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Desmosine as a biomarker for the
emergent properties of pulmonary
emphysema

Jerome Cantor*

College of Pharmacy and Health Sciences, St John's University, Queens, NY, United States

Developing an effective treatment for pulmonary emphysema will require a better
understanding of the molecular changes responsible for distention and rupture of
alveolar walls. A potentially useful approach to studying this process involves the
concept of emergence in which interactions at different levels of scale induce a
phasetransition comprising aspontaneousreorganization of chemicaland physical
systems. Recent studies in our laboratory provide evidence of this phenomenon
in pulmonary emphysema by relating the emergence of airspace enlargement to
the release of elastin-specific desmosine and isodesmosine (DID) crosslinks from
damaged elastic fibers. When the mean alveolar diameter exceeded 400 um, the
level of peptide-free DID in human lungs was greatly increased, reflecting rapid
acceleration of elastin breakdown, alveolar wall rupture, and a phase transition to
an active disease state that is less responsive to treatment. Based on this finding,
it is hypothesized that free DID in urine and other body fluids may serve as a
biomarker for early detection of airspace enlargement, thereby facilitating timely
therapeutic intervention and reducing the risk of respiratory failure.

KEYWORDS

elastin, elastic fibers, desmosine, pulmonary emphysema, emergent phenomena

Introduction

The pathogenesis of pulmonary emphysema may involve multiple mechanisms acting on a
number of different tissue components. Nevertheless, a primary feature of the disease is damage
to the lung elastic fiber network (1, 2). Neutrophils and macrophages recruited to the lung by
tobacco smoke and other toxic substances release enzymes and oxidants that degrade elastic
fibers, thereby disrupting the mechanical forces responsible for expansion and contraction of
alveoli (3, 4). The continued degradation of these fibers results in distension and rupture of
alveolar walls, reducing lung surface area and impairing gas exchange.

While the relationship between excess protease activity and alveolar wall injury plays a
central role in pulmonary emphysema, other mechanisms may be more directly responsible for
the morphologic abnormalities associated with the disease. Changes in the distribution of
mechanical forces may be necessary for converting proteolytic injury into airspace enlargement
(5, 6). This hypothesis is supported by in-silico studies showing that local variations in alveolar
wall elasticity evolve into global morphological alterations that resemble those seen in
pulmonary emphysema (7).

This finding is consistent with the principle of emergence in which complex interactions at
different levels of scale produce spontaneous reorganization of chemical and physical systems
(8, 9). An example of emergent phenomena is an epidemic, in which the transmission of the
disease vector depends on the unpredictable interaction of a variety of factors, such as population
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density and mobility (10). The incidence of infection may therefore
remain uncertain until it involves a relatively large population.

The progression of pulmonary emphysema may incorporate
analogous mechanisms, where a number of indeterminate events
regulate the transition from normal to enlarged airspaces. The
remodeling of the lung cannot be predicted by analyzing individual
components such as elastase activity or antiprotease levels but may
instead require identification of specific patterns of molecular and
macroscopic behavior that are part of a self-organizing process at
multiple levels of scale (7).

A percolation model of structural changes
in elastic fibers

The destruction of the elastic fiber network in pulmonary
emphysema may initially involve only scattered foci within the lung
parenchyma, with minimal architectural modifications. However, as
injury to these fibers progresses, increasingly uneven transmission of
forces through the lung results in alveolar wall rupture, a significant
decrease in lung surface area, and markedly reduced gas exchange.
These structural alterations may be modeled using percolation theory,
which involves analyzing the movement of fluid-like materials
through a network of channels (11). This concept provides a useful
approach to investigating emergent phenomena, where small-scale
events evolve into systemic transformations.

The effect of elastic fiber changes on lung mechanics may
be modeled by using a specific percolation system known as a
random resistor network in which conducting bonds are
indiscriminately disconnected, thereby increasing the resistance to
flow (12). The network is composed of two different interconnecting
units (K1 and K2), respectively corresponding to either intact or
fragmented fibers, where the K2 units are associated with resistance
to the transmission of force (13). The 2 units are randomly arranged
within a three-dimensional lattice, and their relative proportion
determines how mechanical forces percolate through the lung. When
there are few K2 units, the forces are diffusely spread through the
stronger K1 units, minimizing disruption of lung architecture.
However, as the proportion of K2 units increases (corresponding to
elastic fiber injury), these forces become progressively concentrated
in the remaining K1 units. The enhanced mechanical strain on these
units accelerates their breakdown into K2 units, which is associated
with a phase transition involving a loss of lung elastic recoil,
hyperinflation of alveoli, and rupture of alveolar walls. At higher
levels of scale, these changes are accompanied by an increase in
pulmonary compliance and a reduction in gas exchange that can lead
to respiratory failure.

