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Abstract

Acute lung injury (ALI) is a complex disorder associated with an acute inflammatory response
thought to contribute to tissue injury. Desmosine, a cross-linking amino acid present in elastin,
is released during matrix degradation and cleared by the kidney. Results from animal models
and human disease studies have suggested that ALI is associated with the release of desmosine,
resulting in increased urinary desmosine. A radioimmunoassay was used to monitor urinary
desmosine levels over 10 days in ten patients with ALI. The concentration of desmosine was
measured with and without acid hydrolysis. Baseline urinary desmosine was increased in two of
ten patients. The concentration of desmosine at baseline did not appear to be related to age,
gender, neutrophil elastase (NE)/a;-antiprotease complex concentration or P,0,/F;0, ratio. No
meaningful changes in desmosine levels were noted after removal from mechanical ventilation.
Baseline desmosine concentrations did not appear to correlate with the risk of death. The
limited sensitivity, predictive correlations and dynamic modulation would suggest that urine
desmosine has a limited role as a biomarker for ALI. Hydrolysis of urine samples appears
necessary for optimal measurement of urine desmosine.
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Introduction

Acute lung injury (ALI) is a complex disorder characterized by acute inflammation
and increased permeability of the pulmonary vasculature (Bernard et al. 1994, Ware &
Matthay 2000). Most commonly, it is associated with sepsis syndrome, aspiration,
pneumonia or trauma. Several non-invasive biomarkers have been proposed for
clinical use, including P,0,/F;0,, Von Willebrand Factor, surfactant proteins and
various cytokines. At this point, however, there are no well-characterized prognostic
biomarkers capable of predicting the outcome of the disease (Martin & Moss 2003,
Ware 2005). Neutrophils and neutrophil elastase (NE) have been implicated in the
pathogenesis of ALI and are believed to play a key role in the endothelial injury and
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increased vascular permeability characteristic of ALI (Smedly et al. 1986, Petty 1991,
Carden et al. 1998).

Evidence that neutrophils and NE play a role in ALI comes from both animal
models and clinical studies. Endotracheal administration of elastase in experimental
animals induces lung pathology similar to that seen in human acute respiratory
distress syndrome (Janoff et al. 1979). Animal models have also demonstrated that
neutrophil depletion or treatment with an NE inhibitor can attenuate the severity of
experimental ALI (Heflin & Brigham 1981, Kawabata et al. 2000). In clinical studies,
neutrophils are the predominant inflammatory cell in bronchoalveolar lavage fluid
(BALF) obtained from patients with ALI (Cochrane et al. 1983, Idell et al. 1985,
Weiland et al. 1986, Suter et al. 1992). Furthermore, both the neutrophil count and
the concentration of total NE in BALF correlate with the severity of lung dysfunction
(Idell et al. 1985, Weiland et al. 1986). BALF and plasma NE levels also appear to
correlate with the subsequent development of ALI in patients at risk (Suter et al.
1992, Donnelly et al. 1995).

Degradation of elastin by NE is associated with the release of peptides containing
the cross-linking amino acids desmosine and isodesmosine. Administration of elastase
by bronchoalveolar lavage in experimental animal models induces ALI and a transient
rise in alveolar, blood and urinary desmosine (Goldstein & Starcher 1978, Janoff et al.
1983, Starcher & Peterson 1999). Increased urinary desmosine levels have been
demonstrated in patients with ALI and in other conditions associated with lung injury,
including exacerbations of cystic fibrosis and chronic lung disease (Starcher et al.
1995, Bode et al. 2000). There is some evidence that the excretion of desmosine may
show diurnal variation, particularly in women (Stone et al. 1998). These data suggest
that measurement of urinary desmosine may provide an index of iz vivo NE activity,
particularly in patients with ALI, and serve as a useful biomarker for ALI. Published
information on desmosine levels during the clinical course of ALI in adult patients
(Idell et al. 1989, Tenholder et al. 1991) is limited to two studies.

