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ABSTRACT

Chronic obstructive pulmonary disease (COPD) is the third cause of death worldwide, presenting poor long-term out-
comes and chronic disability. COPD is a condition with a wide spectrum of clinical presentations because its pathophysi-
ological determinants relate to tobacco smoke, genetic factors, alteration of several metabolic pathways, and oxidative
stress. Consequently, patients present different phenotypes even with comparable degrees of airflow limitation. Because
of the increasing social and economic costs of COPD, a growing attention is currently paid to “omics” techniques for
more personalized treatments and patient-tailored rehabilitation programs. In this regard, the systematic investigation
of the metabolome (i.e., the whole set of endogenous molecules) in biomatrices, namely metabolomics, has become
indispensable for phenotyping respiratory diseases. The metabolomic profiling of biological samples contains the small
molecules produced during biological processes and their identification and quantification help in the diagnosis, compre-
hension of disease outcome and treatment response. Exhaled breath condensate (EBC), plasma and serum are biofluids
readily available, with negligible invasiveness, and, therefore, suitable for metabolomics investigations. In this paper, we
describe the latest advances on metabolomic profiling of EBC, plasma and serum in COPD patients.
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information on COPD is achieved by resorting
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(COPD) is already the third leading cause of
death worldwide, although this was expected to
happen by 2030.! The main risk factor for COPD
is tobacco smoke, but other important patho-
physiological determinants such as genetic fac-
tors, alterations of various metabolic pathways
and oxidative stress, are necessary for COPD
to manifest.2 Presently, diagnostic and severity
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to spirometry and symptoms’ evaluation. How-
ever, a single physiological parameter, such as
airflow obstruction, is unable to describe COPD
heterogeneous nature and the complexity of the
disease. Other diseases (chronic obstructive asth-
ma, bronchiectasis with chronic airflow obstruc-
tion and chronic bronchiolitis associated with
connective tissue diseases and lung development
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abnormalities) are also characterized by chronic
airflow obstruction and need to be distinguished
from cigarette smoking-induced COPD as they
present a different course. Therefore, COPD di-
agnosis and treatment can become challenging.
COPD patients are also burdened by a low-grade
inflammation, fatigue or weakness, limited abil-
ity in exercise training and, at an advanced stage,
cachexia, and long-term death.3 For the above
reasons, COPD patients are currently considered
of primary public concern because of their health
problems,* presenting long-lasting disability and
necessitating constant rehabilitation treatment.>
COPD is a complex pathology because its caus-
ative multiple mechanisms are not observed in
all patients at a definite time, or in the single pa-
tient at different evolving times,¢ and this strong-
ly suggests that COPD phenotype is time related.
A phenotype can be operationally identified as
“a cluster of features that leads to the separation
of a specific group at a given time.”” Conse-
quently, the definition of phenotypes is essential
for patients’ classification in cohorts presenting
equivalent features, prognosis, or personalized
approaches.8 Likely, the different phenotypes of
a pathology are characterized by specific molec-
ular differences. Because of the complexity and
heterogeneity, differences in COPD phenotypes
cannot be represented by a difference of a single
biomarker but require instead a panel of mole-
cules. Only a panel of biomarkers can accurately
describe a disease-related phenotype. Currently,
the protocol for GOLD stratification considers a
combination of clinical, pathological, functional,
and imaging data. However, it rarely can define
the different COPD phenotypes characterized by
several concomitant manifestations like airflow
impairment, emphysema, chronic bronchitis,
asthma-COPD overlap (ACO), exacerbations,
etc.% 10 Actually, it has been reported that the
same degree of airway obstruction may induce
different phenotypes in COPD patients.® There-
fore, mapping COPD phenotype specificity and
the related endotypes is mandatory for organiz-
ing a tailored disease management, particularly
for high-risk patients like recurrent exacerbators.
Additionally, the current diagnostic strategy is
often controversial in differentiating COPD from
other obstructive pulmonary diseases. Accord-
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ingly, a multilevel evaluation of COPD should be
considered.!! Omics tools (i.e., genomics, pro-
teomics, and metabolomics) warrant the optimal
resolution to recognize specific discrimination
for complex chronic diseases like COPD.!2 Spe-
cifically, metabolomics, the study of the com-
plete metabolite content of a biological matrix,
has added new molecular details to the physio-
pathological mechanisms triggering COPD dis-
ease. Divergent molecular signatures have been
associated to specific phenotypes and outcomes,
supporting the presence of different pathological
mechanisms.!2 Additionally, molecular profiling
clearly discriminates COPD patients from healthy
controls and other obstructive pulmonary diseas-
es, linking molecular alterations with the degree
of airway obstruction, exacerbation, emphysema
severity, hospitalization, and response to exter-
nal stimuli like physical rehabilitation. Amongst
the biological matrices relevant for phenotyping,
exhaled breath condensate (EBC), plasma and
serum are readily available, with negligible inva-
siveness, and, therefore, appropriate for metabo-
lomics investigations. In this paper, we describe
the latest advances on metabolomic profiling of
EBC, plasma and serum in COPD patients.