Due to the similarity of this model to the flow of electricity
through a matrix of conducting bonds, the formula for current density
may be used to describe the transmission of forces through the K1 and
K2 units, as follows:

J=pwi+pav2

where j represents current density, and pjv; and ppv, are the
charge density (p) and velocity (v) of the strongly and weakly
conducting bonds, respectively (14).
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The flow of electrical current through these bonds is analogous to
the transmission of mechanical force in our model, where pjv; and
pavy correspond to the force density in K1 and K2 units, respectively.

Despite the limitations of the analogy imposed by physical
differences between mechanical force and electrical current, the effects
of structural changes in elastic fibers may nevertheless be described in
terms of the parameters responsible for conductance, according to the
following formula:

where Gis conductance, and 4, /, and p are the area, length, and
resistivity of the conducting material, respectively.

Applying this relationship to the lung, fragmentation and
distention of the elastic fiber network, involving a loss of area and an
increase in linear dimension, would disrupt the transmission of
mechanical forces associated with breathing and increase alveolar wall
strain (Figure 1).

Elastin crosslinks as a biomarker for
alveolar wall injury

The mechanical properties of elastic fibers depend on their ability
to store and release energy by assuming different states of entropy
(15). Distention of these fibers during inspiration is associated with a
more ordered arrangement that decreases the level of entropy, while
expiration reverses this process, producing the mechanical recoil
needed to expel air from the lung. The changes in entropy are related
to the properties of the core elastin protein which contains coiled,
hydrophobic domains that interact with surrounding water
molecules (16).

The structural integrity of elastin is dependent on desmosine
(DID)
condensation of lysine residues within adjacent peptide chains (17).

and isodesmosine crosslinks, synthesized by the

The importance of crosslinking was demonstrated in a study using

FIGURE 1

Photomicrograph of human emphysematous lung showing
fragmentation of elastic fibers (arrows). Orcein stain; 1,000x
magnification.
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beta-aminopropionitrile, an elastin and collagen crosslink inhibitor,
to modify cadmium chloride-induced lung injury (18). Treatment
with this agent produced pulmonary emphysema instead of
interstitial fibrosis.

As a result of their unique presence in elastin and the very low
turnover of elastic fibers in normal tissues, DID may potentially serve
as a biomarker for lung injury associated with pulmonary emphysema.
Increased amounts of DID are seen in blood, urine, and sputum from
patients with pulmonary emphysema, and plasma levels of DID
correlate with the loss of lung mass, as measured by high-resolution
CT imaging (19-25). Nevertheless, one of the limitations of using
blood or urine levels of DID is the release of these crosslinks from sites
other than the lung. The coexistence of diseases such as arteriosclerosis
or osteoarthritis that involve elastic fiber damage could obscure the
increased levels of these crosslinks derived from the lungs. Plasma
DID levels were shown to be more closely related to cardiovascular
disease than lung function, and factors such as age, gender, body mass
index, and smoking may affect the sensitivity and specificity of the
biomarker for alveolar wall injury (26, 27).

To address this problem, our laboratory performed measurements
of peptide-free DID in the lungs of hamsters with pulmonary
emphysema induced by treatment with both cigarette smoke and
lipopolysaccharide (28). The results showed a significant correlation
between free lung DID and increasing airspace size, supporting the
concept that these crosslinks may serve as a biomarker for airspace
enlargement. This study was followed by measurements of free lung
DID in both normal and emphysematous postmortem human lungs,
which showed that elastin breakdown was greatly accelerated when
mean airspace diameter exceeded 400 pm (Figure 2) (29). The density
of DID in lung tissue sections also increased markedly beyond 300 pm
and leveled off at 400 pm.

