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COPD and asthma are two distinct but sometimes overlapping diseases exhibiting

varying degrees and types of inflammation on different stages of the disease. Although

several biomarkers are defined to estimate the inflammatory endotype and stages in

these diseases, there is still a need for newmarkers and potential therapeutic targets. We

investigated the levels of a phytohormone, abscisic acid (ABA) and its receptor, LANCL2,

in COPD patients and asthmatics. In addition, PPAR-γ that is activated by ABA in a

ligand-binding domain-independent manner was also included in the study. In this study,

we correlated ABA with COPD-propagating factors to define the possible role of ABA, in

terms of immune regulation, inflammation, and disease stages. We collected blood from

101 COPD patients, 52 asthmatics, and 57 controls. Bronchoscopy was performed on

five COPD patients and 29 controls. We employed (i) liquid chromatography–tandem

mass spectrometry and HPLC to determine the ABA and indoleamine 2,3-dioxygenase

levels, respectively; (ii) real-time PCR to quantify the gene expression of LANCL2 and

PPAR-γ; (iii) Flow cytometry to quantify adipocytokines; and (iv) immunoturbidimetry and

ELISA to measure CRP and cytokines, respectively. Finally, a multinomial regression

model was used to predict the probability of using ABA as a biomarker. Blood ABA

levels were significantly reduced in COPD patients and asthmatics compared to age- and

gender-matched normal controls. However, PPAR-γ was elevated in COPD patients.
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Intriguingly, ABA was positively correlated with immune-regulatory factors and was

negatively correlated with inflammatory markers, in COPD. Of note, ABAwas increased in

advanced COPD stages. We thereby conclude that ABA might be involved in regulation

of COPD pathogenesis andmight be regarded as a potential biomarker for COPD stages.

Keywords: abscisic acid, PPAR-γ, LanCL2, COPD, asthma

INTRODUCTION

COPD and asthma constitute a major global health burden
(1, 2). The prevalence of COPD and asthma is increasing
globally, and COPD has been ranked as a third leading cause
of death in the world by 2030 according to the estimates
by the World Health Organization (3). COPD is a complex

chronic lung disease that is characterized by chronic airflow
obstruction, small airway obstruction (4, 5), vascular remodeling
(6), and mucus overproduction (7) and to a varying extent
by pulmonary emphysema, which is characterized by the
loss of alveolar integrity, alveolar space enlargement, and

pulmonary hyperinflation (8, 9). Asthma is a complex and
chronic inflammatory disease that is characterized by airway
hyper-responsiveness, variable bronchial obstruction, and tissue

remodeling of airways (10). Although patients with asthma or
COPD suffer predominately from dyspnea, the clinical picture
may be quite different (11).

Cigarette smoking, exposure to toxic gases, and concurrent
respiratory infections are causative factors, which are linked to
the pathogenesis of chronic inflammation in COPD (12–14),
whereas allergens are considered the primary determinant in
most patients with asthma (15, 16). Usually, COPD is manifested
with advanced age (17, 18), whereas asthma is frequently seen
in children but may occur in adults as well, the latter especially
in nonallergic asthmatics (19). COPD is classified based on
the Global Initiatives for Chronic Lung Obstructive Diseases
(GOLD) scoring system (20), whereas asthma is diagnosed based
on spirometry to classify the underlying pathophysiology (21, 22)
and are treated based on Global Initiatives for Asthma (GINA)
guidelines that correlate with disease severity (23–25).

Neutrophil-driven inflammation, activation of macrophages,
and TH1 responses characterize for the bronchial inflammation
in COPD. These inflammatory cells can secrete a plethora
of inflammokines such as reactive oxygen species and tissue-
degrading enzymes like matrix-metalloproteinases (MMPs) in
addition to the pro-inflammatory cytokines IL-1β, IL-8, IL-
6, and TNF-α (26–28). Elevated levels of these inflammatory
mediators and decreased levels of anti-inflammatory and
immune-regulatory mediators such as IL-10 and indoleamine
2,3-dioxygenase (IDO) (29) further boost disease progression
in COPD. Increased CRP blood level is associated with
exacerbations, hospitalization, and higher risk of mortality in
COPD patients (30). Additionally, obesity and fat-tissue-derived
inflammatory mediators may influence pathogenesis in COPD
(31–33). In general, tracing of COPD-related mediators in the
peripheral blood as biomarkers may represent an interesting
option to monitor disease severity and progression (33). It is

also evident that patients with severe COPD in their advanced
stages exhibit reduced systemic inflammatory cells, in terms of
decreased frequencies of lymphocytes (34).