Metabolomics

Metabolites are molecules of ca. 1500 Dalton
molecular weight, and comprise amino acids,
short polypeptides, nucleic acids, amino acids,
carbohydrates, organic acids, inorganic species,
etc. Since metabolites are the final yields of gene
expression, they are considered the functional
expression of a phenotype.!3- 14 Moreover, me-
tabolites are implicated in homeostasis and dis-
ease, and therefore they are involved in several
biological processes like redox balance, oxida-
tive stress, signaling, apoptosis and inflamma-
tion.13 Metabolomics systematically studies the
whole set of endogenous molecules (i.e., the
metabolome) ubiquitous in organs, tissues, cells,
and biological fluids. It can identify and quantify
markers in a global and targeted mode!5 and can
highlight the multiparametric reactions of a liv-
ing organism to genetic perturbations, and patho-
physiological and environmental stimuli.!6 The
metabolome comes after proteome and transcrip-
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tome, and therefore contributes a high number of
molecular determinants that can be used for an
accurate description of a pathology.!” Several
analytical instruments can generate metabolomic
profiling, but the most used are Nuclear Magnetic
Resonance (NMR) spectroscopy and mass spec-
trometry (MS), both showing advantages and
disadvantages. Collected data are next analyzed
with multivariate statistical methods. Technical
details and the statistical procedures used to in-
terpret the data are reported elsewhere!8-20 and
will not be described here. In this study, we sum-
marized the metabolomics profiling of EBC and
plasma/serum to describe the pathophysiology
of COPD. While application of metabolomics
to follow-up of COPD patients under pharmaco-
logical treatment is very interesting, it will not be
considered here (see for example2!).

Exhaled breath condensate
General aspects

EBC is a biological medium efficaciously used
in metabolomics for phenotyping airway diseas-
es.22 It is easily collected in a non-invasive way
and can be done repeatedly by cooling exhaled
air from spontaneous tidal breathing. Subjects,
sitting comfortably and wearing a nose-clip, are
asked to breathe through a mouthpiece and a
two-way nonrebreathing valve, which acts as a
salivary trap, at normal frequency and tidal vol-
ume, for ca. 15 min. They preserve a dry mouth
throughout the operation by swallowing excess
saliva from time to time. Volatile substances,
probably of extrapulmonary origin,?3: 24 are re-
moved from collected samples (2-3 mL) by us-
ing a gentle stream of nitrogen before sealing the
samples. Nitrogen also favors oxygen removal,
which, together with freezing of the samples,
instantaneously ‘“quenches” metabolism at the
time of collection, therefore preventing meta-
bolic alteration.25 Samples are then stored at
-80°C until data acquisition. In addition to water
(99.9%), EBC contains inorganic molecules like
nitric oxide and carbon monoxide, volatile or-
ganic compounds (VOCs) and non-volatile sub-
stances. The latter comprise inorganic anions and
cations, organic molecules like urea, organic ac-
ids, amino acids, and their derivatives), peptides,
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proteins, surfactants, and macromolecules.2¢
EBC s influenced by several parameters like age,
gender, circadian rhythm, and infections, which
all require control.2” Additionally, alcohol con-
sumption, exercise, nasal contamination, envi-
ronmental temperature and humidity, exogenous
contamination, ammonia, and sulfur-containing
compounds from the oral cavity also affect EBC
variability.26 As a confirmation, the levels of 12
EBC metabolites in three groups of smokers
(current, former, and never smokers), were con-
siderably different amongst the groups.28