These results suggest that the initial stages of alveolar wall injury
are characterized by a balance between elastic fiber injury and repair
in which greater crosslink density reflects enhanced elastin synthesis.
However, when alveolar diameter exceeds 400 um, the repair process
undergoes a decompensatory phase involving a marked loss of DID
and fragmentation of elastic fibers. The rapid acceleration of elastin

10.3389/fmed.2023.1322283

breakdown with increasing alveolar wall distention supports the
hypothesis that pulmonary emphysema is an emergent phenomenon
involving a phase transition to an active disease state that is less
amenable to therapeutic intervention.

Diagnostic and therapeutic implications

The development of therapeutic agents for pulmonary emphysema
may depend on the availability of a mechanism for real-time
assessment of their efficacy. Currently, the only recognized clinical
trial endpoints are pulmonary function studies, which may take years
to detect a significant treatment effect. High-resolution computerized
tomography is proposed as a more sensitive alternative, but this
methodology may also require an extended period of time to
determine a positive outcome (30, 31).

While a number of inflammatory mediators have been proposed
as biomarkers for pulmonary emphysema, free DID crosslinks may
have greater specificity for this disease because they are better
indicators of alveolar wall changes responsible for airspace
enlargement (32). Despite the possible effect of co-existing diseases on
specificity, free DID may nevertheless play an important role in
clinical trials, where significant differences in crosslink levels between
closely matched experimental and control groups would provide
strong evidence of therapeutic efficacy. The use of sputum and possibly
breath condensate for measurement of free DID would also increase
the specificity for pulmonary emphysema. However, the acceptance of
free DID as a biomarker for pulmonary emphysema may ultimately
depend on developing an accurate and reproducible method of
analysis. There is no commonly accepted protocol for measuring DID,
and the cost of expertise and equipment may be a rate-limiting factor
in the widespread adoption of the biomarker (33).

To determine the role of free DID in evaluating drug efficacy, our
laboratory incorporated this biomarker in a 28-day clinical trial of
hyaluronan (HA), a long-chain polysaccharide, in patients with alpha-1
antiprotease deficiency induced pulmonary emphysema (34). Inhalation
of aerosolized HA significantly decreased the amount of free DID in

Normal (233 um)
11+2.0

FIGURE 2

Free Lung DID

(ng/g wet lung)

Mild (345 pm)
74:%:.7:9

Elastin degradation in human pulmonary emphysema, as measured by the level of free lung DID, is greatly accelerated when mean airspace diameter
(shown in parentheses) exceeds 400 pm (25). DID values are mean + standard error of the mean. N =10 for each group.

Moderate (416 um)
1449 + 163
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urine over a 28-day period following initiation of treatment, whereas
levels in the placebo group remained unchanged. Free urinary DID was
also a more sensitive indicator of a treatment effect than total DID in
either urine or plasma. These results provide proof of concept for the use
of free DID as a biomarker for therapeutic efficacy and suggest that
inhaled HA may slow the progression of pulmonary emphysema. The
potential therapeutic effects of this agent are further supported by studies
showing that inhalation of HA mitigated the loss of pulmonary function
in patients with acute exacerbations of COPD and prevented
bronchoconstriction in those with exercise-induced asthma (35, 36).

The use of HA to treat pulmonary emphysema is based on previous
studies demonstrating that pretreatment of the lung with hyaluronidase
enhances elastase-induced airspace enlargement, while inhalation of
exogenous HA has the opposite effect, preventing alveolar wall injury by
binding to elastic fibers and protecting them from enzymatic degradation
(37-41). The hydrophilic properties of HA may also increase the storage
of energy in elastin, thereby mitigating the mechanical strain that
contributes to airspace enlargement. This hypothesis is supported by a
recent study indicating that HA and other proteoglycans reduce uneven
distribution of forces in the extracellular matrix (42).

These findings provide a rationale for developing drugs that inhibit
the broader process of disease emergence rather than individual
components of the inflammatory reaction associated with airspace
enlargement. Aside from alpha,-antiprotease augmentation in a small
subgroup with genetically induced pulmonary emphysema, elastase
inhibitors and other anti-inflammatory agents have shown only limited
success in treating the disease (43-46). This may be due to the complexity
of emergent phenomena, where reorganization of a system depends on
numerous interactions at different levels of scale rather than the
elementary properties of the constituents. Consequently, the loss of
specific molecular components of lung injury could be circumvented by
the higher-level effects of structural alterations in alveolar walls.