A number of analytical approaches for the measurement of urinary desmosine have
been described (Gunja-Smith & Boucek 1981, Watanabe et al. 1989, Starcher et al.
1995, Stone et al. 1998, Bode et al. 2000). Several of these assays are not amenable to
high-throughput analysis. The present authors developed and validated a radio-
immunoassay (RIA) for urinary desmosine and assessed the utility of the assay and
desmosine as a biomarker of ALI in a small cohort of patients with ALI

Materials and methods
Preparation of the radiolabelled rracer

The Organic Synthesis Lab, Eli Lilly and Co. (Indianapolis, IN, USA), prepared the
tracer. A total of 100 pl 0.1 M phosphate buffer was added to a vial of Desmosine
Bolton-Hunter (Elastin Products, Owensville, MO, USA). The solution was swirled
for several minutes to dissolve the material and was transferred to a 1.5-ml Eppendorf
tube for the reaction. To a vial charged with an Iodobead (Pierce, Rockford, IL, USA),
approximately 1000 uCi Na['?’I] were added and vortexed. After incubating at
room temperature for 10 min, the solution was diluted to 1.0 ml with water and
chromatographed by reverse-phase HPLC. Mobile phase A was 0.1% TFA/H,O;
mobile phase B was 0.1% TFA/acetonitrile. A gradient was set beginning with 0% B
and increasing over 50 min to 90% B. Fractions were collected at 30-s intervals while
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monitoring the radioactivity of the eluate. Fractions corresponding to peaks of
radioactivity were then tested in the RIA. Those fractions that exhibited the greatest
immunoreactivity in the assay were pooled. Pooled tracer was filtered using a 0.2-um
filter to remove any aggregates that may have been formed in the presence of organic
reagents. This material was then used as the tracer.

Preparation of standards

As desmosine is normally present at a baseline level in normal urine, it was important
to remove endogenous desmosine from the urine to be used for calibration standards.
Desmosine was removed by adding 2 g activated charcoal (Sigma Chemical Co., St
Louis, MO, USA), to 100 ml urine and mixing at room temperature for 1 h. The urine
was centrifuged to pellet the charcoal. The supernatant was poured into a clean tube
and another 2 g activated charcoal were added. The tube was again mixed for 1 h at
room temperature and centrifuged. The supernatant was passed through a 0.45-um
filter.

Using purified desmosine standard, control samples were made at 20, 100 and
500 ngml ' in the charcoal-stripped urine (CSU) using independent dilutions.
Additional control samples were prepared in assay buffer at 3, 5, 25, 100, 250 and
500 ng ml~—'. Controls were aliquoted and stored at —70°C until use.

Experimental procedure

To compare the clinical significance of acid hydrolysis, urine samples were split and
analysed after either a 1:4 dilution in 1.0 M Hepes/phosphate buffered saline (PBS) or
after undergoing acid hydrolysis. Acid hydrolysis was performed by adding 100 pl 6 N
hydrochloric acid to 100 pl undiluted urine (3 N hydrochloric acid final concentra-
tion). Following incubation for 18-24 h at about 95°C, the sample was dried in a
vacuum centrifuge for 75 min. A total of 400 ul 1.0 M Hepes/PBS was added to
reconstitute and dilute the hydrolysed sample to the equivalent dilution of the
unhydrolysed urine sample.

The RIA was a modification of the assay described by Starcher & Peterson (1999).
Standards (#D866, Elastin Products) controls and test samples (diluted, non-
hydrolysed urine or hydrolysed urine) were assayed in triplicate in a total volume
of 525 ul. Each tube contained 400 pl tracer, 100 ul affinity purified rabbit anti-
desmosine antibody dilution (#DS890, Elastin Products) and 25 pul sample/standard/
control. The tubes were incubated 16—24 h at 4°C. Following incubation, 100 pl cold
1% BGG (bovine gamma globulin) and 1.0ml cold 20% PEG were added to each
tube. The tubes were vortexed and placed at 4°C for about 20 min. Following
centrifugation, the supernatant was decanted by inversion, and the tube containing
the pellet was placed on a gamma counter for measurement.

Assay validation

RIA validation experiments were conducted according to current biomarker recom-
mendations (Findlay et al. 2000). Inter- and intra-assay precision were determined for
spiked calibration samples in assay buffer, CSU and hydrolysed CSU. Validation
experiments were performed by measuring each concentration level four times in
triplicate across eight separate assays over 4 days using two analysts. For each
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concentration level, the a priori criteria for method acceptance for accuracy were
+25% of the nominal concentration for samples in assay buffer. Precision acceptance
was based on a CV <25% for CSU and hydrolysed CSU.

