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The  aim  of this  study  is to  develop  a standardized  LC–MS/MS  method  for  accurate  measurement  of
desmosine  (DES)  and  isodesmosine  (IDS)  in all  body  fluids  as  biomarkers  for  in  vivo  degradation  of  matrix
tissue elastin  in  man  and  animals.  A  reproducible  three-step  analytical  procedure:  (1)  sample  hydrolysis
in 6  N  HCl,  (2)  SPE  by a  CF1  cartridge  with  addition  of  acetylated  pyridinoline  as  internal  standard  (IS),
and  (3)  LC/MSMS  analysis  by  SRM  monitoring  of  transition  ions;  DES  or  IDS  (m/z  526–481  +  397)  and  IS
(m/z  471–128)  was  developed.  The  method  achieves  accurate  measurements  of  DES/IDS in  accessible
body  fluids  (i.e.  urine,  plasma,  and  sputum).  LOQ  of  DES/IDS  in body  fluids  is  0.1  ng/ml.  The  %  recoveries
and  reproducibility  from  urine,  plasma,  and  sputum  samples  are  above  99  ± 8%  (n =  3),  94  ± 9% (n =  3)
and  87 ± 11%  (n = 3),  with  imprecision  8%,  9% and 10%,  respectively.  The  proposed  method  was  applied

to  measure  DES/IDS  in body  fluids  of patients  with  chronic  obstructive  pulmonary  disease  (COPD)  and
healthy  controls.  Total  DES/IDS  in  sputum  and  plasma  is increased  over  normal  controls  along  with  the
free DES/IDS  in urine  in  patients.  DES/IDS  can  be  used  to study  the course  of  COPD  and  the  response  to
therapy.  This  practical  and  reliable  LC–MS/MS  method  is  proposed  as  a standardized  method  to  measure
DES  and IDS  in  body  fluids.  This  method  can  have  wide  application  for investigating  diseases  which
involve  elastic  tissue  degradation.
. Introduction

Elastin fibers are part of the extracellular matrix and are an
ssential structural component of lung, skin, and blood vessels.
esmosine (DES) and isodesmosine (IDS) are two  unique pyri-
inium amino acids that serve as crosslinking molecules binding
he polymeric chains of amino acids into the 3D network of elastin
1–3]. The degradation of elastin-containing tissues that occurs
n several widely prevalent diseases, such as atherosclerosis, aor-
ic aneurysms, cystic fibrosis and chronic obstructive pulmonary
isease (COPD) which includes pulmonary emphysema, etc., have
een associated with increased excretion in the urine of peptides
ontaining these two pyridinium compounds [4–13].
In lung, elastin degradation occurs with the development of
OPD related to smoking or related to �1-antitrypsin deficiency
AATD) [14,15]. COPD currently affects over 18 million Americans

Abbreviations: DES, desmosine; IDS, isodesmosine; DES/IDS, desmosine and
sodesmosine; LC–MS, liquid chromatography–mass spectrometry; LC–MS/MS,
iquid chromatography–tandem mass spectrometry; COPD, chronic obstructive pul-

onary disease; AATD, alpha-1 antitrypsin deficiency; SPE, solid phase extraction;
FBA, hexafluorobutyric anhydride; SRM, selected reaction monitoring; FDA, Food
nd Drug Administration; LOQ, limit of quantitation; LOD, limit of detection.
∗ Corresponding author. Tel.: +1 212 523 7305; fax: +1 212 523 7442.

E-mail address: yylin@chpnet.org (Y.Y. Lin).
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and is the fourth leading cause of death in the US. Various tech-
niques including RIA [16,17], HPLC [18–20],  and capillary zone
electrophoresis [21,22] have been utilized for the analysis of uri-
nary DES and IDS. We  have developed a more specific and sensitive
LC–MS analysis, which can measure DES and IDS in plasma, urine,
and for the first time in sputum. Measurements in COPD show
increased levels of DES and IDS in acid hydrolyzed sputum and
plasma, along with elevated free DES and IDS in urine with-
out acid hydrolysis [23,24].  The LC–MS analysis which provides
increased sensitivity and specificity may  be an important method
for biomarker analysis of elastin degradation in disease [25]. Subse-
quent to our publication, three LC–MS/MS analyses of DES and IDS
have been reported [26–28].  These studies have been limited to the
analysis of DES and IDS content in urine or mouse lung hydrolysates.
As we  have shown in the study of DES and IDS in COPD [23,24] and
a study on the effect of Tiotropium therapy on DES and IDS levels in
COPD [29], it is recommended that DES and IDS levels to be evalu-
ated in other body fluids as well; such as sputum, plasma, or bronco
alveolar lavage fluid. An accurate and reproducible quantification of
DES and IDS in several body fluids may  be more useful to character-
ize elastin degradation in disease and to follow the course of disease

and therapies [30]. In addition, two recent FDA workshops spon-
sored by the COPD Foundation held in May, 2009 and January, 2010
have called for standardization of the analysis to provide practical
clinical biomarkers for COPD.

