATISTICAL ANALYSIS 

This was a well-designed study, with an appropriate set 
of statistical analyses directed at improving the clarity of 
presentation and at making the statistics contribute more 
directly to the aims of the study. Significance tests were 
conducted by simple one-way analysis of variance (ANOVA) 
and were followed, in cases of significance, by multiple 
comparisons made appropriately stringent by the Bonfer
roni rule. Tests for linear and quadratic trend were also ap
plied, but it is not clear how the evidence of these trends 
was weighed against the significance tests. One-way ANOVA 
and multiple comparisons analysis are likely to be statisti
cally underpowered for a study like this, since they do not 
take into account the order of doses or times. Yet, the inves
tigators downplay a significant linear trend (Figure 5) on 
the ground that AN OVA revealed only one significant eleva
tion in lavage protein. The test for linear or quadratic trend 
is more convincing than ANOVA, because ANOVA is insen
sitive to the order of doses, while linear and quadratic con
trasts are not. 

Since this study is more descriptive than inferential, it 
would have been acceptable to place less emphasis on sig
nificance testing. The study aims to measure and compare 
the sensitivity of various markers to nitrogen dioxide ex
posure. Biological sensitivity does not always have to be 
quantified on a yes-or-no scale (significant or nonsignifi
cant increase), but also can be expressed on a continuous 
scale, preferably logarithmic. The text frequently expresses 
results in terms of a threefold increase or a tenfold increase 
over control, which is an appropriate way to summarize the 
results. However, the report would have been strengthened 
if the results had been tabulated or compared in a compre
hensive way. The investigators were systematic in their de
sign, covering a range of acute and chronic exposure pat
terns. A summary table listing the response of each marker 
to each exposure, expressed as ratio of mean response to 
control, plus or minus standard error, would have been 
helpful. 

In addition to facilitating comparisons, the inclusion of 
means and standard deviations would permit further analy
ses, such as the computation of coefficients of variation. 
The usefulness of additional analyses can be illustrated by 
considering the inv~~stigators' claim that as an index of lung 
injury, hydroxy lysine is more sensitive than hydroxyproline 
because of its tenfold increase over control compared to the 
threefold increase seen for hydroxyproline. If, however, 



hydroxylysine were ten times more variable than hydroxy
proline, it would be no more useful as an index of injury. 

The authors vacillate some between multiplicative and 
arithmetic scales of response. The text describes three- or 
tenfold increases, while the graphic presentation is made 
on an arithmetic response scale. To corroborate the text, the 
reader must "eyeball" the control and response levels and 
divide them mentally. The ANOVAs were probably done 
using arithmetic responses, despite the greater variability 
that is apparent at higher response levels in most of the 
figures (AN OVA assumes uniform variance). The investiga
tors could have considered using log dose in their statistics 
and a logarithmic scale in their graphics. Using such an ap
proach, controls would always be at 1.0, and multiples ofre
sponse could be read directly. This could be more informa
tive than the sole reliance on asterisks to indicate statistical 
significance. 

RESULTS AND INTERPRE11\TION 

The investigators have shown that urinary hydroxylysine 
is a sensitive indicator of nitrogen dioxide exposure over a 
range of concentrations from 0.5 to 30 ppm. Angiotensin
converting enzyme from the lavage fluid increased only at 
30 ppm nitrogen dioxide and urinary desmosine responded 
significantly only at 25 ppm, while urinary hydroxylysine 
showed significantly measurable changes after exposure to 
oxidant concentrations as low as 0.5 to 1 ppm, levels at 
which quantitative histopathology showed no effect. The 
data are particularly convincing in those experiments in 
which animals were exposed to 0.5 ppm or 1 ppm nitrogen 
dioxide for four weeks and then allowed to recover for four 
weeks; hydroxylysine levels rose during the exposure 
period but then fell during the recovery period. The clear 
superiority of hydroxylysine over hydroxyproline as a 
marker is well illustrated by the data in Figure 17 as com
pared with those in Figure 19. 