Random urine samples were collected from 40 healthy adult volunteers (Biorecla-
mation, Inc., East Meadow, New York, NY, USA). The samples were analysed after
dilution and after acid hydrolysis. A normal range was determined by calculating the
mean+2 SD.

Chinical validation

An uncontrolled observational study of patients with ALI was designed to determine
the time course of urinary desmosine excretion. The protocol was approved and
performed according to the guidelines of the institutional review board at the
Cleveland Clinic Foundation. The study was performed and informed consent was
obtained according to the ethical principles of the Declaration of Helsinki (World
Medical Association 2001).

Patients 18 years of age or older with ALI on invasive mechanical ventilation for 48 h
or less were eligible for enrolment. ALI was defined using the American—European
consensus conference definition of ALI (Bernard et al. 1994). Patients must have had a
P,0,/F,0, <300 mmHg on invasive mechanical ventilation regardless of their level of
positive end expiratory pressure (PEEP). Patients must have had bilateral pulmonary
infiltrates not explained by effusions, masses or atelectasis. There also must have been no
evidence of congestive heart failure either clinically or, if measured, the pulmonary
capillary wedge pressure must have been <18 mmHg. Patients who were moribund and
not expected to survive at least 24 h or those whose family or physician were not
committed to aggressive support for at least 72 h were excluded from participation in the
study. Other exclusion criteria included patients with oliguric acute or chronic renal
failure, severe pre-existing heart, liver or lung disease and those with uncontrolled
malignancies.

During the first 10 days after enrolment, the following parameters collected as part
of routine patient management were recorded: mechanical ventilation status (on or off
invasive mechanical ventilation), P,0, (mmHg), F;0, and serum creatinine. All
patients were followed to assess 28-day survival status.

A blood sample was obtained after enrolment in the study and shipped to Covance
Central Laboratory Service (CCLS, Indianapolis, IN, USA) for the assessment of
NE/a-antitrypsin complex using a commercially available assay with an established
normal range. Fresh spot urines were obtained four times daily for the first 72 h after
enrolment and then twice daily for the subsequent 7 days. The urine samples were
prepared in aliquots, frozen and shipped to CCLS for analysis of urinary creatinine
and to the Laboratory for Experimental Medicine, Eli Lilly and Co., for analysis of
urinary desmosine.

Results
Assay characteristics

StatLIA (Brendan Scientific, Grosse Pointe Farms, MI, USA), a commercially
available software program, was used to fit RIA binding data by a weighted 4/5
parameter logistic model. The desmosine concentrations in the samples were
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estimated by interpolation of a standard curve of desmosine that ranged in
concentration from 0.665 to 9500 pmol ml~ ' in buffer. Under the conditions of
performance of the assay, the maximum binding was about 50%.

A method for the removal of desmosine was evaluated to permit assessment of
potential matrix effect and preparation of control samples with a known concentration
of desmosine in urine matrix. The utility of charcoal stripping urine to remove
desmosine was tested in two ways. First, desmosine tracer was added to urine.
Charcoal stripping was able to remove >90% of the radioactivity from the sample.
The second test involved spiking desmosine into both assay buffer and urine,
measuring desmosine in an undiluted sample, extracting with charcoal then measuring
desmosine a second time in an undiluted sample. For buffer, charcoal stripping
completely removed up to the highest concentration of desmosine added (250 ng
ml ™). For the urine component of this experiment, urine previously charcoal
stripped was spiked with 50—100 ng ml ! desmosine. The sample was then charcoal
stripped and analysed for desmosine. Unlike the buffer sample, 7-12ng ml !
desmosine were measured after charcoal extraction of the spiked urine sample; this
concentration was similar to the measured concentration after the initial charcoal
extraction. This residual component is defined as a matrix effect. Its effect was largely
removed by dilution of the sample in assay buffer to at least a 1:4 dilution.
Consequently, all patient samples were analysed at a dilution of 1:4 (or greater).