Conclusion

Pulmonary emphysema involves multiple pathogenic mechanisms
such as excess elastase activity, oxidative stress, and alpha-1
antiprotease deficiency. The interaction of these various processes may
lead to converging patterns of injury, including loss of elastin
crosslinks, microscopic fragmentation of elastic fibers, and
macroscopic rupture of alveolar walls. These events at different levels
of scale are consistent with an emergent phenomenon, suggesting that
effective treatment of pulmonary emphysema may depend on the use
of therapeutic agents prior to a phase transition involving alveolar wall
rupture. While no accepted method for accurately measuring the early
stages of pulmonary emphysema is currently available, the use of free
DID to detect initial changes in airspace size may permit timely
therapeutic intervention that reduces the risk of respiratory failure.

References

1. Mecham RP. Elastin in lung development and disease pathogenesis. Matrix Biol.
(2018) 73:6-20. doi: 10.1016/j.matbio.2018.01.005

2. Hogg JC, Timens W. The pathology of chronic obstructive pulmonary disease.
Annu Rev Pathol. (2009) 4:435-59. doi: 10.1146/annurev.pathol.4.110807.092145

3. Cantor JO, Turino GM. COPD pathogenesis: finding the common in the complex.
Chest. (2019) 155:266-71. doi: 10.1016/j.chest.2018.07.030

Frontiers in Medicine

10.3389/fmed.2023.1322283

Ethics statement

The studies involving humans were approved by the
institutional review boards at both Montefiore Medical Center and
St John’s University under protocol IRB-FY2021-184. The studies
were conducted in accordance with the local legislation and
institutional requirements. The human samples used in this study
were acquired from gifted from another research group. Written
informed consent for participation was not required from the
participants or the participants’ legal guardians/next of kin in
accordance with the national legislation and institutional
requirements. The animal study was approved by the institutional
review board at St John’s University under protocol 1915. The study
was conducted in accordance with the local legislation and
institutional requirements.

Author contributions

JC: Conceptualization, Writing — original draft, Writing - review
& editing.

Funding

The author(s) declare that no financial support was received for
the research, authorship, and/or publication of this article.

Conflict of interest

The author has a financial interest in MatRx Therapeutics, which
is developing the use of hyaluronan as a treatment for chronic
obstructive pulmonary disease. He also is listed as an inventor on
USPTO 17/821,672, which includes a method for measuring
with
mass spectrometry.

desmosine liquid  chromatography and tandem

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

4. Bates JH, Davis GS, Majumdar A, Butnor KJ, Suki B. Linking parenchymal disease
progression to changes in lung mechanical function by percolation. Am J Respir Crit
Care Med. (2007) 176:617-23. doi: 10.1164/rccm.200611-17390C

5. West JB. Distribution of mechanical stress in the lung, a possible factor

in localisation of pulmonary disease. Lancet. (1971) 297:839-41. doi: 10.1016/
S0140-6736(71)91501-7

frontiersin.org


https://doi.org/10.3389/fmed.2023.1322283
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://doi.org/10.1016/j.matbio.2018.01.005
https://doi.org/10.1146/annurev.pathol.4.110807.092145
https://doi.org/10.1016/j.chest.2018.07.030
https://doi.org/10.1164/rccm.200611-1739OC
https://doi.org/10.1016/S0140-6736(71)91501-7
https://doi.org/10.1016/S0140-6736(71)91501-7

Cantor

6. Kononov S, Brewer K, Sakai H, Cavalcante FS, Sabayanagam CR, Ingenito EP, et al.
Roles of mechanical forces and collagen failure in the development of elastase-induced
emphysema. Am ] Respir Crit Care Med. (2001) 164:1920-6. doi: 10.1164/
ajrccm.164.10.2101083

7. Suki B, Bates JH. Lung tissue mechanics as an emergent phenomenon. J Appl
Physiol. (2011) 110:1111-8. doi: 10.1152/japplphysiol.01244.2010

8. Sun GQ, Jusup M, Jin Z, Wang Y, Wang Z. Pattern transitions in spatial epidemics:
mechanisms and emergent properties. Phys Life Rev. (2016) 19:43-73. doi: 10.1016/j.
plrev.2016.08.002

9. Winkler T, Suki B. Emergent structure-function relations in emphysema and
asthma. Crit Rev Biomed Eng. (2011) 39:263-80. doi: 10.1615/CritRevBiomedEng.v39.
i4.20

10. Sander LM, Warren CP, Sokolov IM, Simon C, Koopman J. Percolation on
heterogeneous networks as a model for epidemics. Math Biosci. (2002) 180:293-305. doi:
10.1016/S0025-5564(02)00117-7

11. Bunde A, Kantelhart JW. Diffusion and conduction in percolation systems In: P
Heitjans and J Karger, editors. Diffusion in condensed matter. Berlin: Springer (2005).
895-914.