There is, however, no clear dependence of the urinary 
hydroxy lysine levels on the nitrogen dioxide exposure dose. 
After three days of exposure, urinary hydroxylysine levels 
were similar (0.5 to 1.5 ~tmol/ml) at 0.5 or 1 ppm as at 30 

ppm of nitrogen dioxide (see Figures 12, 20, and 22). In ad
dition, at 7.5 ppm (Figure 9) and 30 ppm (Figure 12) nitro
gen dioxide, the greatest response was observed at one day 
of exposure. At 0.5 ppm (Figure 22), 1.0 ppm (Figure 20), 

and 25 ppm (Figure 17) nitrogen dioxide, however, urinary 
hydroxylysine levels increased with increasing time of ex
posure. Clarification or discussion of some of these obser
vations in the Investigators' Report would have been help
ful. If the hydroxylysine arises from the interaction of 
nitrogen dioxide with collagen, as the investigators pro
pose, it is not clear why this effect does not worsen with ad-

ditional exposure, rather than being transient. Exposure 
protocols differed among experiments, which probably 
contributed to the lack of a dose dependence in the overall 
results. Furthermore, since connective tissue turnover is in
fluenced by age (Last 1988), the use of rats with different 
weight ranges (and thus, presumably, different ages) among 
experiments may have affected a dose-dependent relation
ship; body weights ranged from a low of 175 to 200 g to a 
high of 300 to 320 g. It is also conceivable that the observed 
hydroxylysine production represents a nonspecific re
sponse, possibly related to the physical stress of exposure. 

----------------

REMAIN1NG UNCERTAINTIES AND 
IMPLICATIONS FOR FUTURE RESEARCH 

Data from these studies suggest, but do not prove, that uri
nary hydroxy lysine can be used as a marker for lung injury 
from oxidant air pollution. Additional studies should be 
conducted to determine the source of the marker as well as 
its specificity to nitrogen dioxide exposure. A definitive set 
of experiments could be conducted, focusing on the rela
tion between low-dose nitrogen dioxide exposure, meta
bolic or ultrastructural changes in the lung, and the thresh
old level of hydroxylysine excretion in the urine. These 
studies should be done at dose levels that are relevant to am
bient exposures to nitrogen dioxide. Isotopic tracers could 
be used to ascertain whether or not the hydroxylysine 
originates in the lung or represents a metabolic product af
fected by nonspecific stresses. 

The results do not change the perception that nitrogen di
oxide is a potential risk factor for the development of fibro
sis and emphysema, but do suggest a new approach for ex
posure assessment. The data shown in Figure 22 are 
especially noteworthy because they were observed after ex
posure at 0.5 ppm for six hours/day for four weeks; this level 
of exposure is high but approaches a realistic concentration 
for a possible worst-case human exposure. Potentially, the 
methodology developed by these investigators could be ap
plied to the measurement of urinary hydroxylysine in hu
mans. Such studies with humans exposed experimentally 
to low-dose concentrations of nitrogen dioxide or to am
bient levels of pollutants in communities, occupational set
tings, or indoor environments could explore the potential 
of this assay for the assessment of oxidant pollution ex
posure. 

CONCUJSIONS 

This study showed that urinary hydroxylysine, a marker 
of collagen turnover, increased in rats after exposure to con-
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centrations of nitrogen dioxide as low as 0.5 ppm; other 
related markers, such as angiotensin-converting enzyme, 
desmosine, and hydroxyproline, did not show this level of 
sensitivity to oxidant exposure. The evidence is not conclu
sive, however, that urinary hydroxy lysine is a sensitive, spe
cific, or quantitative marker for nitrogen dioxide injury in 
the lung. At low levels of nitrogen dioxide, the existence or 
extent of lung injury is inadequately defined both biochem
ically and histologically. Whether or not the hydroxy lysine 
detected in the urine originates from the lung remains to be 
determined. Finally, the marker may not be sufficiently dis
criminating at a quantitative level for use in setting stan
dards, since the urinary levels of hydroxylysine are the 
same at 0.5 ppm or 1 ppm nitrogen dioxide as at 30 ppm. 
However, because of the specificity of hydroxy lysine for col
lagen degradation and the apparent sensitivity of this 
marker relative to other markers of connective tissue metab
olism, the resolution of these uncertainties should be 
pursued. 
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THE HEALTH EFFECTS INSTITUTE: AN OVERVIEW 