Applications

EBC profiling delineates an unambiguous fin-
gerprint that represents each COPD patient and
permits to group patients in distinct phenotypes.
For examples, NMR-based metabolomics con-
sistently separates COPD from healthy controls
and other respiratory diseases. Figure 1A reports
arepresentative NMR spectrum of an EBC sam-
ple from a COPD patient. The profile refers to a
single patient and is characterized by sharp lines
(resonances), which can be identified and attrib-
uted to specific metabolite by using two-dimen-
sional experiments.!8-20 The absence of saliva
contamination, one of the methodological prob-
lems with EBC collection, can be confirmed by
checking the presence of signals originating
from salivary carbohydrates observed between
3.3 and 6.0 ppm. Their absence indicates that no
saliva contamination is present in the collected
EBC sample (Figure 1A). De Laurentiis et al.2%
found that NMR investigation of EBC differen-
tiated COPD from healthy controls, with a re-
duced pyruvate signal in COPD as compared
with healthy controls, in which it was very
strong. The healthy subjects presented small
succinate and glutamine signals, both absent in
COPD. Furthermore, choline, phosphorylcho-
line and trimethylamine-N-oxide (TMAO) were
not observed in COPD. Other metabolites that
favor the separation between COPD and healthy
controls are acetoin, ethanol, fatty acids, lactate,
propionate, and threonine.3° Stable COPD with
respect to non-obstructed controls presented re-
duced concentration of acetone, lysine and va-
line, and increased concentrations of acetate,
lactate, proline, propionate, serine, and tyro-
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Figure 1.—Representa-
tive one-dimensional 'H
spectra of a COPD pa-
tient: A) EBC sample;
and (B) serum sample.
The region between 9.0
and 6.5 ppm in (A) has
a 16-fold vertical expan-
sion. All signals in both
spectra can be assigned
to single metabolites by
resorting to two-dimen-
sional NMR experiments
and referring to pub-
lished data on metabolite
chemical shifts. Absorp-
tion (related to the inten-
sity) is plotted on the y-
axis, and magnetic field
strength is plotted on the

Lk

2.0 1.0 ppm x-axis, which usually

ranges from 0 to 12 ppm.

sine.3! The biomarkers differentiating COPD
from related pathologies discussed in this re-
view are reported in Supplementary Digital Ma-
terial 1 (Supplementary Table I). The reported
metabolites describe a distinct COPD “metabo-
type” (i.e., a metabolic phenotype) referred to
respiratory inflammation. Possible relationships
with clinical parameters usually require more
than a single fluid (like EBC), adding for exam-
ple serum/plasma and/or urine. However, “aver-
age” biomatrices like serum/plasma and urine
are reported to reveal systemic rather lung in-
flammation,32 while the bronchoalveolar lavage
(BAL) and EBC seem to better reflect respirato-
ry metabolism in comparison with urine and
plasma and urine.33. 34 EBC profiling was also
useful to differentiate COPD from other chronic
obstructive pulmonary diseases related to smok-
ing, namely asthma and Langerhans cell histio-
cytosis (PLCH).35 With respect to asthma, etha-
nol and methanol were elevated in COPD, while
formate and acetone/acetoin decreased. In com-
parison with PLCH, elevated 2-propanol was
observed in COPD while isobutyrate concentra-
tion diminished, whereas both metabolites in
PLCH presented an opposite behavior. Further-
more, increased acetate and decreased 1-methy-
limidazole separated COPD and PLCH from
current smokers devoid of COPD.35 The found
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metabolites indicate that COPD and PLCH pres-
ent different metabotypes, signifying that, al-
though they share similar smoking behavior, the
molecular response is different. Accordingly,
metabolomics profiling of EBC via NMR can
carefully detail the specific disease boundaries
even in the presence of similar insults. This con-
clusion is very important, as NMR profiling is a
fully untargeted approach that makes no a-priori
assumptions on the molecular determinants of a
disease.35 Additionally, since a multiparametric
approach is used to analyze the samples, metab-
olomics can reveal unique and apparently un-
connected networks between pathological state/
evolution and altered metabolic pathways in a
diseased state. The distribution of networks’ al-
teration could help in discriminating pathologies
that share common molecular phenotypic back-
ground. As an example, COPD and PLCH pa-
tients could be efficaciously differentiated, even
though they share common tobacco exposure.
Figure 219.20. 36 reports the metabolic pathways
possibly altered in COPD-PLCH discrimination.
From a biological point of view, asthma and
COPD are two nosological entities with differ-
ent airway inflammatory cells recruitment, me-
diators’ production, and responses to therapy.3?
However, from a clinical point of view, asthma
and COPD are characterized by nonspecific and
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cover, overlay, obscure, block, or change any copyright notices or terms of use which the Publisher may post on the Article. It is not permitted to frame or use framing techniques to enclose any trademark, logo, or other proprietary information of the Publisher.

or systematically, either printed or electronic) of the Article for any purpose. It is not permitted to distribute the electronic copy of the article through online internet and/or intranet file sharing systems, electronic mailing or any other means which may allow access
to the Article. The use of all or any part of the Article for any Commercial Use is not permitted. The creation of derivative works from the Article is not permitted. The production of reprints for personal or commercial use is not permitted. It is not permitted to remove,

This document is protected by international copyright laws. No additional reproduction is authorized. It is permitted for personal use to download and save only one file and print only one copy of this Article. It is not permitted to make additional copies (either sporadically

COPYRIGHT© 2022 EDIZIONI MINERVA MEDICA

PARIS

METABOLOMICS OF COPD

® Syeroid : Pyruvate
07 biosynthesis metabolism
()
0.6 Ethanol . Glyoxytate and
: degradation dicarboxytate
metabolism