dx.doi.org/10.1016/j.jchromb.2011.05.011
http://www.sciencedirect.com/science/journal/15700232
http://www.elsevier.com/locate/chromb
mailto:yylin@chpnet.org
dx.doi.org/10.1016/j.jchromb.2011.05.011
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In this report we describe a practical, and a reliable LC–MS/MS
nalysis that can measure DES and IDS in all body fluids including
rine, plasma, sputum, and lavages and serve as a standardized
ethod. The analysis utilizes commercially available acetylated

yridinoline as the internal standard to optimize reproducibility
nd accuracy.

. Materials and methods

.1. Chemicals

Desmosine (DES) and isodesmosine (IDS) standard (mixed 50%
ES and 50% IDS) were purchased from Elastin Products Company

Owensville, MI), Acetylated pyridinoline was obtained from Quidel
San Diego, CA). CF1 cellulose powders were purchased from What-

an (Clifton, NJ), and all other reagents were from Sigma (St. Louis,
O).

.2. Samples collection and human subjects

Urine (24 h samples), plasma, and sputum samples were col-
ected as previously described [23,24] from volunteers with
nformed consent at the James P Mara Center for Lung Disease, St.
uke/Roosevelt Hospital Center, New York. COPD was  diagnosed
n study patients according to the Global initiative for Chronic
bstructive Lung Disease stages 1–4 [31]. Patients gave informed
onsent for the study. Control subjects were selected by clinical
istory free of any specific known disease or significant symptoms,
nd none have ever smoked. The study was approved by the Insti-
utional Review Board.

.3. Creatinine and protein measurement

Urine creatinine was measured by the commercially available
55A creatinine kit (Sigma–Aldrich). Total protein in plasma and
putum samples was measured by the commercially available
icroprotein assay kit (Sigma–Aldrich), which is based on protein-

ye (Coomassie blue) binding.

.4. Standardized LC–MS/MS analysis of DES and IDS in all body
uids

We have developed the following conventional three-step ana-
ytical procedure which can be used to measure DES and IDS in all
elevant body fluids (urine, plasma, and sputum) or lavage fluids.

.4.1. Acid hydrolysis
Samples of urine (0.1 ml), plasma or sputum (0.5 ml  each) were

laced in a glass vial with equal volumes of conc. HCl (37%). Air in
he vial was displaced with nitrogen, and was heated at 110 ◦C for
4 h. The hydrolyzed sample was filtered and evaporated to dry-
ess. For the free (unconjugated) forms of DES and IDS analysis,
.2 ml  of urine was analyzed directly without the HCl hydrolysis.

.4.2. Cellulose (CF1) cartridge extraction
The acid hydrolyzed samples (after drying under vacuum or

itrogen stream to remove residual acid) or unhydrolyzed urine
ample (for free DES and IDS analysis) were added with 1 ng
for urine samples) or 0.5 ng (for plasma and sputum samples) of
cetylated pyridinoline as the internal standard. The mixture was
issolved in 2 ml  of n-butanol/acetic acid/water (4:1:1), and applied
nto a 3 ml  cellulose cartridge, which was prepared by introduc-

ion of 3 ml  of 5% CF1 cellulose powder slurry in n-butanol/acetic
cid/water (4:1:1). The cellulose powder slurry must be well dis-
ersed slurry by stirring for 24 h. The cartridge was washed 3 times
ith 3 ml  of n-butanol/acetic acid/water (4:1:1), and the samples
879 (2011) 1893– 1898

retained in the cartridge were eluted with 3 ml  of water, dried and
dissolved in 200 �l (for urine sample) or 100 �l (for plasma and
urine samples) of LC mobile phase and analyzed by LC–MS/MS.