12. Redner S. Fractal and multifractal scaling of electrical conduction in random
resistor networks In: PA Meyers, editor. Encyclopedia of complexity and systems science.
Berlin: Springer (2009). 3737-54.

13. Murphy KD, Hunt GW, Almond DP. Evidence of emergent scaling in mechanical
systems. Philos Mag. (2006) 86:3325-38. doi: 10.1080/14786430500197934

14. Huang K. Bose-Einstein condensation and superfluidity In: A Griffin, DW Snoke
and SS Stringari, editors. Bose-Einstein condensation. Cambridge, England: Cambridge
University Press (1995). 31-50.

15. Tregbacz H, Barzycka A. Mechanical properties and functions of elastin: an
overview. Biomol Ther. (2023) 13:574. doi: 10.3390/biom13030574

16. Li B, Daggett V. Molecular basis for the extensibility of elastin. ] Muscle Res Cell
Motil. (2002) 23:561-73. doi: 10.1023/A:1023474909980

17. Kielty CM, Sherratt MJ, Shuttleworth CA. Elastic fibres. J Cell Sci. (2002)
115:2817-28. doi: 10.1242/jcs.115.14.2817

18. Niewoehner DE, Hoidal JR. Lung fibrosis and emphysema: divergent responses to
a common injury? Science. (1982) 217:359-60. doi: 10.1126/science.7089570

19. Ma S, Turino GM, Lin YY. Quantitation of desmosine and isodesmosine in urine,
plasma, and sputum by LC-MS/MS as biomarkers for elastin degradation. ] Chromatogr
B Analyt Technol Biomed Life Sci. (2011) 879:1893-8. doi: 10.1016/j.jchromb.2011.05.011

20.Ma S, Lin YY, Turino GM. Measurements of desmosine and isodesmosine by mass
spectrometry in COPD. Chest. (2007) 131:1363-71. doi: 10.1378/chest.06-2251

21.Ma S, Lieberman S, Turino GM, Lin YY. The detection and quantitation of free
desmosine and isodesmosine in human urine and their peptide-bound forms in sputum.
Proc Natl Acad Sci U S A. (2003) 100:12941-3. doi: 10.1073/pnas.2235344100

22. Fregonese L, Ferrari F, Fumagalli M, Luisetti M, Stolk J, Tadarola P. Long-term
variability of desmosine/isodesmosine as biomarker in alpha-1-antritrypsin deficiency-
related COPD. COPD. (2011) 8:329-33. doi: 10.3109/15412555.2011.589871

23. Luisetti M, Ma S, Iadarola P, Stone PJ, Viglio S, Casado B, et al. Desmosine as a
biomarker of elastin degradation in COPD: current status and future directions. Eur
Respir J. (2008) 32:1146-57. doi: 10.1183/09031936.00174807

24. Stone PJ, Gottlieb DJ, O'Connor GT, Ciccolella DE, Breuer R, Bryan-Rhadfi J, et al.
Elastin and collagen degradation products in urine of smokers with and without chronic
obstructive pulmonary disease. Am J Respir Crit Care Med. (1995) 151:952-9.