-log10p
o
wv
1
(¢}

® Propanoate

0.4 metabolism Glycolysis/ )
Gluconeogenesis
© O
0.3
@)
T T - T
0.00 0.10 0.20 0.30

Pathway impact

Figure 2.—Altered pathways identified with MetaboAnalyst
software using metabolites responsible for the separation be-
tween COPD and pulmonary Langerhans cell histiocytosis
(PLCH). Circles symbolize the metabolic pathways possi-
bly altered in class discrimination. Labels indicate pathways
with statistically significant dysregulation (impact and P
value).19.20.36

overlapping symptoms. Although a careful his-
tory evaluation about age of onset, persistence
or periodicity of symptoms, social and occupa-
tional risk factors (particularly smoking expo-
sure) and response to treatment can help defin-
ing the etiology of airflow obstruction, in the
clinical practice it can often be very difficult,
particularly in adult smokers, to achieve an ac-
curate differential diagnosis without performing
specific lung function tests. COPD and asthma
differential diagnosis has important implications
in both management and life expectancy. Be-
cause of overlapping symptoms, EBC metabolic
content may be similar in both pathologies. How
can they be distinguished? It should be kept in
mind that, notwithstanding the metabolic over-
lap, it is the different relative variation among
the metabolites that “labels” a pulmonary pa-
thology by building a specific “molecular map”
of the pathology. EBC profiling by NMR can be
useful to differentiate COPD from asthma, as
shown in the scores plot of Figure 3A.19.20,38 [t
was found that in comparison with asthma,
COPD presents increased concentrations of eth-
anol and methanol, and considerably reduced
formate and acetone/acetoin levels (Figure
3B).19. 20 A blind test using cohorts of patients
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Figure 3.—Asthmatic versus COPD patients: orthogonal par-
tial least squares discriminant analysis (OPLS-DA) model of
EBC NMR data. A) Scores plot showing the degree of separa-
tion between asthmatic (blue squares) and COPD (red squares)
patients. t[1] and t[2] along the axes represent the scores (the
first 2 partial least-squares components) of the model. B) S-
line plot between 8.6 and 0.5 ppm; positive signals indicate
metabolites with an increased concentration in COPD pa-
tients, whereas negative signals refer to those with a decreased
concentration in COPD patients with respect to asthmatic pa-
tients. The x-axis identifies NMR signals; the y-axis p(ctr)!
indicates the loading value for each variable, whereas abs
(p[corr])! refers to the absolute correlation value.!9.20

not considered in the building of the main model
(Figure 3A)1 20 estimated model consistency.
Twelve out of 13 patients with asthma (92.3%
accuracy) and 19 out of 20 COPD patients
(95.0% accuracy, 5.0% false-positive results)
were correctly identified, with a sensitivity (true
positive rate) of 92.3%, and a specificity (true
negative rate) of 95.0%. The probability that
positivity corresponds to the actual presence of
the disease (“positive predictive value”) was
92.3%, while the probability that negativity ac-
tually indicates the absence of the disease (“neg-
ative predictive value”) was 95.0%. Such results
well agree with those reported for an electronic
nose.3¥ In addition, the EBC profiling together
with the found metabotype discriminated asth-
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ma and COPD better than, for example, a panel
of sputum cytokines.®0 Notwithstanding the
common clinical features, asthma and COPD
can be well separated by the metabolomics ap-
proach.38 Similarly, application of unsupervised
(i.e., no prior group knowledge is used in the
calculation) principal component analysis (PCA)
to inflammatory cells (eosinophils or neutro-
phils) also separated COPD and asthma,*' and
the presence of an overlapping region in the
model was related to the inclusion of patients
with possible asthma and COPD overlap (ACO).
ACO is a controversial clinical condition mainly
present in older heavy-smoker asthmatic pa-
tients with irreversible airflow obstruction and
suggested to display mixed characteristics of
asthma and COPD.42. 43 Non-smoking asthmat-
ics with airway hyperresponsiveness (AHR) can
be easily distinguished from smokers with
COPD but without AHR. As compared with pa-
tients with asthma or COPD alone, patients with
asthma and COPD present more recurrent and
critical exacerbations, poor quality of life, aug-
mented comorbidities, and a quick decline of
lung functions.43 Ghosh et al.44 investigated the
metabolic profiles of asthma-COPD patients
with respect to asthma and COPD via NMR of
EBC. ACO presented dysregulation of fatty
acid, propionate, isopropanol, lactate, acetone,
valine, methanol, and formate in comparison
with only asthma or COPD. Multivariate receiv-
er operating characteristic (ROC) curves ob-
tained from the above EBC metabolites pro-
duced a strong classification model clearly dif-
ferentiating ACO from asthma and COPD. ACO
has also been studied using serum. Obstructive
sleep apnea (OSA) syndrome affects about 10-
20% of COPD patients, and because of similar
comorbidities, their differentiation is often rath-
er challenging. COPD was also investigated in
comparison with OSA by applying NMR-based
metabolomics to EBC, serum and urine.45 The
reported results indicated that serum or urine
metabolites allow for a more reliable prediction
with respect to EBC. The EBC-based model cor-
rectly identified OSA patients but presented a
very low probability of a right identification of
COPD. Consequently, a COPD patient has a
high risk of being identified as OSA. A model

