International Journal of Chronic Obstructive Pulmonary Disease

Dove

ORIGINAL RESEARCH

Smokers with COPD Show a Shift in Energy and
Nitrogen Metabolism at Rest and During Exercise

Olaf Holz('"*
David S DelLuca®**
Stefan Roepcke’
Thomas lllig?

Klaus M Weinberger
Christian Schudt’
Jens M Hohlfeld '

'Fraunhofer ITEM, Biomedical Research
in Endstage and Obstructive Lung
Disease Hannover (BREATH), German
Center for Lung Research, Hannover,
Germany; 2Hannover Medical School,
Biomedical Research in Endstage and
Obstructive Lung Disease Hannover
(BREATH), German Center for Lung
Research, Hannover, Germany;
3Department of Biomarker
Development, Takeda Pharmaceuticals
International GmbH, Zirich, Switzerland;
“Biocrates Life Sciences AG, Innsbruck,
Austria; *Research Group for Clinical
Bioinformatics, Private University for
Health Sciences, Medical Informatics and
Technology, Hall in Tirol, Austria;
6sAnalytiCo Ltd, Belfast, Ireland;
"Department of Biochemistry, ALTANA,
Konstanz, Germany

4-6

*These authors contributed equally to
this work

Correspondence: Olaf Holz
Department of Clinical Airway Research,
Fraunhofer ITEM, Hannover 30625,
Germany

Tel +49-511-5350-8141

Fax +49-511-5350-8250

Email olaf.holz@item.fraunhofer.de

This article was published in the following Dove Press journal:
International Journal of Chronic Obstructive Pulmonary Disease

Purpose: There is an ongoing demand for easily accessible biomarkers that reflect the
physiological and pathophysiological mechanisms of COPD. To test if an exercise
challenge could help to identify clinically relevant metabolic biomarkers in COPD.
Patients and Methods: We performed two constant-load exercise challenges separated by
4 weeks including smokers with COPD (n=23/19) and sex- and age-matched healthy
smokers (n=23/20). Two hours after a standardized meal venous blood samples were
obtained before, 5 mins after the start, at the end of submaximal exercise, and following
a recovery of 20 mins. Data analysis was performed using mixed- effects model, with the
metabolite level as a function of disease, time point and interaction terms and using each
individual's resting level as reference.

Results: Exercise duration was longer in healthy smokers but lactate levels were comparable
between groups at all four time points. Glucose levels were increased in COPD. Glutamine
was lower, while glutamate and arginine were higher in COPD. Branched-chain amino acids
showed a stronger decline during exercise in healthy smokers. Carnitine and the acyl-
carnitines C16 and C18:1 were increased in COPD. These metabolite levels and changes
were reproducible in the second challenge.

Conclusion: Higher serum glucose, evidence for impaired utilization of amino acids
during exercise and a shift of energy metabolism to enhanced consumption of lipids
could be early signs for a developing metabolic syndrome in COPD. In COPD patients,
deviations of energy and nitrogen metabolism are amplified by an exercise challenge.

Keywords: targeted metabolomics, biomarker, airway inflammation

Plain Language Summary

There is an ongoing demand for easily accessible biomarkers to better understand,
diagnose and treat chronic obstructive pulmonary disease (COPD). In this study, we
tested, if metabolic blood biomarker signals can be enhanced by an exercise challenge.
We performed two bicycle ergometer exercise challenges separated by 4 weeks with
smokers that have COPD and healthy smokers. Both groups were comparable with
respect to age and gender distribution. Following a standardized breakfast, we obtained
blood samples before, 5 mins after the start, at the end of exercise, and following
a recovery of 20 mins. The data analysis was performed using adequate tests using
each individual’s resting level as reference. The healthy smokers were able to perform
the exercise for a longer duration but blood lactate levels indicated that both groups
reached a comparable level of exhaustion at all four time points. Glucose levels were
increased in COPD and a number of metabolites involved in energy generation showed
differences in smokers with COPD. These metabolite levels and changes were reprodu-
cible in the second challenge. The observed metabolic deviations could be early
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indicators for a developing metabolic syndrome in COPD that
are amplified by an exercise challenge.

Introduction
Chronic obstructive pulmonary disease (COPD) is charac-
terized by chronic airway and systemic inflammation, dys-
pnea, decreased exercise tolerance, cough, and mucus
production.'” Biomarkers that reflect inflammation or
comorbidities in COPD are rare’ and established markers
tracking disease activity or progression are limited.* It is
known that blood fibrinogen, adiponectin, interleukin 6
(IL6), and C-reactive protein are increased'~ and related
to exercise tolerance, exacerbation rate, and mortality.2’7’8’9
Breathlessness and reduced exercise capacity lead to less
physical activity, which worsens the disease by increasing
systemic inflammation in COPD."°

Exercise challenge has been used to enhance potential
biomarker signals in COPD. It leads to an earlier increase
and a larger change of IL6 and tumor necrosis factor-o
compared to healthy controls."' Correspondingly serum
IL6 increased significantly in healthy and in COPD smo-
kers in our study.’ In addition, serum von-Willebrand
factor increased and myeloperoxidase decreased during
exercise.