Abscisic acid (ABA) is an evolutionarily conserved isoprenoid
phytohormone. It was originally identified in plants but is also
found in mammals including humans (35, 36). In plants, ABA
regulates physiological functions such as response to abiotic
stress factors and cross talk with metabolic signaling pathways
in order to combat with drought or pathogen attack (37, 38).
In mammals, ABA is produced in and secreted by innate
immune cells like granulocytes (39) and monocytes (40) and
is therefore detectable in human plasma (41). ABA acts on
other cells by binding to the peripheral membrane protein
lantibiotic synthetase component C-like 2 (LANCL2) (42, 43)
as its direct mammalian receptor. Moreover, ABA also activates
the peroxisome proliferation-activating receptor (PPAR-γ) in
a ligand-binding domain (LBD)-independent mechanism (44).
Both LANCL2 and PPAR-γ are expressed in a wide range of
immune cells, including granulocytes (43, 45). Moreover, various
pulmonary cell types express PPAR-γ (46). The immunological
role of PPAR-γ in attenuating inflammation, including airway
neutrophilia, is considered well-renowned. In line with this, the
potent anti-inflammatory role induced by ABA was shown to
be, in part, influenced by the PPAR-γ activation mechanism
(47, 48). Although ABA does not directly bind to PPAR-γ, it has
been shown that lack of PPAR-γ in immune cells abrogates the
ability of ABA to improve insulin sensitivity and obesity-related
inflammation (49).

In previous studies, ABA was described to exert immune-
suppressive functions as indicated by preventing immune cell
accumulation at sites of inflammation and by downregulating
the expression of cell adhesion molecules (47, 50), reducing
the levels of pro-inflammatory cytokines/chemokines (50) while
increasing the levels of anti-inflammatory cytokines (48, 51), and
increasing the number of regulatory T cells and the expression
of co-inhibitory molecules on T cells (47, 52). According to
its well-proposed anti-inflammatory features, ABA was shown
to ameliorate atherosclerosis (50), inflammatory bowel disease
(47), obesity-related inflammation (51), and influenza-induced
pneumonia (48) in experimental animal models (53).

Based on its above-described immunological roles in various
inflammatory disorders, we hypothesize that ABA might as well
be involved in the pathogenesis of chronic respiratory diseases
in humans. Thus, the aim of this study was to characterize
the ABA levels in the peripheral blood and the expression
pattern of the ABA receptor LANCL2, as well as PPAR-γ
on peripheral blood mononuclear cells of COPD patients and
asthmatics, and to correlate these data with disease severity and
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other clinical parameters associated with COPD and COPD-
associated comorbidities. Moreover, a statistical model was
applied to evaluate whether the levels of ABA in the systemic
circulation would represent a suitable indicator defining the
severity of COPD.

MATERIALS AND METHODS

Patients and Controls
One hundred one COPD and 52 asthma patients from the
Magdeburg county of Germany were recruited at the Department
of Pneumonology, Otto-von Guericke University Hospital,
and from a specialized outpatient pneumonology practice in
Magdeburg, Germany, under the approval of the institutional
ethics committee of theMedical faculty of the Otto-von-Guericke
University in Magdeburg (study approval number: 127/15).
All patients had an established diagnosis of COPD or asthma
according to the current clinical and functional GOLD and
GINA criteria, respectively. COPD was diagnosed based on a
smoking history ≥ 20 pack years, the absence of a previous
or current diagnosis of asthma, a FEV1/FVC ration < 70%,
and being under therapy. Asthma was diagnosed in patients
with a reversible obstructive impairment of ventilation (increase
of FEV1 after two puffs of albuterol > 200ml) and with
smoking history < 10 pack years. Furthermore, the mean lung
function (FEV1 %) is given for COPD and asthma patients,
in Tables 1, 2, respectively. The inclusion criteria for COPD
patients were men and women who had confirmed diagnosis
of COPD, were above 40 years of age, and all current and
past nicotine abuse of at least 20 pack years. Likewise, the
inclusion criteria for asthma patients were men and women
who had confirmed diagnosis of asthma and were above 20
years of age with nicotine abuse of at least 10 pack years.
Current smokers were excluded from the asthma cohort.
COPD and asthma patients without informed consent and with
comorbidities (such as malignancy, liver dysfunction) as well as
pregnant patients were excluded from the study. COPD patients
enrolled in our study were treated with β-agonist, muscarinic
antagonist, inhaled corticosteroids (ICS), or a combination of
all. Furthermore, 57 age- and gender-matched normal controls
were recruited.

Five patients with COPD underwent bronchoscopy to
draw bronchioalveolar lavage fluid (BALF), and additional
BALF samples were collected from tumor-free parts of the
lung from 29 control subjects who were diagnosed with
lung cancer, as listed in Table 1. All subjects gave written
informed consent. The basic characteristics of the COPD
and asthma patients are outlined in Tables 1, 2, respectively.
The basic characteristics including age and gender of control
subjects (both blood and BALF controls) were also outlined in
Tables 1, 2.

Bronchoscopy and BALF Handling
Bronchoscopy was performed according to the hospital
procedure established at the pneumonology unit, Otto-von-
Guericke University Hospital, Magdeburg, and as described in
Schreiber et al. (54). The collected BALF was centrifuged to

pellet the cells, and the liquid part was stored at −80◦C until
further usage.

Whole Blood Collection and Serum
Isolation
Five to 10ml whole blood from COPD and asthma patients
and respective age- and gender-matched controls was collected
into EDTA tubes and was utilized for RNA isolation and
subsequent gene expression analyses. Besides, 10ml of whole
blood was collected in separate serum tubes with clot activating
gel (Vacutainer/SarstedtTM) and subjected to centrifugation at
3,300 rpm for 5min to collect serum that was aliquoted and
stored at−80◦C until further analysis.