Vol. 113 - No. 3

MINERVA MEDICA

PARIS

combining EBC, and urine/serum metabolites
again misclassified some COPD patients as
OSA. This is quite surprising because a biologi-
cal system should be better described by a com-
bination of biofluids. One possible problem re-
lated to misclassification between COPD and
OSA could be related to the different severity
grade of the enrolled patients. Explicitly, a safe
comparison should be between the A grade in
COPD and mild OSA, avoiding OSA severe
grade. That is, when pathologies present similar
metabolic profiles, a strict classification of pa-
tients is required to build the initial model.46
Hence, the poorer specificity of a model could
be due to a different evolution of the patients:
the profiles may be comparable at the pathology
onset and evolve differently during pathology
progression. Alternatively, it should also be con-
sidered the possibility that COPD and OSA
share the same molecular phenotype and that the
severity grade is irrelevant.

Blood plasma and serum
General aspects

Plasma and serum are useful biomatrices for a
timely diagnosis of COPD and a successful dis-
crimination of COPD phenotypes. Plasma and se-
rum contain several molecules, namely, proteins,
peptides, nutrients, electrolytes, organic wastes,
and several other small organic molecules. A
typical NMR spectrum is reported in Figure 1B.
The main difference between plasma and serum
involves compounds participating in the clotting
process,47 and both metabolic contents have been
widely studied.#8 Several physical factors like
dysfunctions of organs, body lesions, different
pathophysiological states, and xenobiotic toxic
exposure (principally cigarette smoke) can affect
plasma and serum molecular compositions. This
was observed in mice exposed to cigarette smoke
with mild emphysema. With respect to unex-
posed mice, exposition induced alterations in
amino acidic, purinic, lipidic, fatty acid and ste-
roid concentrations. Furthermore, liquid chroma-
tography/mass spectrometry (LC/MS) indicated
that ca. 40% of the concentrations of the above
metabolites remained altered even 2 months after
smoke exposure ended.4
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Applications