Desmosine was spiked into assay buffer to determine the accuracy of the assay.
Based on the accuracy and precision data, the validated range of the assay was
5.7-950 pmol ml . The assay demonstrated robust dilutional linearity in a urine
matrix and thus samples with values >950 pmol ml ! could be further diluted and
analysed, permitting measurement of desmosine concentrations in patient samples up
to 38 000 pmol ml ™ *. The pre-study validation samples were used as control samples
during the analysis of the study samples. During pre-study validation, the precision

Table I. Baseline characteristics and survival status of ALI patients.

Patient Age 28-Day P/F Baseline Baseline
number Gender (years) Aectiology survivor?  ratio' desmosine* NE'
1 female 63 Escherichia coli urinary tract yes 57.0 545.6 207
infection
2 male 80 pneumonia yes 77.8 214.8 163
3 male 74 pyelonephritis yes 148.0 164.0 197
4 male 78 pneumonia yes 49.0 110.8 200
5 male 39 pneumocystis pneumonia no 223.3 363.7 161
6 male 78 urolithiasis with urosepsis yes 146.7 117.5 412
7 male 36 pancreatitis secondary to no 58.8 95.4 106
hypertriglyceridemia
8 female 48 Escherichia coli yes 121.7 100.5 574
pneumonia
9 male 60 aspiration pneumonia yes 62.0 138.2 39
10 female 77 pneumonia no 48.9 190.8 88
Mean 63.3 99.3 204.1 214.7
Normal 42.0-216.4 <86

SRatio of P,0, to F,0, (mmHg).
*Urine desmosine is expressed as pmol mg ! urine creatinine.
Plasma neutrophil elastase/o;-antiprotease complex (ug 17 1).
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(%CYV) of the assay for unhydrolysed urine ranged from 3.8 to 7.8% for intra-assay
and from 6.6 to 20.8% for inter-assay. For hydrolysed urine, the precision ranged from
3.9 to 6.8% and from 5.1 to 15.3%. During analysis of the study samples, the inter-
assay precision for unhydrolysed urine ranged from 7.4 to 9.3%. For hydrolysed urine,
the inter-assay precision ranged from 10.2 to 18.5%. Due to the presence of a urine
matrix effect that was not additive in nature, accuracy was calculated in assay buffer
instead of in a urine matrix.

To determine the specificity of the RIA, isodesmosine, elastin fragments and
pyrodinoline were tested in the assay to determine if they competed for the tracer.
None of the substances tested showed >1.5% cross-reactivity.

Long-term stability of stored urine samples was assessed after 6 and 12 months of
storage at —70°C. At 6 months, the measured desmosine concentration was 96% of
the original value, while at 12 months, the measured concentration was 83% of the
original value. Freeze—thaw recovery was robust with 95% recovery rate observed
after four freeze thaw cycles.

Normal range

Urine samples from 40 disease-free adult volunteers were assayed both unhydrolysed
and after acid hydrolysis to determine the normal range of urinary desmosine.
The desmosine concentration in hydrolysed samples ranged from 60.7 to
238.2pmolmg ' Cr, with a mean of 129.2 pmolmg ' Cr. The desmosine
concentration in unhydrolysed samples ranged from 25.4 to 90.8 pmolmg ' Cr.
Hydrolysed urine from males had a mean desmosine concentration of 131.8
compared with 49.0 pmol mg ™' Cr in unhydrolysed urine. Hydrolysed urine from
females had a mean desmosine concentration of 129.9 compared with
48.9 pmol mg ™' Cr in unhydrolysed urine. These results indicate that there is no
significant difference between male and female urinary desmosine concentrations.
The normal range for desmosine was established as 42.0-216.4 pmol mg ' Cr for
hydrolysed samples and 17.6-79.6 pmol mg ! Cr for unhydrolysed samples.

Clinical results

Ten patients with ALI were enrolled in the study. No patients withdrew from the
study. Nine patients had all 26 urine samples collected, while one expired on the fifth
day of the study. Seven of the ten patients survived to day 28. A summary of baseline
patient characteristics is shown in Table I. Nine of the ten patients had an infectious
aetiology of ALI with six of these nine having a pulmonary source of infection.