Measurements of Serum Abscisic Acid by
Liquid Chromatography–Tandem Mass
Spectrometry
ABA serum levels were determined by liquid chromatography–
tandem mass spectrometry (LC-MS/MS). One hundred
microliters of plasma was prepared for LC-MS/MS analysis
by protein precipitation with acetonitrile/methanol (400 µl,
v/v = 9/1). After vortexing and centrifugation, 400 µl of
the supernatant was evaporated and redissolved in 19 µl
water. Analyte-free plasma obtained from treatment with
activated charcoal was used as a surrogate matrix for preparing
five calibration standards (0.025–6.25 ng/ml). Sample and
standards were spiked prior to sample preparation with the
internal standard ABA-D6 (0.25 ng/ml). Here, surrogate matrix
samples represented negative controls or blanks. Surrogate
matrix samples spiked with different concentrations of abscisic
acid were used as calibration standards or positive controls.
Chromatographic separation was accomplished with an Eksigent
425 LC system employing a Halo C18 column (100 × 0.5mm,
2.7µm, Sciex, Framingham, MA, USA) using a gradient of
2–95% acetonitrile in 0.1% formic acid solution within 10min.
Targets were detected on a quadrupole–quadrupole–time-of-
flight instrument (TripleTOF5600+, Sciex) using electrospray
ionization (ESI) in negative ion mode. The acquisition strategy
involved the collection of full-scan MS/MS spectra (precursor
ions: m/z 263.1 and 269.2) and post-acquisition extraction of
analyte-specific fragment ion mass traces (m/z 153.0924 ± 0.05
and m/z 159.1543 ± 0.05). The injection volume was set to 5
µl. The column temperature was 25◦C. The flow rate was set to
20 µl/min.

Quantification of LANCL2 and PPAR-γ
Gene Expression by Real-Time PCR
Whole blood was collected and subjected to total cellular RNA
isolation using QIAamp RNA blood mini kit (Qiagen) (catalog
# 52304) according to the instruction manual. The eluted RNA
was analyzed to measure the concentrations and purity using
the NanoDrop spectrophotometer (NanoDrop 1000, ND-1000
V3.8.1). An almost equal concentration of the RNA template
(1 µg) was reverse-transcribed with random primers using the
first-strand cDNA synthesize kit (Thermo Scientific, Catalog
# K1672). This is to achieve the initial adjustment of sample
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TABLE 1 | Basic characteristics of COPD patients and controls.

Patient characteristics COPD blood COPD BAL Control Blood Control BAL

Number of patients (n) n = 101 n = 5 n = 57 n = 29

Mean Age (years) (minimum–maximum) 67 (47–86) 66 (72–61) 57.7 (24–77) 58 (27–79)

Gender (n)

(i) Women 35 5 30 14

(ii) Men 66 0 27 15

Mean body mass index (BMI) (minimum–maximum) 28.7 (17.4–56.1) 28.24 (20.8–33.3)

(i) Normal weight (18.5–24.9 kg/m2 ) 21.9 (18.7–24.8) 20.8

(i–ii) Normal weight (<20 kg/m2 ) 18.8 (5 patients)

(ii) Cachexia (<18.5 kg/m2 ) 17.4 (1 patient)

(iii) Obese (≥25.0 kg/m2 ) 30.9 (25.0–56.1) 30.1 (27.7–33.3)

GOLD stages (n)

Stage I 12 0

Stage II 53 2

Stage III 8 2

Stage IV 28 1

Smoking history (n)

Current smoker 32 2

Never smoker 8

Ex-smoker 58 2

Unknown 3 1

Mean lung function (FEV1) (%) (minimum–maximum) 63.45 (20–90) 62.7 (20.1–64.1)

Exacerbation (current status) 94% have no exacerbation 100% have no exacerbation

Comorbidities C/P/M/G/R/Mu/Oth C/P/M/R/Oth

C, Cardiovascular; P, Pulmonary; M, Metabolic; R, Renal; Mu, Musculoskeletal; Oth, Others.

TABLE 2 | Basic characteristics of asthmatics and controls.

Sl. no Patient characteristics Asthma blood Normal control

(1) Number of patients (n) 52 26

(2) Mean age (minimum–maximum) 52 (25–74) 50 (25–74)

(3) Gender

(i) Women (n) 33 17

(ii) Men (n) 19 9

(4) Asthma classification*

(I) Mild intermittent 17

(II) Mild persistent 7

(III) Moderate persistent 12

(IV) Severe persistent 13

Unknown 3

(5) Mean lung function (FEV1) (%) (minimum–maximum) 78.3 (28.5–137)

*Classified by German Airway League and German Respiratory Society. Guidelines for diagnosis and treatment of asthma patients (21).

material, leading to comparable cDNA concentrations in each
reverse transcription reaction. The cDNA was stored in −80◦C
until use. qPCR was performed using the components (i) cDNA
template, (ii) primers (forward and reverse), (iii) SYBR Green
Master Mix, and (iv) qPCR-grade water in the final volume of
25 µL (FastStart Essential DNA Green Master, Qiagen, Cat#
06402712001). The instrument used for qPCR was the Roche
Light cycler which was installed with the Roche Light Cycler