Despite plasma and serum variability, adding bio-
markers to clinical data can ameliorate the prog-
nosis. The prognostic models of death risk in
COPD patients were improved by considering pa-
rameters like WBC counts, IL-6, CRP, IL-8, fi-
brinogen, CCL-18/PARC and SP-D together with
clinical data presently evaluated for prediction of
mortality [age, FEV |, BODE (body mass, airflow
obstruction, dyspnea and exercise capacity) in-
dex, and hospitalizations due to exacerbation].50
A connection between serum profiling and ob-
struction, degree of emphysema, systemic inflam-
mation and BMI was observed in the ECLIPSE
COPD cohort study patients.5° A study using both
NMR and tandem MS reported that COPD pa-
tients with respect to control subjects showed re-
duction of lipoproteins, N,N-dimethylglycine, and
augmented glutamine, phenylalanine, 3-methyl-
histidine and ketone bodies, with a parallel reduc-
tion of branched-chain amino acids (BCAAs) for
GOLD stage IV patients. BCAAs and the corre-
sponding degradation products, 3-methylhisti-
dine, ketone bodies, and triglycerides were asso-
ciated negatively with cachexia and positively
with systemic inflammation. In addition, emphy-
semic patients presented a reduction of serum cre-
atine, glycine and N,N-dimethylglycine.5 A dis-
tinctive metabolomic profile was reported for the
emphysematous COPD phenotype related to
smoking. Investigation of plasma samples from
38 subjects with different phenotypes (healthy
non-smokers, smokers, and emphysemic smok-
ers) by Ultra High-Performance Liquid Chroma-
tography (UHPL)/quadrupole-Time-of-Flight (Q-
TOF) MS identified 3,534 discriminating metabo-
lites, and smokers with emphysema were discrim-
inated with high sensitivity and specificity from
other classes by unsupervised and supervised
clustering analysis.5! The changes in phenotypes
of high-resolution computed tomography (HRCT)
COPD with phenotypes emphysema without (E)
and with (M) bronchial wall thickening were in-
vestigated by NMR of sera in comparison with
normal subjects, and with other COPD pheno-
types of patients under pre- and postpharmaco-
logical tiotropium bromide therapy.52 The E phe-
notype reacted to therapy better than the M phe-
notype showing increased pulmonary function
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and test scores for COPD assessment. Metabolic
differences were observed in the comparison
COPD vs. normal controls and treated COPD vs.
untreated patients. Main alterations were detected
for lactate, phenylalanine, fructose, glycine, as-
paragine, citric acid, pyruvic acid, proline, ace-
tone, ornithine, lipid, pyridoxine, maltose, beta-
ine, and lipoprotein. These metabolites participate
in the metabolic pathways of amino acids, carbo-
hydrates, lipids, genetic materials, and vitamin.
With respect to normal controls, the E phenotype
showed a decrease of asparagine and pyridoxine,
with an increase of lactate, fructose, glycine, cre-
atine, citric acid, pyruvate, proline, acetone, glu-
tamine, proline, ornithine, lipids, 2-hydroxyiso-
butyrate, threonine, isopropyl alcohol, maltose,
threonine, valine, glutamic acid, beta-alanine, cy-
clopentane, and 2-aminoisobutyric acid. The M
phenotype presented a decline of ornithine, gua-
nosine, and lipoproteins, with increased fructose,
glycine, pyruvate, proline, acetone, lipids, threo-
nine, isopropyl alcohol, betaine, and N-acetylcys-
teine (NAC). Compared to the M phenotype, in
the E phenotype glutamine and alanine presented
higher levels. Finally, in the serum of phenotypes
E and M a different panel of metabolites was
found upon treatment with tiotropium bromide.52
The sera of 118 subjects including healthy smok-
ers, COPD smokers and non-smokers were inves-
tigated by LC/MS global untargeted metabolo-
mics, detecting some 1181 molecular ions in up to
95% of samples.53 With respect to healthy smok-
ers, in COPD smokers the concentrations of 23
biomarkers resulted altered and could be used to
build a prediction model that was able to identify
COPD patients with 87.8% sensitivity and 86.5%
specificity. The panel comprised myoinositol,
glycerophopshoinositol, fumarate, cysteinesul-
fonic acid, a modified form of fibrinogen peptide
B (mFBP), and three other peptides that correlat-
ed statistically with mFBP concentrations.>3 Gly-
coprotein acetyls (GlycA), which can predict sev-
eral chronic diseases, are also linked with
COPD.5* In an NMR study on plasma samples
from 5557 subjectsS increased concentrations of
GlycA, 3-hydroxybutirate, HDL and acetoacetate
were detected, and they were related with a high
occurrence of COPD. However, by applying a
correction threshold and adjusting for smoking,
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GlycA was the only biomarker statistically related
to COPD, suggesting for it the role of a prodromal
COPD indicator.5> However, contrarily to what
observed in a study involving 17,345 persons,5¢
GlycA did not significantly correlate with mortal-
ity in COPD.5 The NMR analysis of sera and
urines from COPD patients and healthy controls
found metabolic changes for both fluids.57 In
comparison with serum of healthy controls,
COPD samples displayed decreased lipoproteins
and amino acids, including BCAAs, and ampli-
fied levels of glycerolphosphocholine. In urine, in
comparison with healthy controls, COPD present-
ed lower concentrations of 1-methylnicotinamide,
creatinine and lactate. On the contrary, acetate,
ketone bodies, carnosine, m-hydroxyphenylace-
tate,  phenylacetyglycine,  pyruvate  and
a-ketoglutarate were amplified in COPD patients
with respect to controls. Taken together, the above
data put forward alterations in the metabolism of
amino acids, suggesting augmented protein turn-