At baseline (i.e. the first sample collected after enrolment into the study), the mean
urine concentration of desmosine (expressed as a ratio to urine creatinine to normalize
for urine concentration) was near the upper limit of normal (Table I). Only three of
ten or two of ten patients had a urine concentration of unhydrolysed desmosine or
hydrolysed desmosine, respectively, above the upper limit of normal. However,
baseline NE/a-antiprotease complex concentrations were abnormally elevated in nine
of ten patients. As shown in Figure 1, the concentration of desmosine did not show
much day-to-day variation over the course of the study and there was no evidence of
significant diurnal variation in the concentration of desmosine. Urine desmosine
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Hydrolyzed Desmosine in patients over time
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Figure 1. Time course for urine desmosine excretion for patients 1—10. Results are for desmosine (pmol

mg~ ! creatinine) after hydrolysis or dilution of urine. The normal range is shaded. Values tend to remain
fairly stable without evidence of significant diurnal variation.
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concentrations did not show any spikes or decreases that clearly correlated with
clinical events.

To assess further the relationship of desmosine to clinical status, the baseline urine
desmosine concentrations were also compared with baseline P,0,/F,0, ratio (¥’ =
0.008, p=0.785), baseline NE/o;-antiprotease complex concentration (*=0.019,
p=0.681) and 28-day mortality (** =0.001, p =0.892). Neither of these biomarkers
or the clinical endpoint showed any correlation to the baseline urine desmosine
concentration.

Discussion

The validation of the assay demonstrated that the dynamic range and precision of the
assay were adequate to determine meaningful changes in desmosine concentrations in
urine samples from patients with ALI. The acceptability criteria were based on
Findlay et al. (2000), who provide guidance for immunoassay validation. Some
criteria were adjusted to accommodate the presence of endogenous analyte and matrix
effect.

A persistent small signal after charcoal stripping was observed in some, but not all,
undiluted urine samples. This indicates that there was a matrix effect that did not
appear to be due to residual endogenous desmosine. Several potential contributing
factors to this matrix effect were considered, including the presence of divalent cations
and urea. However, a specific contributing factor could not be identified. Dilution of
the urine sample in buffer to at least a 1:4 dilution largely reduced, but did not
completely eliminate, the matrix effect. This matrix effect added about 10-
20 pmol ml~! to the measured desmosine value of undiluted urine samples at
the bottom range of the assay. However, at the higher levels of desmosine
(>200 pmol ml ') generally seen in this study, the matrix effect was either not
present or could not be distinguished from the variability of the assay. Some form of
background subtraction was considered for inclusion in the calculation of desmosine
concentration. However, given the heterogeneity of urine samples in ALI patients with
multiple organ failure and renal insufficiency, the matrix effect would likely vary
greatly between individuals. Subtracting an average background would therefore not
be representative and obtaining backgrounds for individual samples was not feasible.

Chinical validation

The patient population included in this study represented varying degrees of ALI as
assessed by the degree of hypoxaemia and the 30% mortality rate at 28 days (Table I).
The baseline NE/o;-antiprotease complex was elevated at baseline in nine of ten
patients, which is consistent with a systemic inflammatory response. The aetiology of
ALI varied between individuals, but it represented the common causes of this
syndrome. Overall, the group included in this study appeared to be a representative
population of ALI patients.

The sampling scheme, in which urine samples were collected frequently in the first
few days after mechanical ventilation, was intended to monitor closely any changes
that might take place in these initial stages of ALI. This collection scheme was based
in part on a sheep lung-injury model in which it was demonstrated that much of the
desmosine released following injury occurred with the first 48 h, with levels returning
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to baseline after 72 h (Janoff et al. 1983). Patients with ALI did not demonstrate this
type of pattern. At baseline, within 48 h of initiation of mechanical ventilatory
support, desmosine was still within the normal range in eight of ten patients and there
was little change over the following 10 days. Thus, the animal model did not predict
the clinical findings. In the animal model, the onset of lung injury was sudden and
time limited. In contrast, in the clinical setting, the onset of the injury may not be as
easily identified and may not be as rapid or time limited. Rather, lung injury in ALI
patients may build up over many hours and resolve over several days. This may result
in a slower release of desmosine over an extended time, which is consistent with what
was observed in this cohort of patients. It is possible that the maximal excretion of
desmosine may have been missed. Patients were enrolled only after they had already
been diagnosed with ALI and on mechanical ventilation. If patients at risk were to be
examined for developing ALI, it is possible that earlier in the course of their disease
urine desmosine excretion might be greater and predictive of those who would go on
to develop ALIL