480 Software. Samples were run for 40 cycles (95◦C for 15 s,
55◦C for 1min, and 72◦C for 1 s). All samples were run in
duplicates (i.e., technical replicates). No template control (NTC)
served as negative controls. The relative gene expression was
calculated using Roche Light Cycler 480 Software. The Ct values
were calculated using the second-derivate maximum method.
The relative expression (Xnorm) of a target transcript within a
given sample was calculated using the delta (1) Ct method as
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follows: Xnorm = (1 ± E)−(Ct, target−Ct, reference), with E referring
to the PCR efficiency of target and reference PCR reaction (E
≈ 1) (55). Calculation was performed using Ct values, averaged
over duplicate measurements. Here, β2-microglobulin (β2M)
was used as an internal housekeeping gene (reference gene).
The sequences of the primers used in this study are LANCL2
(forward: TCCTGTCCCTTTACCGTCTCACTC and reverse:
GCGAATAGGGTCTGTCAGGAATGC), PPAR-γ (forward:
AGCCTCATGAAGAGCCTTCCAAC and reverse: TGTTCTCC
GGAAGAAACCCTTGC), and β2M (forward: TGCCGTGT
GAACCATGTGACTT and reverse: GCGGCATCTTCAAACCT
CCAT) genes.

Measurements of Indoleamine
2,3-Deoxygenase (IDO) by HPLC
Tryptophan and kynurenine concentrations in serum were
determined by reversed-phase HPLC as described earlier (56,
57). Specimens were deproteinized with trichloroacetic acid
and were separated on reversed-phase C18 material using
0.015 mol/l potassium phosphate buffers (pH 6.4). Tryptophan
was monitored by means of its native fluorescence (Varian
ProStar 360, Palo Alto, CA) at 285-nm excitation and 360-nm
emission wavelengths. Kynurenine was detected by ultraviolet
absorption (Shimadzu SPD-6A, Korneuburg, Austria) at 365-
nm wavelength in the same chromatographic run. Finally,
kynurenine/tryptophan (kyn/trp) was calculated as an estimate
of IDO activity. Here, tryptophan (100µM) and kynurenine
(10µM) were used as positive controls, whereas blank served as
a negative control.

Measurements of Adipocytokines by
FACS-Based Bead Array
Quantification of the human adipokines adiponectin, adipsin,
leptin, and resistin in serum of COPD patients and control
subjects was performed using the LEGENDplexTM Human
Metabolic Panel 1 (Catalog # 740212, BioLegend) according to
the instruction manual.

Measurement of CRP by
Immunoturbidimetry
Serum levels of high-sensitivity C-reactive protein (hsCRP) were
quantified by turbidimetry (800/570 nm) with a cobas c 311
analyzer (Roche).

Measurements of Serum-Soluble Proteins
by ELISA
Serum levels of pro-inflammatory cytokines, matrix
metalloproteinases, and soluble costimulatory molecules
were determined by ELISA according to the manufacturer’s
instructions. The ELISA MAXTM Standard Set for human
TNF-α (Catalog # 430201), IL-8 (Catalog # 431501), IL-1β
(Catalog #437004), and IL-6 (Catalog # 430501) was purchased
from BioLegend. The human MMP-9 DuoSet ELISA kit was
purchased from R&D Systems (DY911-05). The human sCD86
ELISA Antibody Pair Set (Catalog # SEK10699) was purchased
from Sino Biological. All analyses were done in duplicates.

Statistical Analysis
The differences between the analytes in COPD patients
and controls (two groups) were performed using either the
nonparametric Mann–Whitney U-test or unpaired Student
t-test. Further differences between the three variables with
subclassifications within COPD patients (three groups) were
performed using the Kruskal–Wallis test with Dunn’s post-hoc
test. The correlation between two different variables was analyzed
using nonparametric Spearman’s correlation coefficient tests. p
< 0.05 was considered significant in the study. To investigate
the role of ABA in predicting COPD disease progression,
we fitted a multiple multinomial logistic regression using R’s
package “nnet,” considering that while the stages are ordered
the control group’s order does not necessarily lie under COPD
stage I. To adjust for the potential confounding role of the
sample characteristics on the predictive value of ABA, we
included demographic variables and immune-regulatory factors
and inflammatory markers to the model selection process by
fitting individual factors and select significant ones. The best
model was selected based on the remained significant variables
in a multiple regression model. Since our main purpose is to
explore the role of ABA, the term ABA is always included in
the model selection process instead of letting the automatic
algorithm to decide on whether or not ABA is to be remained
in the final model. Due to a wide variety in the range of
analyte measurements, all the continuous covariates were scaled
and centered before fitting the model and the coefficient was
transformed back to interpret on the original data scale. The
software used for most of the graphical representations was
GraphPad Prism version 5.0, whereas statistical modeling was
performed using R version 4.0 and the multinomial regression
was fitted using package “nnet.”