25.Ma S, Lin YY, Cantor JO, Chapman KR, Sandhaus RA, Fries M, et al. The effect of
Alpha-1 proteinase inhibitor on biomarkers of elastin degradation in Alpha-1 antitrypsin
deficiency: an analysis of the RAPID/RAPID extension trials. Chronic Obstr Pulm Dis.
(2016) 4:34-44. doi: 10.15326/jcopdf.4.1.2016.0156

26. Rabinovich RA, Miller BE, Wrobel K, Ranjit K, Williams MC, Drost E, et al.
Circulating desmosine levels do not predict emphysema progression but are associated
with cardiovascular risk and mortality in COPD. Eur Respir J. (2016) 47:1365-73. doi:
10.1183/13993003.01824-2015

Frontiers in Medicine

05

10.3389/fmed.2023.1322283

27.Ongay S, Sikma M, Horvatovich P, Hermans J, Miller BE, Ten Hacken NHT, et al.
Free urinary Desmosine and Isodesmosine as COPD biomarkers: the relevance of
confounding factors. Chronic Obstr Pulm Dis. (2016) 3:560-9. doi: 10.15326/
jcopdf.3.2.2015.0159

28. Fagiola M, Gu G, Avella J, Cantor J. Free lung desmosine: a potential biomarker
for elastic fiber injury in pulmonary emphysema. Biomarkers. (2022) 27:319-24. doi:
10.1080/1354750X.2022.2043443

29. Fagiola M, Reznik S, Riaz M, Qyang Y, Lee S, Avella J, et al. The relationship
between elastin cross linking and alveolar wall rupture in human pulmonary
emphysema. Am ] Physiol Lung Cell Mol Physiol. (2023) 324:L747-55. doi: 10.1152/
ajplung.00284.2022

30. Zhu D, Qiao C, Dai H, Hu Y, Xi Q. Diagnostic efficacy of visual subtypes and low
attenuation area based on HRCT in the diagnosis of COPD. BMC Pulm Med. (2022)
22:81. doi: 10.1186/s12890-022-01875-6

31. Jung T, Vij N. Early diagnosis and real-time monitoring of regional lung function
changes to prevent chronic obstructive pulmonary disease progression to severe
emphysema. J Clin Med. (2021) 10:5811. doi: 10.3390/jcm 10245811

32. Rosenberg SR, Kalhan R. Biomarkers in chronic obstructive pulmonary disease.
Transl Res. (2012) 159:228-37. doi: 10.1016/j.trs1.2012.01.019

33, Luisetti M, Stolk J, [adarola P. Desmosine, a biomarker for COPD: old and in the
way. Eur Respir J. (2012) 39:797-8. doi: 10.1183/09031936.00172911

34. Cantor JO, Ma S, Liu X, Campos MA, Strange C, Stocks JM, et al. A 28-day clinical
trial of aerosolized hyaluronan in alpha-1 antiprotease deficiency COPD using
desmosine as a surrogate marker for drug efficacy. Respir Med. (2021) 182:106402. doi:
10.1016/j.rmed.2021.106402

35. Galdi E, Pedone C, McGee CA, George M, Rice AB, Hussain SS, et al. Inhaled high
molecular weight hyaluronan ameliorates respiratory failure in acute COPD
exacerbation: a pilot study. Respir Res. (2021) 22:30. doi: 10.1186/s12931-020-01610-x

36. Petrigni G, Allegra L. Aerosolised hyaluronic acid prevents exercise-induced
bronchoconstriction, suggesting novel hypotheses on the correction of matrix defects
in asthma. Pulm Pharmacol Ther. (2006) 19:166-71. doi: 10.1016/j.pupt.2005.03.002

37. Murakami H, Yoshida M, Aritomi T, Shiraishi M, Ishibashi M, Watanabe K. Effect
of hyaluronidase on porcine pancreatic elastase-induced lung injury. Nihon Kokyuki
Gakkai Zasshi. (1998) 36:577-84.

38. Cantor JO, Cerreta JM, Keller S, Turino GM. Modulation of airspace enlargement
in elastase-induced emphysema by intratracheal instillment of hyaluronidase and
hyaluronic acid. Exp Lung Res. (1995) 21:423-36. doi: 10.3109/01902149509023717

39. Cantor JO, Shteyngart B, Cerreta JM, Liu M, Armand G, Turino GM. The effect of
hyaluronan on elastic fiber injury in vitro and elastase-induced airspace enlargement
in vivo. Proc Soc Exp Biol Med. (2000) 225:65-71. doi: 10.1046/j.1525-1373.2000.22508.x

40. Cantor JO, Cerreta JM, Armand G, Turino GM. Aerosolized hyaluronic acid
decreases alveolar injury induced by human neutrophil elastase. Proc Soc Exp Biol Med.
(1998) 217:471-5. doi: 10.3181/00379727-217-44260