2.4.3. LC–MS/MS analysis
A TSQ Discovery electrospray tandem mass spectrometer

(Thermo Fisher Scientific) was  used for LC–/MS/S analysis. HPLC
conditions used were a 2 mm × 150 mm dC18(3 �m) column
(Waters, MA)  and the mobile phase A (7 mM HFBA/5 mM NH4Ac in
water) and B (7 mM HFBA/5 mM NH4Ac in 80% acetonitrile) were
programmed linearly from 100% A to 82% A in 12 m.

Quantitation was performed by selected reaction monitoring
(SRM) of the transitions of both DES and IDS (m/z 526–481 + m/z
397) and the internal standard (m/z  471–128), with collision energy
set at 33 V for both transition, collision gas pressure was 1.5 mTorr,
tube lens at 132 V, with sheath gas pressure set at 45 and auxil-
iary gas pressure at 6 units and ion spray voltage at 3.8 kV. The
scan time set at 1.00 ms  and both quadrupoles (Q1 and Q3) were at
0.7 Da FWHM.

2.5. Statistical analysis

A t test adjusted for unequal variance was used to test the null
hypothesis. The level of significance was  0.05. The p values were
calculated based on the summed values of DES and IDS using the
unpaired t test (The used software is “GraphPad Prism 4 (2)”).

3. Results

3.1. DES and IDS are stable toward HCl hydrolysis

The assay of total DES and IDS in biological fluids requires HCl
hydrolysis at 110 ◦C to release DES and IDS from their crosslinked
or peptide conjugates. We  examined the stability of DES and IDS
in three different concentrations (10, 5, and 1 ng/ml) during HCl
hydrolysis at 110 ◦C for 24 h. The DES/IDS solutions resulting from
the HCl treatment was  subjected to LC–MS/MS measurements of
DES and IDS, which were compared with the measurements of
the same concentrations of untreated DES and IDS to calculate the
recovery by the acid treatment. The results show that DES  and IDS
are stable through acid hydrolysis with virtually complete recover-
ies at all three concentrations. The recoveries were 104 ± 5% (n = 3),
100 ± 4% (n = 3), and 98 ± 19% (n = 3) at the concentrations of 10, 5,
and 1 ng/ml, respectively.

3.2. Recovery of DES and IDS in human body fluids

Three known amounts of DES/IDS were spiked into the con-
trol urine, plasma, and sputum samples at concentration ranges
expected to be encountered in biological samples (10, 20 and
40 ng/ml in urine samples; 0.2, 0.4 and 0.8 ng/ml in plasma and
sputum samples). The mixtures were subject to HCl hydrolysis at
110 ◦C for 24 h, addition of IS, CF1 cartridge chromatography, and
LC–MS/MS analysis under the established procedure to measure
DES/IDS levels. The recoveries of DES/IDS are above 99 ± 8% (n = 3)
in urine, 94 ± 9% (n = 3) in plasma, and 87 ± 11% (n = 3) in sputum
samples; with the imprecision 8%, 9%, and 10%, respectively. Limit
of quantitation (LOQ) in all relevant body fluids are determined as
0.1 ng/ml of samples, which is the minimum DES/IDS concentration
of recovery study that can achieved with <10% imprecision.

3.3. Acetylated pyridinoline as internal standard
Acetylated pyridinoline is an acetylated derivative of 3-hydroxy
pyridinoline which serves as a trifunctional crosslink in collagen.
The compound has been used as an internal standard (IS) in HPLC
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amples.

nalysis of pyridinium crosslinks of collagen in urine or tissue
32–34].

Since acetylated pyridinoline has a similar molecular structure
nd polarity to that of DES and IDS (Fig. 1A), the use of the pyridi-
oline as an IS for the LC–MS/MS analysis of DES and IDS was

xplored. The elution characteristics of acetyl pyridinoline in both

 CF1 cartridge and HPLC column are closely similar to DES and
DS. It also exhibits a similar linear response in mass spectrometric
nalysis. Since DES and IDS have been found stable without losses
yridinoline as internal standard (IS). (A) Molecular structures of desmosine (DES),
S/IDS and acetylated pyridinoline (IS) in urine (free and total), plasma, and sputum

through HCl hydrolysis, we introduce acetylated pyridinoline as IS
after the HCl hydrolysis for the DES and IDS quantitation to deter-
mine recovery from the subsequent analytical procedure. The HPLC
can effectively separate the two DES and IDS isomers, thus, the iso-
mers can be conveniently quantified separately or as the sum of