RESULTS

Decreased ABA Levels in Peripheral Blood
of COPD Patients With the Lowest Levels
Observed in Settings of Active Lung
Inflammation
Blood samples of 101 COPD patients and 57 age- and gender-
matched controls were collected, and ABA levels in sera were
determined by LC-MS/MS. Strikingly, ABA serum levels were
significantly decreased in COPD patients when compared to
control donors (Figure 1A). Furthermore, when COPD patients
were stratified based on their disease stage according to the
GOLD classification, we found that stage IV COPD patients
who are considered end-stage with extensive tissue remodeling
and emphysema but at the same time with low-grade active
inflammation tend to exhibit higher ABA serum levels compared
to stage II COPD patients with mild to moderate disease
severity, who are still with active and progressive inflammation
(Figure 1B). Further classification of COPD patients based on
their cigarette smoking history revealed that serum ABA levels
are lowest in current smokers compared to those patients
who either quitted smoking (Figure 1C) or were nonsmokers
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FIGURE 1 | Blood levels of ABA in patients with COPD and controls and subcategories of COPD based on disease severity and smoking habits. Circulating serum

levels of ABA in (A) COPD patients (n = 98) and age- and gender-matched controls (n = 38), (B) GOLD classified moderate (Stage II) (n = 52) and severe (Stage IV) (n

= 28) COPD patients, COPD patients with current smoking habits, (C) ex-smokers, and (D) and those who never smoked. Individual dots represent data obtained

from individual subjects. Statistical analysis was done by either nonparametric Mann–Whitney test or unpaired Student t-test.

(Figure 1D). Further quantification of ABA levels in the BALF
of COPD patients and controls exhibited below detection limits.

Since COPD is considered to be an age-associated disease,
we further classified COPD patients with respect to their age.
Interestingly, ABA levels increase with age and this effect is
statistically significant in COPD patients but not in control
subjects (Supplementary Figures 1A–C). Of note, ABA serum
levels positively correlate with the age of stage IV COPD patients
(Supplementary Figure 1D).

Increased Expression of PPAR-γ on
Peripheral Blood Mononuclear Cells of
COPD Patients
Next, we quantified the gene expression of LANCL2 and PPAR-γ
in PBMC as well as BAL cells. Although we did not observe any
significant difference in LANCL2 expression in peripheral blood
cells between COPD patients and control groups (Figure 2A),
we indeed found a significant increase in PPAR-γ expression on
PBMC from COPD patients when compared to normal controls
(Figure 2B). In particular, advanced (stage IV) COPD exhibited
significantly higher expression levels of PPAR-γ when compared
to the control subjects (Supplementary Figure 2C). In contrast,
no changes in LANCL2 and PPAR-γ expression were observed
on BAL cells from COPD patients compared to control subjects
(Figures 2C,D). Furthermore, we did not observe significant
differences in PBMC expression levels of LANCL2 and PPAR-
γ among COPD patients, either when classified regarding their
disease severity (GOLD stage I–IV) or when categorized based on

their smoking habits (data not shown). In conclusion, decreased
ABA levels in the circulation of COPD patients are accompanied
by increased expression of PPAR-γ on PBMC.

Decreased ABA Serum Levels and Altered
PPAR-γ and LANCL2 Expression on
Peripheral Blood Mononuclear Cells in
Asthmatic Patients
In order to determine whether the observed decrease in
ABA serum levels and altered expression of PPAR-γ and
LANCL2 on PBMC are unique for COPD or would also
apply for other chronic respiratory diseases, we analyzed
the serum concentration of ABA in asthma patients and
age- and gender-matched normal controls. Strikingly, as in
COPD patients, ABA serum levels are indeed significantly
reduced in asthmatics when compared to normal controls
(Figure 3A). However, there are no differences with
respect to higher or lower ABA levels distinguishing the
stages of asthma progression (Supplementary Figure 7).
Interestingly, we observed significantly reduced expressions
of LancL2 and PPAR-γ on PBMC from asthma patients
compared to the normal controls (Figures 3B,C). In
conclusion, the reduced ABA concentration in the
circulation of COPD patients and asthmatics was observed,
whereas the PBMC expressions of PPAR-γ and LANCL2
were altered.
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FIGURE 2 | Gene expression levels of LANCL2 and PPAR-γ in patients with COPD and controls. Gene expression levels of (A) LANCL2 and (B) PPAR-γ on peripheral

blood cells from COPD patients (n = 94) and age- and gender-matched controls (n = 28 and 27, respectively). Bronchioalveolar lavage cell gene expression of (C)

LANCL2 (n = 4) and (D) PPAR-γ (n = 5) in COPD patients and control subjects (n = 29 and 28, respectively). The individual dots represent data obtained from

individual subjects. Statistical analysis was done by either nonparametric Mann–Whitney test or unpaired Student t-test.