The Health Effects Institute (HEI) is an independent non
profit corporation that is "organized and operated ... to 
conduct, or support the conduct of, and to evaluate research 
and testing relating to the health effects of emissions from 
motor vehicles." It is organized in the following ways to pur
sue this purpose. 

INDEPENDENCE IN GOVERNANCE 

The Institute is governed by a four-member Board of 
Directors whose members are Archibald Cox (Chairman of 
the Board), Carl M. Loeb University Professor (Emeritus) at 
Harvard University; William 0. Baker, Chairman (Emeritus) 
of Bell Laboratories and Chairman of the Board of Rocke
feller University; Donald Kennedy, President of Stanford 
University; and Charles Powers, Partner, Resources for 
Responsible Management. 

TWO-SECTOR FINANCIAL SUPPORT 

The Institute receives half of its funds from the United 
States government through the Environmental Protection 
Agency, and half from the automotive industry. Twenty
seven domestic and foreign manufacturers of vehicles or en
gines contribute to the Institute's budget in shares propor
tionate to the number of vehicles or engines that they sell. 

THE HEI RESEARCH PROCESS 

The Institute is structured to define, select, support, and 
review research that is aimed at investigating the possible 
health effects of mobile source emissions. Its research pro
gram is developed by the Health Research Committee, a 
multidisciplinary group of scientists knowledgeable about 
the complex problems involved in determining the health 
effects of mobile source emissions. The Committee seeks 
advice from HEI's sponsors and from other sources prior to 
independently determining the research priorities of the 
Institute. 

After the Health Research Committee has defined an area 
of inquiry, the Institute announces to the scientific commu
nity that research proposals are being solicited on a specific 

topic. Applications are reviewed first for scientific quality 
by an appropriate expert panel. Then they are reviewed by 
the Health Research Committee both for quality and for rele
vance to HEI's mission-oriented research program. Studies 
recommended by the Committee undergo final evaluation 
by the Board of Directors, who review the merits of the study 
as well as the procedures, independence, and quality of the 
selection process. 

THE HEI REVIEW PROCESS 

When a study is completed, a final report authored by the 
investigator(s) is reviewed by the Health Review Committee. 
The Health Review Committee has no role either in the re
view of applications or in the selection of projects and in
vestigators for funding. Members are also expert scientists 
representing a broad range of experience in environmental 
health sciences. The Committee assesses the scientific 
quality of each study and evaluates its contribution to unre
solved scientific questions. 

Each Investigator's Report is peer-reviewed, generally by 
a biostatistician and three outside, independent reviewers 
chosen by the Review Committee. At one of its regularly 
scheduled meetings, the Review Committee discusses the 
Investigator's Report. The comments of the Committee and 
the peer reviewers are sent to the investigator, and he or she 
is asked to respond to those comments and, if necessary, re
vise the report. The Review Committee then prepares its 
Commentary, which includes a general background on the 
study, a technical evaluation of the work, a discussion of the 
remaining uncertainties and areas for future research, and 
implications of the findings for public health. After evalua
tion by the HEI Board of Directors, the HEI Research Report, 
which includes the Investigator's Report and the Review 
Committee's Commentary, is published in monograph form. 
The Research Reports are made available to the sponsors, 
the public, and many scientific and medical libraries, and 
are registered with NTIS. 

All HEI investigators are urged to publish the results of 
their work in the peer-reviewed literature. The timing of the 
release of an HEI Research Report is tailored to ensure that 
it does not interfere with the journal publication process. 
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