DES + IDS. Good linear responses of DES/IDS (from 1.25 to 125 pg)
using acetylated pyridinoline as the IS for the analytical procedure
were obtained: the regression lines for DES  y = 0.1464x − 0.3187
(R2 = 0.9992), for IDS Y = 0.1546X − 0.2146 (R2 = 0.9990), and for
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Fig. 2. DES/IDES levels in COPD patients and healthy controls: the boundaries of the box indicate between the 25th and 75th percentile, and the line within the box is the
median. The level (mg/g creatinine) of urinary DES + IDES in COPD patients (n = 11) and healthy controls (n = 9): (1) free DES + IDS of COPD (median 3.69) versus controls
(median 2.39), p = 0.0098; (2) total DES + IDS of COPD (median 11.50) versus controls (median 9.67), p = 0.1147; (3) ratio of free DES + IDS to total DES + IDS of COPD (median
39.5)  versus controls (median 24.3), p = <0.0001. (B) The levels of plasma total DES + IDS in COPD (n = 14) and healthy controls (n = 4): (1) total DES + IDS (ng/ml) of COPD
( rotein
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median 0.40) versus controls (median 0.21), p < 0.0001; (2) total DES + IDS (ng/g p
f  sputum of total DES + IDS in COPD (n = 8) and healthy controls (n = 5): (1) total 

 = 0.0093; (2) total DES + IDS (ng/g protein) of COPD (median 56.94) versus control

ES + IDS y = 0.1509x − 0.5520 (R2 = 0.9995). LC–MS/MS analysis of
ES/IDS in urine, plasma, and sputum samples using acetylated
yridinoline as IS are shown in Fig. 1B.

.4. Standardized assay procedure

Our study resulted in development of a highly specific and
eproducible LC–MS/MS method that can be used as a standard-
zed assay of DES/IDS in urine, plasma, and sputum as biomarkers
or elastin degradation. The method consists of the following three

ajor steps:

Step 1: Sample (urine 0.1 ml,  plasma 0.5 ml,  sputum 0.5 ml)  hydrol-
ysis in 6 N HCl at 110 ◦C for 24 h [for Free DES/IDS assay skip this
hydrolysis step].
Step 2: Addition of acetylated pyridinoline (IS) to the acid
hydrolyzed sample and dissolve in a mixture of butanol/acetic
acid/water (4:1:1). The mixture is passing through a 3 ml  CF1 cel-

lulose cartridge to extract DES/IDS + IS.
Step 3: Quantitation of DES/IDS by HPLC separation (a 3 �m
dC18, 2 mm × 150 mm  column) combined with tandem MS/MS
detection, using selected reaction monitoring (SRM) to measure
) of COPD (median 7.37) versus controls (median 3.76), p = 0.0001. (C) The levels
 IDS (ng/ml) of COPD (median 0.22) versus controls (below LOD limit 0.04 ng/ml),
w LOD 14.29 ng/g protein), p = 0.0025.

transition ions of both DES and IDS (m/z 481 + m/z  397) and IS (m/z
128). Details of the assay procedure are described in Section 2.

3.5. Measurement of DES and IDS in urine, plasma, and sputum of
COPD patients and healthy subjects

The analytical procedure we  have developed was used to com-
pare the levels of DES and IDS in urine, plasma, and sputum
obtained from COPD patients and that of healthy normals. The
results are shown with urine samples in Fig. 2A, plasma samples
in Fig. 2B, and sputum samples in Fig. 2C. The urinary DES/IDS
levels after HCl hydrolysis (total DES/IDS) in COPD patients are
slightly higher than that of healthy controls, but the difference is
not statistically significant (p = 0.1942). On the other hand, the uri-
nary DES/IDS levels without HCl hydrolysis (free DES/IDS) in COPD
patients are statistically significantly higher than that of healthy
controls (p = 0.0094). The ratios of free DES/IDS to total DES/IDS
are significantly higher in COPD patients than that of controls
(p < 0.0001) (Fig. 2A). This result is in agreement to our previous

data [23,24]. Also the data indicates that the ratio of total DES/IDS
to free DES/IDS levels in urine samples are good biomarkers for
showing increased elastase activity in COPD patients. In plasma,
DES/IDS levels in COPD patients are statistically higher than that of
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he healthy controls (p < 0.0001) (Fig. 2B). The DES/IDS in sputum
f COPD patients shows the median of 0.24 ng/ml, while the levels
n induced sputum from healthy subjects are below detection limit
0.04 ng/ml) (Fig. 2C). Validation of the developed method can be

ade by comparison of the results on DES/IDS in urine, plasma, and
putum of COPD patients and healthy subjects to that of previously
ublished study by LC–MS analysis [24]. In both studies, similar
esults were observed with DES/IDS levels in COPD and healthy
ontrols.