FIGURE 3 | ABA serum levels and LANCL2 and PPAR-γ gene expression on blood cells in asthma patients and controls. (A) Circulating serum levels of ABA in

asthma patients (n = 52) and age- and gender-matched controls (n = 26). Blood cell gene expression of (B) LANCL2 and (C) PPAR-γ in asthma patients (n = 52) and

age- and gender-matched controls (n = 26). The individual dots represent data obtained from individual subjects. Statistical analysis was done by either

nonparametric Mann–Whitney test or unpaired Student t-test.
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ABA Serum Levels Positively Correlate
With Immune-Regulatory Factors While
Inversely Correlating With Inflammatory
Markers in COPD Patients
In order to gain knowledge on the potential role of ABA in
COPD, we next thought to correlate ABA serum levels with
clinically relevant markers that are associated with disease
severity and COPD-related comorbidities. Quantification of the
immune-regulatory enzyme IDO, the anti-inflammatory
adipocytokine adiponectin, and the insulin-sensitizing
adipocytokine adipsin revealed that the levels of all factors
are significantly elevated in COPD patient sera when compared
to controls (Figures 4A,C,E). Of note, although ABA serum
concentration is generally decreased in COPD patients, it exhibits
a significant and positive correlation to the anti-inflammatory
analytes IDO (Figure 4B), adiponectin (Figure 4D), and insulin-
sensitizing adipsin (Figure 4F). Furthermore, serum levels of the
inflammation marker soluble(s) CD86 are significantly decreased
among COPD patients when compared to controls (Figure 4G)
and intriguingly negatively correlate with ABA serum levels
(Figure 4H). We have also measured other COPD-related
markers including CRP, resistin, MMP-9, leptin, and pro-
inflammatory cytokines (IL-6, IL-1β, TNF-α, and IL-8). While
serum cytokines were mostly below the level of detection (data
not shown), we observed increased CRP levels and decreased
resistin and MMP-9 levels in the circulation of COPD patients
when compared to controls (Supplementary Figures 6A–C).
However, we did not observe a significant correlation between
these factors and the levels of ABA (data not shown). Together,
correlation studies revealed that ABA serum levels in COPD
patients are associated with immune-regulatory mediators
and thereby follow a similar pattern as observed for other
disease-associated immune-regulatory mediators.

ABA as a New Possible Biomarker for
Disease Stages in COPD
To select the best predictive model for COPD disease progression
based on ABA, we have included sex, age, immune-regulatory
factors, and inflammatory markers as covariates in model
selection. The best model was selected based on the individual
variables’ statistical significance, and those that remained
statistically significant in a multiple regression model include
ABA, CRP, and adipsin, adjusting for individual age—which was
also found to be significant (Table 3). The model shows that ABA
is mostly negatively associated with COPD stages; for example,
with every unit increase in ABA, the log odds of being in stage I
compared to having no COPD reduced by 2.98, or in other words,
the relative risk of being in stage I compared to having no COPD
reduced by exp (−2.98) ∼ 5% for every unit increase in ABA
level. However, the effect is no longer as clear in COPD stages
III and IV. The model also confirms the role of CRP and adipsin
in predicting COPD disease state.

To illustrate the marginal effect of ABA in a multivariable
regression model presented in Table 3, we conditioned on the
mean value of the model covariates including CRP, age, and
adipsin and plotted (Figure 5). It shows the predicted probability

of being in one of the COPD stages holding the rest of the
covariates at their average value, noting that in case different
values were chosen, the magnitude plotted will be different but
the shape of the effect will remain the same as it is in the case of
the multivariable regression model. Figure 5 shows that serum
ABA levels lower than 10−5 may correspond to COPD stage
II, while ABA levels between 10−5 and 100 could correspond
more likely to COPD stage IV. For values of ABA over 100.3,
the probability of not presenting COPD is largely increased. Note
in Figure 5 that the confidence intervals for the probabilities of
COPD I and III are overlapping; thus, serum ABA levels would
not help to distinguish between these stages of COPD.

In summary, quantification of ABA serum levels in a large
patient cohort revealed that COPD is associated with reduced
concentrations of this factor in the circulation. Moreover, the
lowest ABA concentrations were associated with conditions of
active lung inflammation.

DISCUSSION

Supplementation of ABA by feeding an ABA-rich diet has been
previously shown in animal models for chronic inflammatory
disorders to ameliorate inflammatory processes (47, 48, 50, 51).
In the present study, we show for the first time that baseline levels
of ABA in the circulation are significantly reduced in COPD
patients and asthmatics, which is consistent with the clinical
findings in patients suffering from type 2 diabetes and systemic
sclerosis (58, 59). Reduced ABA concentration might either be
the consequence of intrinsic defects in the cellular ABA synthesis
or, alternatively, due to the enhanced ABA consumption upon
binding to its receptor LANCL2. Hence, in our study, it might
be possible that LANCL2-bound ABA might have an induced
elevated expression of PPAR-γ in PBMC of COPD patients.
This very much resembles the concept of the agonistic action
of pioglitazone (an FDA-approved synthetic PPAR-γ agonist
and antidiabetic drug) to activate PPAR-γ which was already
proven to be effective in controlling inflammatory responses in
other chronic inflammatory diseases such as multiple sclerosis
and systemic lupus erythematosus (60, 61). Most of the
COPD patients enrolled in our study are treated with β-
agonist, muscarinic antagonist, inhaled corticosteroids (ICS), or a
combination of all. A previous report showed that the expression
of PPAR-γ in sputum cells from COPD patients was promoted
by the long-acting β2 agonist formoterol (62). Interestingly,
in our study we noticed that the expression of PPAR-γ was
generally lower in PBMC from women, irrespective of their
health status (Supplementary Figure 4). This implies that the
overall level of PPAR-γ expression could be gender-specific and
that the observed low PPAR-γ expression level in women might
increase the likelihood for a faster disease progression in women
than in men. This hypothesis is corroborated by the findings
of accelerated decline in lung function, greater risk of airway
obstruction, and physical limitation, which are prevalent and
more frequent in aged COPD women when compared to COPD
men (63, 64). A sharp drop in the estrogen levels could further
explain the notion of reduced PPAR-γ expression among elderly
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FIGURE 4 | Circulating serum levels of anti-inflammatory, insulin-sensitizing, and inflammatory markers in patients with COPD and controls. (A) Serum activity of