over and degradation in emphysema and cachexic
patients.’8 An NMR investigation on sera from
male Chinese Han patients>® highlighted that in
COPD, with respect to non-COPD-smokers, de-
creased levels of creatine, glycine, histidine, and
threonine were detected. These variations in-
versely correlated with IL-6 levels, and therefore
were linked to the COPD inflammatory pheno-
type. Furthermore, COPD also showed, in com-
parison with non-COPD-smokers, elevated levels
of histamine levels percent basophils. The latter
data suggested that COPD is characterized by
dysregulation of the histidine-histamine and cre-
atine metabolic pathways. Increased respiratory
exacerbations in ever-smokers with and without
COPD have been linked to reduced concentra-
tions of amino acids.®® Moreover, the levels of
tryptophan could be inversely connected with
BODE index, and a significant relationship was
found between reduced tryptophan level and
poorer lung function, % emphysema on chest CT
and functional capacity (namely, ability to walk,
stand, carry, push, pull and lift).®0 By using LC/
MS, different COPD phenotypes (namely, airflow
obstruction, emphysema, and exacerbation) were
investigated to uncover metabolomics and tran-
scriptomics pathways involved in COPD out-
comes.¢! Plasma profiling of current and former
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smokers with or without COPD derived from the
COPD Gene cohort indicated that reduced airflow
obstruction and intensification of COPD exacer-
bations were linked to glycerophospholipid me-
tabolism, while poor pulmonary function out-
comes and exacerbations that need hospitalization
could be connected to metabolism of sphingolip-
ids. Likewise, arginine and proline metabolism
could be associated with exacerbation severity
and emphysema with oxidative phosphorylation.
The uncovered molecular targets were indicated
as possible prodromal biomarkers depicting the
COPD pathology.6! Dysregulation of histidine,
ornithine, phenylalanine, and leucine discrimi-
nated COPD patients with dissimilar BODE stag-
es from reference normal subjects. Reduced leu-
cine and increased ornithine concentrations were
observed for COPD patients. Additionally, COPD
patients from BODE 1 to BODE 4 were charac-
terized by a significant increase of histidine, orni-
thine, and phenylalanine levels.®2 Serum samples
from subjects enrolled in the Atherosclerosis Risk
in Communities study, and in the Cooperative
Health Research in the Region of Augsburg study
were analyzed using gas chromatography (GC)/
MS and LC/MS-based metabolomics.¢! The au-
thors investigated 368 metabolites related to
FEV, (forced expiratory volume in 1s), FVC
(forced vital capacity), their ratio (FEV,/FVC)
and COPD. Specifically, 95 markers were linked
to FEV,, and 100 to FVC (73 overlapping), show-
ing negative correlation with BCAAs and positive
correlation with glutamine. Ten markers related to
FEV, and/or FVC, whereas 17 correlated with
COPD. It was suggested that the above circulat-
ing metabolites may become biomarkers to con-
trol the COPD onset and its progression.¢! Muscle
dysfunction in COPD patients were investigated
by NMR plasma metabolomics before starting ex-
ercise training and after an 8-week cycle.63 In
comparison with healthy subjects, patients before
training had reduced concentrations of valine, ala-
nine, and isoleucine, while after the cycle COPD
presented a substantial reduction of lactate. Refer-
ence subjects showed decreased levels of some
amino acids (namely, glutamine, tyrosine, ala-
nine, valine, and isoleucine), creatine, creatinine,
citrate and glucose, whereas lactate, succinate and
pyruvate concentrations augmented. It was in-
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ferred that dysregulated levels of amino acids in
plasma in COPD at rest can be connected with fat
free mass index (FFMI), but variations observed
after trainings are not associated with FFMI or
GOLD stages.®3 Survival of COPD patients can
also be investigated by plasma metabolomics pro-
filing. Plasma from patients with COPD who died
on average 2years after enrollment (non-survi-
vors) was compared with those who survived and
with age-matched controls by using LC/MS, LC/
MS/MS, and GC/MS.64 The results indicated that
metabolomics prediction of the risk of death com-
pares with that obtained from clinical parameters.
The metabolites characterizing survivors were in-
creased alpha-ketoglutarate, succinate, fumarate,
malate, lactate, glycerate and fructose. Further-
more, alteration of pentose phosphate pathway
and glyoxylate and dicarboxylate metabolism and
glycerolipid pathway was also found. Taken to-
gether, the data suggested dysregulation in mito-
chondrial oxidative energy generation. With re-
spect to survivors, the non-survivors showed an
increased level of circulating polypeptides associ-
ated with Factor XII and fibrinogen cleavage, and
des-Arg-9 bradykinin,®4 an active metabolite of
the endogenous vasodilator bradykinin. Sphingo-
lipids are reported to participate in COPD patho-
genesis. Using MS, specific plasma phospholip-
ids were identified by Bowler ef a/. in current and
former smokers taken from the COPDGene co-
hort.65 In particular, five sphingomyelins are spe-
cific for emphysema, while four trihexosylce-
ramides and three dihexosylceramides were con-
nected with COPD exacerbations. These data
suggest that sphingomyelins characterize COPD
emphysema and glycosphingolipids define COPD
exacerbations phenotypes.®5 Differences in lipid
profiles are present between COPD patients and
healthy controls. By applying UHPLC coupled
with Q-Exactive MS, Zhou et al. reported that
142 metabolites and 688 lipids were altered in the