41. Cantor JO, Cerreta JM, Armand G, Turino GM. Further investigation of the use
of intratracheally administered hyaluronic acid to ameliorate elastase-induced
emphysema. Exp Lung Res. (1997) 23:229-44. doi: 10.3109/01902149709087369

42. Takahashi A, Majumdar A, Parameswaran H, Bartoldk-Suki E, Suki B.

Proteoglycans maintain lung stability in an elastase-treated mouse model of emphysema.
Am ] Respir Cell Mol Biol. (2014) 51:26-33. doi: 10.1165/rcmb.2013-01790C

43. Strange C. Anti-proteases and alpha-1 antitrypsin augmentation therapy. Respir
Care. (2018) 63:690-8. doi: 10.4187/respcare.05933

44.Kuna P, Jenkins M, O’Brien CD, Fahy WA. AZD9668, a neutrophil elastase
inhibitor, plus ongoing budesonide/formoterol in patients with COPD. Respir Med.
(2012) 106:531-9. doi: 10.1016/j.rmed.2011.10.020

45. Lucas SD, Costa E, Guedes RC, Moreira R. Targeting COPD: advances on low-
molecular-weight inhibitors of human neutrophil elastase. Med Res Rev. (2013) 33:E73-
E101. doi: 10.1002/med.20247

46. Groutas WC, Dou D, Alliston KR. Neutrophil elastase inhibitors. Expert Opin Ther
Pat. (2011) 21:339-54. doi: 10.1517/13543776.2011.551115

frontiersin.org


https://doi.org/10.3389/fmed.2023.1322283
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://doi.org/10.1164/ajrccm.164.10.2101083
https://doi.org/10.1164/ajrccm.164.10.2101083
https://doi.org/10.1152/japplphysiol.01244.2010
https://doi.org/10.1016/j.plrev.2016.08.002
https://doi.org/10.1016/j.plrev.2016.08.002
https://doi.org/10.1615/CritRevBiomedEng.v39.i4.20
https://doi.org/10.1615/CritRevBiomedEng.v39.i4.20
https://doi.org/10.1016/S0025-5564(02)00117-7
https://doi.org/10.1080/14786430500197934
https://doi.org/10.3390/biom13030574
https://doi.org/10.1023/A:1023474909980
https://doi.org/10.1242/jcs.115.14.2817
https://doi.org/10.1126/science.7089570
https://doi.org/10.1016/j.jchromb.2011.05.011
https://doi.org/10.1378/chest.06-2251
https://doi.org/10.1073/pnas.2235344100
https://doi.org/10.3109/15412555.2011.589871
https://doi.org/10.1183/09031936.00174807
https://doi.org/10.15326/jcopdf.4.1.2016.0156
https://doi.org/10.1183/13993003.01824-2015
https://doi.org/10.15326/jcopdf.3.2.2015.0159
https://doi.org/10.15326/jcopdf.3.2.2015.0159
https://doi.org/10.1080/1354750X.2022.2043443
https://doi.org/10.1152/ajplung.00284.2022
https://doi.org/10.1152/ajplung.00284.2022
https://doi.org/10.1186/s12890-022-01875-6
https://doi.org/10.3390/jcm10245811
https://doi.org/10.1016/j.trsl.2012.01.019
https://doi.org/10.1183/09031936.00172911
https://doi.org/10.1016/j.rmed.2021.106402
https://doi.org/10.1186/s12931-020-01610-x
https://doi.org/10.1016/j.pupt.2005.03.002
https://doi.org/10.3109/01902149509023717
https://doi.org/10.1046/j.1525-1373.2000.22508.x
https://doi.org/10.3181/00379727-217-44260
https://doi.org/10.3109/01902149709087369
https://doi.org/10.1165/rcmb.2013-0179OC
https://doi.org/10.4187/respcare.05933
https://doi.org/10.1016/j.rmed.2011.10.020
https://doi.org/10.1002/med.20247
https://doi.org/10.1517/13543776.2011.551115

	Desmosine as a biomarker for the emergent properties of pulmonary emphysema
	Introduction
	A percolation model of structural changes in elastic fibers
	Elastin crosslinks as a biomarker for alveolar wall injury
	Diagnostic and therapeutic implications

	Conclusion
	Ethics statement
	Author contributions

	References