immune-regulatory enzyme, indoleamine-2,3-dioxygenase (IDO), by measuring the kynurenine-to-tryptophan ratio in COPD patients (n = 101) and controls (n = 54)

and (B) correlation of serum ABA levels and IDO activity among COPD patients (n = 97). Serum levels of (C) the anti-inflammatory adipocytokine, adiponectin, in

COPD patients and controls and (D) correlation of serum ABA levels and adiponectin among COPD patients. Serum levels of (E) insulin-sensitizing adipsin in COPD

patients and controls and (F) correlation of serum ABA levels and adipsin among COPD patients. Serum levels of (G) the proinflammatory costimulatory molecule

sCD86 in COPD patients and controls and (H) correlation of serum ABA levels and sCD86 among COPD patients. The individual dots represent data obtained for

individual subject. Statistical analysis was done by either nonparametric Mann–Whitney test or unpaired Student t-test. Correlation test was performed using

nonparametric Spearman’s rank correlation coefficient test.

women (65). Although the serum concentration of ABA did
not differ between genders (Supplementary Figure 3), we may
speculate that the elevated level of PPAR-γ expression on PBMC

might reflect ABA-mediated effects in modulating and alleviating
the disease activity, as it is evident that the loss of PPAR-γ
impaired the anti-inflammatory attributes of ABA (49). Since
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TABLE 3 | Multinomial logistic regression model.

No COPD Stage Coefficient SE p-value [95% Confidence interval]

(base outcome)

I ABA −2.98 1.36 0.03 −5.65 to −0.31

age 0.07 0.02 <0.001 0.03 to 0.12

CRP 20.25 4.98 0.001 10.48 to 30.01

Adipsin 5.23 2.23 0.02 0.87 to 9.59

II ABA −2.53 0.8 <0.001 −4.11 to −0.96

age 0.1 0.02 <0.001 0.06 to 0.14

CRP 20.01 4.98 <0.001 10.25 to 29.77

Adipsin 5.36 2.21 0.02 1.03 to 9.68

III ABA −2.68 1.58 0.09 −5.77 to 0.42

age 0.07 0.02 0.01 0.02 to 0.12

CRP 18.97 5.35 <0.001 8.49 to 29.44

Adipsin 5.13 2.26 0.02 0.71 to 9.56

IV ABA −1.3 0.72 0.07 −2.72 to 0.11

age 0.09 0.02 <0.001 0.05 to 0.14

CRP 19.95 4.98 <0.001 10.18 to 29.72

Adipsin 5.14 2.21 0.02 0.81 to 9.46

All the coefficients are compared relatively to no COPD group and dependent on the raw scale of the variable (n = 126).

FIGURE 5 | Probability of being in one of the COPD stages over serum ABA levels. The plotted values were calculated assuming an average individual in the sample

that is conditional on the mean value of the other covariates (condition in a patient aged 65, a CRP value at 100.83, and adipsin value at 106.27) and their 95%

confidence interval of the prediction. The rug at the plot’s bottom margin represents the data frequency used in the analysis. The statistical modeling was performed

using R 4.0.

the expression of LANCL2 and PPAR-γ in asthmatics differs
from that of COPD patients, the ABA-related outcome might
be different in asthmatics (Supplementary Figures 3B,C, 7C),
which requires further investigations.

Understanding the reason behind the increase in ABA serum
levels with advancement of COPD remains an interesting but
challenging issue. It is well-endorsed that at the beginning
COPD is marked by chronic airway inflammation that usually
progresses to emphysema in advanced stages, a condition that

is characterized by irreversible bronchial narrowing and alveolar
hyperinflation (5). Increased ABA levels in the advanced stage
of COPD might be associated with the so-called inflammaging
where low-grade inflammation is expected to occur during aging
(66). To support this, our study shows a strong correlation
between ABA concentration in the circulation and the age
of the entire COPD (Supplementary Figures 1A,C) as well
as asthma (Supplementary Figure 7A) cohort. Furthermore,
ABA levels increase from stage I to IV COPD patients
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(Supplementary Figure 2A). Of note, most patients with
progressive COPD are above 65 years old, further supporting the
notion that ABA levels increase with decreasing inflammation.
One of the major characteristics of low-grade inflammation
during aging is that the immune system undergoes age-
associated alterations leading to immune senescence along with
a decline in immune functions (67, 68). We may therefore
speculate that there is a link between aging-related disease
processes in progressing COPD and immune senescence
which might result in the observed increase in ABA levels
both in advanced-stage COPD patients and in the elderly.
This is supported by a report dealing with plant physiology
that described ABA to promote senescence in leaves to be
associated with aging in plants (69). Due to conserved functions
of ABA both in plants and in mammals, we consider an
analogous trait to take place in humans. In order to gain
additional information regarding potential alterations of
ABA levels at the site of inflammation, i.e., the lung, we also
measured ABA levels in BALF from both COPD patients
and control subjects. However, irrespective of whether or not
the donor suffered from COPD and in contrast to serum,
ABA levels in BALF were below the level of detection (data
not shown).