diverse COPD stages.% Specific lipids differenti-
ated COPD from healthy controls and dissimilar
stages within COPD patients. Specifically, com-
pared to healthy controls, in COPD a reduction of
lysophosphatidylcholine was observed, while
phosphatidylethanolamines and  ether-linked
phosphatidylethanolamines increased. It was also
reported that in exacerbation of COPD (ECOPD),
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glutamylphenylalanine and taurine were greatly
upregulated in the control group and downregu-
lated in ECOPD, supporting their role as main
biomarkers expressed in the disease onset and
evolution.%¢ Patients with respiratory exacerba-
tion necessitating noninvasive mechanical venti-
lation related to COPD (ECOPD), chronic heart
failure, and pneumonia were compared with sta-
ble COPD by profiling serum samples via NMR.67
With respect to stable COPD, glycine level was
reduced in ECOPD, formate declined in respira-
tory failure patients, and histidine decreased in
ECOPD and pneumonia. Likewise, citrate, gluta-
mate, proline, and creatine phosphate decreased
in ECOPD and pneumonia. The results indicated
that serum (and urine) profiling could distinguish
sable COPD patients from those with respiratory
failure needing ventilation, chronic heart failure
or pneumonia, but no specific biomarker was
identified to univocally identify ECOPD. How-
ever, taken together, the data indicated that the
levels of definite metabolites were dysregulated
in hypermetabolic conditions like ECOPD and
pneumonia.t’ Conversely, specific indications for
classifying ECOPD were reported by profiling
plasma samples from 33 patients at hospital ad-
mission (day 0) and 30 days later, which were
compared with 65 matched controls.8 By using
MS, 377 metabolites were mapped, which dis-
criminated ECOPD at day 0 and controls, and 31
separating ECOPD at 0 and 30 days. Moreover, a
reduction of tryptophan concentration was detect-
ed at day 0 for ECOPD with respect to controls,
pointing to an upregulation of indoleamine 2,3-di-
oxygenase activity. According to the findings, the
authors determined that ECOPD patients present
a typical metabolomic profile that includes dimin-
ished tryptophan levels originating from an up-
regulation of indoleamine 2,3-dioxygenase activ-
ity.08 A stated above, metabolomics of serum/
plasma has also been used to study the controver-
sial asthma-COPD overlap. ACO patients seem to
be characterized by increased metabolic and ener-
getic functions.®: 70 This would justify the poorer
life quality, the faster lung function decline, the
higher exacerbation frequency, the higher mor-
bidity, and mortality in comparison with patients
with either asthma or COPD.7! In comparison
with asthma and COPD sera, GC-MS analysis
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identified ACO dysregulation of serine, threo-
nine, ethanolamine, glucose, cholesterol, 2-pal-
mitoylglycerol, stearic acid, lactic acid, linoleic
acid, D-mannose, and succinic acid. Furthermore,
in ACO dysregulation also involved TNFa, IL-
1B, IL-17E, GM-CSF, IL-18, NGAL, IL-5, IL-10,
MCP-1, YKL-40, IFN-y, IL-6 and TGF-B pat-
terns. They all exhibited strict relationships with
each other, and with clinical parameters of pulmo-
nary functions. These data could shed some light
on the nature of ACO, highlighting molecular pa-
rameters to be used for a differential diagnosis
with respect to asthma and COPD.72 NMR profil-
ing of serum samples from moderate and severe
asthma patients, moderate and severe COPD,
ACO patients and healthy controls indicated dys-
regulation of lipids, isoleucine, N-acetylglyco-
proteins (NAG), valine, glutamate, citric acid,
glucose, leucine, lysine, asparagine, phenylala-
nine, and histidine in ACO patients in comparison
with asthma and COPD.72 73 This confirmed the
increased energy and metabolic requirements for
ACO with respect to asthma and COPD. Eico-
sanoids profiles, obtained with UHPLC-Q-TOF/
MS, 7 were also used to discriminate ACO and
COPD. In agreement with the fact that the basic
levels of inflammatory parameters in ACO are
higher than those for asthmatics and COPD, hy-
droxyeicosatetraenoic acids (HETEs) increased
in ACO patients with respect to COPD, together
with higher concentrations of hydroperoxyeicosa-
tetraenoic (HPETEs) and hydroperoxyoctadeca-
dienoic (HPODE) acids, which well correlated
with FEV /FVC. It was concluded that HETEs,
produced by lipoxygenase (LOX) from HPETEs,
could be possible biomarkers for ACO diagnosis.

Conclusions

In conclusion, a complex chronic disease like
COPD cannot be properly classified by using
functional parameters alone. COPD can mani-
fest different phenotypes showing different
outcomes each induced by a specific metabolic
perturbation. Currently, none of the available
biomarkers, considered singularly, can represent
the complex and multifaceted aspects of COPD,
and it is not able to identify subjects exposed at
risk of developing the disease and multiple en-
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dotypes/phenotypes, or to predict the severity or
the evolution and the effects of drug treatment.
Only panels of biomarkers can successfully de-
scribe homogeneous COPD subclasses related to
endotypes/phenotypes that could favor personal
and efficacious treatments (pharmacological and
rehabilitative) of patients, therefore reducing the
clinical costs relating to COPD managing. It can
be foreseen that the multiple omics approaches,
together with technological and computational
advances, will simplify the clinical interpreta-
tion of COPD pathophysiology and give rise to
patient-oriented therapeutic protocols.
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