. Discussion

A strength of DES/IDS as biomarkers in COPD is the recogni-
ion that matrix elastin is a structural target of the disease. Among
he many techniques developed to measure DES/IDS, the LC/MSMS
echnique which provides higher sensitivity and specificity appears
o be an improved choice for biomarker analysis [25]. Several mod-
fications of LC–MS/MS methods for DES/IDS analysis have been
eported recently, but they are all developed for the measure-
ents of DES/IDS in urine [26–28].  Our previous studies on the
easurements of DES/IDS in COPD patients [23,24] and DES/IDS

evels in response to Tiotropium treatment of COPD patients [29]
emonstrate that DES/IDS levels in sputum and plasma are effective

ndicators of elastin degradation in patients in the body as a whole
nd the lung per se. Development of a sensitive, accurate, and repro-
ucible method which can measure DES/IDS levels in all body fluids
an be clinically meaningful especially related to parameters such
s lung structure analyzed by computed tomography quantitative,
ung function or genomic analysis.

Previously published LC–MS or LC–MS/MS methods [23–28] all
ave disadvantages of either lack of a reliable internal standard or
he method not standardized for the analysis of all relevant body
uids (i.e. urine, plasma, and sputum), which are important for
ssessing clinical meaning of elastin degradation. In this report we
ave developed a practical and simplified LC–MS/MS analytical pro-
edure that can universally utilized for the analysis of DES and IDS
n all relevant body fluids; including urine, plasma, and sputum.

We confirm that DES/IDS are stable under the conditions of
ydrolysis in 6 M HCl at 110 ◦C for 24 h, the acid hydrolysis gen-
rally used to release DES/IDS from their peptide conjugate. We
ntroduce acetylated pyridinoline as the internal standard after the
Cl hydrolysis step to correct for losses occurring from the subse-
uent steps. Acetylated pyridinoline has a closely similar molecular
tructure and chromatographic mobility to that of DES and IDS
olecules, which enables the development of a reproducible and

ccurate LC–MS/MS measurement of DES/IDS in urine, plasma, and
putum. The LC–MS/MS analysis can also effectively separate the
wo DES/IDS isomers, thus two DES/IDS isomers can be conve-
iently quantified either separately or as combined DES + IDS in all
ody fluids.

Two previous reports have introduced deuterated compounds
s internal standards to improve LC–MS/MS analysis of DES/IDS
27,28]. However the origin of the deuterium compounds are
ot stated, and appeared to be obtained through catalytic proton
xchange reactions with DES/IDS. The structures and the stability
f the introduced standard were not demonstrated. In this regard,
cetylated pyridinoline is a commercially available compound with
efined structure, which can be readily added as the internal stan-
ard. The accuracy and reproducibility of the developed LC–MS/MS
nalysis was further tested by recovery studies of DES/IDS in a series
f known contents of DES/IDS in urine, plasma, and sputum sam-

les. The recoveries from urine, plasma, and sputum samples are
bove 99%, 94%, and 87%, respectively, with good reproducibility.

This proposed method was used to measure DES and IDS in
rine, plasma, sputum of a cohort of COPD patients as compared

[

[
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to their healthy controls (Fig. 2). The results confirm our previ-
ous reports [24] that the DES/IDS levels are useful biomarkers to
characterize elastin degradation in COPD.

The degradations of elastin-containing tissues also occur in
aorta [35,13],  skin [36–38],  and liver [39], etc. The developed
LC–MS/MS analysis of DES/IDS can have wide application for inves-
tigating diseases which involve in those elastic tissues.

5. Conclusion

We  have developed a sensitive, reproducible, and practical
method using tandem mass spectrometric LC–MS/MS analysis to
measure DES and IDS using acetylated pyridinoline as the internal
standard. This procedure can serve on a standardized LC–MS/MS
method to measure DES and IDS in all relevant body fluids, which
are important for the clinical assessment of elastin degradation in
diseases. The developed method demonstrated increased DES/IDS
levels in urine, plasma, and sputum samples of patients with COPD
over healthy controls. This analytical method can be applied to
investigate diseases which induce elastic tissue degradation in vivo.
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