We noticed an increase in serum IDO activity in our
COPD cohort (Figure 4), which might be stimulated by
IFN-γ or other pro-inflammatory cytokines (70) that are
released in consequence of ongoing lung inflammation (71).
IDO might suppress inflammatory responses during chronic
inflammation (72) in COPD patients, which however needs
further investigation. IDO is a first-step, rate-limiting enzyme
produced during tryptophan catabolism, which acts as an
immune-regulatory metabolite (73), indicating its significance
during acute exacerbation as well as stable state in COPD,
respectively. In fact, the combination of corticosteroids and β2
agonists possesses the potential to enhance IDO activity (74) and
thus could in part explain increased IDO levels in COPD patients
that apply these medications on a regular basis. Next to IDO,
our analyses revealed elevated levels of the serum adipocytokine
adiponectin in COPD patients (Figure 4). Increased adiponectin
level might be due to the treatment to COPD patients with
β agonists (75), and we consider adiponectin to display anti-
inflammatory attributes by inhibiting the expression of the
pro-inflammatory cytokine TNFα and the transcription factor
nuclear factor kappa beta (NF-κb) (76) and by mediating lung-
protective properties (75). Of note, adiponectin levels were also
shown to be increased upon treatment with the FDA-approved
PPAR-γ agonist thiazolidinediones (77), and in our study we
indeed find an increased PPAR-γ expression on PBMC from
COPD patients. Although another study has demonstrated that
plasma levels of adipokines, and here mainly leptin and not
adiponectin, could be indicative for COPD emphysema and
severity (33), we could not demonstrate a role of leptin in
our COPD cohort and thereby could not compare it as a
control biomarker for ABA in our study. Besides, increased levels
of sCD86 in the circulation were shown to be tightly linked
to the immunopathogenesis of several chronic inflammatory
diseases, such as systemic lupus erythematosus, rheumatoid

arthritis, abdominal aortic aneurysm, and acute asthma (78–
81). In direct contrast to this, the COPD cohort studied
here exhibits reduced serum levels of sCD86. This might be
due to the effect of β-2-agonists (β2A), as it was reported
that β2A receptor stimulation decreases the expression of
surface-bound CD86 on dendritic cells (82). We may thus
speculate that regular medications in COPD patients result in
decreased sCD86 serum levels either due to reduced shedding
of the CD86 from the cell membrane or due to the reduced
expression of surface-bound CD86 on antigen-presenting cells.
Taken together, the ABA level in the circulation directly
correlates with the levels of the immune-regulatory and anti-
inflammatory markers IDO and adiponectin while inversely
correlating with the serum level of the pro-inflammatory marker
sCD86, suggesting an overall anti-inflammatory function of ABA
in COPD.

Compelling evidence exists regarding the significance of ABA
in glucose homeostasis by increasing insulin sensitivity of and
improving glucose uptake by cells (41, 51, 83). In line with this,
we demonstrate elevated levels of the adipocytokine adipsin in
the circulation of COPD patients. The insulin-sensitizing adipsin
(84) is expressed by adipocytes, and its expression was shown
to be dysregulated in models of obesity and diabetes. Here,
its mode of action was demonstrated not only in improving
insulin sensitivity but also in enhancing the insulin secretion
by pancreatic β-cells, in contrast to adiponectin which is well-
known to enhance insulin sensitivity but lacks the capacity
to stimulate pancreatic β cells to release insulin (85–87). In
our study, increased adipsin levels could relate to a relatively
low number of COPD patients enrolled in the survey with
comorbidities for metabolic conditions, including diabetes and
hypercholesterolemia. Remarkably, our study defines a direct
relation between ABA and the diabetes protective factor, adipsin.
Future studies are needed to further clarify the diagnostic value
of ABA and adipsin levels to stratify COPD patients according
to their potential comorbidities. Interestingly, ABA serum levels
negatively correlate with BMI, i.e., they decrease with increasing
body weight in the COPD cohort (Supplementary Figure 5).
Thus, ABA might be considered as a surrogate-circulating factor
linking adipocytes and obesity to β cell function among COPD
patients with the respective comorbidities, which requires further
specific investigations.

CONCLUSION

Taken together, we conclude that ABA serum levels are positively
associated with immune-regulatory mediators and advanced
stage of COPD. Moreover, both conventional statistical analysis
and application of the multinomial logistic regression model

revealed that ABA serum levels can be regarded as a potential

biomarker in distinguishing early and late stages of COPD.
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