Several investigators have evaluated changes in desmosine in other disease states
including scleroderma (Brinckmann et al. 2001), COPD (chronic obstructive pulmon-
ary disease) (Bode et al. 2000, Cocci et al. 2002), Marfans’s syndrome (Gunja-Smith &
Boucek 1981), cystic fibrosis (Starcher et al. 1995, Bode et al. 2000), cirrhosis (Velebny
et al. 1983, Afdhal et al. 1997) and severe burns (Yu et al. 1981), but there are little data
on desmosine as a marker of lung injury in ALI. The analytical methods of measuring
desmosine have varied greatly, including RIA (King et al. 1980, Janoff et al. 1983),
HPLC (Cumiskey et al. 1995), isotope dilution (Stone et al. 1991), amino acid analysis
(Gunja-Smith & Boucek 1981), ELISA (Watanabe et al. 1989) and, more recently, mass
spectrometry (Ma et al. 2003). Of note, the data reported seem to be as variable as the
methods used to measure desmosine. Units have been reported in anything from mg
desmosine d1 ™' of urine to pmol desmosine/24 h. While changes documented with a
single method may be real, it has been difficult to correlate the results between the
various methods used.

The pretreatment of the sample can greatly affect the final apparent concentration.
Watanabe et al. (1989) show that when column purification of the urine sample was
used, the binding capacity was greatly affected by the salt concentration and pH of the
sample. Variability of these components in critical care patients with renal damage can
be great. At least one researcher (Viglio et al. 1998) has treated the sample with
activated charcoal to decolorize it. The present authors observed that use of activated
charcoal would actually remove endogenous desmosine from urine; extended
treatment (2 h) was sufficient to remove nearly all of the desmosine.

There have been two studies of desmosine levels in humans with ARDS (Idell et al.
1989, Tenholder et al. 1991). Tenholder et al. carried out a careful study including 12
patients with ARDS (acute respiratory distress syndrome), 12 patients with cardio-
genic pulmonary oedema and a group of 17 critically ill patients with non-pulmonary
oedema. They showed a statistically significant difference between the desmonsine
concentration in the ARDS and CPE (cardiogenic pulmonary edema) groups when
desmosine was normalized with serum creatinine. This determination was based on
an average of all collected samples, but there is no indication about how many samples
were collected, when in the course of the disease they were collected or what was the
range of desmosine concentrations in the individual samples. The present data when
normalized to serum creatinine are consistent with Tenholder et al.’s CPE patient data
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(0.0740.04 (urine desmosine (ugml ™ ')/serum creatinine (mgdl ')) versus our
observation of 0.06+0.05), but much lower than the desmosine concentration
Tenholder et al. observed in patients with ARDS (0.78 +0.28). The present authors
did not collect serum creatinine on their normal range data, so it is unknown if these
results are outside normal values.

Idell et al. (1989) examined desmosine concentrations in BALF of ARDS patients.
They observed no difference in the desmosine concentration in BALF of 20 ARDS
patients when compared with a control group. The urine desmosine findings in the
present study correlate well with this observation. These two studies suggest that if
neutrophils have a role in increased elastin destruction in ALI, the rate of destruction
may be slower and/or lower than observed in animal models, resulting in gradual
excretion into the urine. In line with this was the lack of evidence of a sudden increase
in desmosine in association with rapid change in the clinical parameters in patients
with ALI

In summary, the present paper developed and stringently validated an RIA to
measure desmosine in human urine samples. The assay was then used to measure
serial urine samples from patients with ALI. Urine desmosine levels ranged from the
upper normal range to moderately increased. There was little correlation between
baseline desmosine and either P,0,/F;0, ratio, plasma concentration of NE/o;-
antiprotease complex or 28-day mortality. The assay did not show significant variation
over time despite clinical changes. At this time, it does not appear that urinary
desmosine is a very informative biomarker in patients with ALIL.
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