Metabolomic data from COPD patients suggests var-
ious disturbances in plasma and muscle amino acids at
rest.'” Engelen and colleagues showed a reduction of
most muscle amino acids after exercise'” and altered leu-
cine metabolism in COPD patients.'* Using global untar-
geted serum profiling, Chen and coworkers found 23
differentially regulated metabolites in COPD smokers vs
healthy smokers.'® Telenga et al reported higher levels of
sphingolipids in the sputum of COPD smokers compared
to healthy smokers."®

It was our primary aim to amplify potential metabo-
lomic biomarker signals which are related to specific
pathophysiological processes in COPD. We investigated
COPD

age-matched healthy smokers as controls. The targeted

smokers with moderate and sex- and
metabolomics analysis in serum was performed before,
during, and after exercise. To determine the robustness
of the findings, the challenge was performed on two
occasions. The focus of the analysis reported here lies
on energy metabolism, including available carbohy-
drates, amino acids, carnitines, citric acid cycle and
urea cycle metabolites, and a limited number of bio-

genic amines. This study was part of a comprehensive

exploratory biomarker study and data of inflammatory
markers were previously published.”!”-'®

Materials and Methods

Subjects

Twenty-three smokers with COPD and 23 healthy smo-
kers were included (Table 1). Patients were free of
exacerbations or acute infections for 4 weeks prior to
study visits. Additional exclusion criteria were signs for
hepatic (particularly liver cirrhosis (Child B and C)),
renal (creatinine above 2 mg/dL), gastrointestinal, hae-
matological, endocrinological, metabolic, neurological,
psychiatric, or cardiovascular disorders particularly arter-
ial hyper- or hypotension, symptomatic coronary heart
disease (i.e. angina pectoris induced by stress or physical
effort), congestive heart failure NYHA III and IV, and
cardiac arrhythmia. The study was conducted in accor-
dance with Good Clinical Practice and the Declaration of
Helsinki and approved by the Hannover Medical School
Ethical Committee. Subjects gave their written informed
consent.

Study Design

Visits 1 and 2 (separated by 3—7 days) were followed 28
+5 days later by visits 3 and 4 (separated by 3-7 days).
The exercise challenges were performed at visits 1 and 3
two hours after a standardized breakfast (Figure 1).
Forty-one subjects also participated in the second exer-
cise challenge.

Table | Demographic and Physiological Parameters. For More
Information Refer to.

Healthy Smokers | COPD Smokers
n=23 n=23
Female/male | n 6/17 6/17
Age Years 54 (42, 65) 55 (46, 68)
BMI kg/m? 254 +25 252 + 34
Pack-years 39 +23.2 479 £ | 1.0%*
FEV,* L 38+08 2.2 & Q.40
FEV,? % pred 1125 £ 14.1 66.1 + 7.20%
FEV, IFVC* | % 754 £ 50 50.0 + 8.7
Systolic BP [mmHg] | 135.7 £ 10.8 1334+ 17.7
Diastolic BP | [mmHg] | 83.2 + 8.8 80.3 £ 9.1
WPeak w 154.8 + 35.1 110.9 £ 23.9%%*

Notes: Values are presented as mean * SD, age as median (min, max). ***p<0.001,
WPeak, Peak exercise level, which could be maintained for 30 s (during an escala-
tion scheme with a stepwise increase in the work rate by 10 W every minute).
?Data of COPD patients were assessed post-bronchodilator treatment.
Abbreviations: BMI, body mass index; BP, blood pressure.
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exercise capacity
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cycling exercise resting period
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Figure | Study design. Time point (TP) | and TP2 (5 mins after the start of
exercise) were fixed, while constant-load exercise was performed until the subject
was exhausted; TP3 was therefore different between individuals (maximum dura-
tion 30 mins). The period of rest was always 20 mins following the end of the
exercise.

Abbreviations: TP, time point; mins, minutes.

Cycling Exercise

Peak work capacity (Wpeak) was determined using
a stepwise increase in the work rate by 10 Watts/minute
with a pedaling rate within 50-70 rpm."” The maximum
work rate maintained for at least 30 s was defined as
Wpeak. For the constant-load exercise challenge, the
work rate was set to 75% of Wpeak (Table 1). Subjects
were encouraged to exercise for 30 mins, but were allowed
to discontinue if exhausted or symptoms occurred. We
monitored blood oxygenation during exercise by pulse
oximetry.

Blood Analysis

Venous blood was collected before exercise, after 5 mins
of exercise, at the end, and 20 mins after exercise
(Figure 1). The metabolite panel was analyzed using elec-
trospray ionization tandem mass spectrometry>° (Biocrates
Life Science AG, Austria®).

Data Analysis

To discover COPD-dependent and exercise-dependent
effects and evaluate their significance mixed-effects mod-
els of the following form were employed.

Ymit = aOm(in) + ﬁlmci +ﬂ2mt +ﬁ3msl +ﬁ4m(ci X t) + Emi-

The measured quantity y for a given metabolite m, indivi-
dual i, and time point t was modeled as a function of the
fixed effects health status (c;, i.e. COPD vs control), time
point, sex (s;) and an interaction term for ¢; and t. The
effect of individual and visit were captured as a random
intercept: gy(ixv). These models were implemented in
R (Ime4, ImerTest). Metabolites significantly affected by
health status were identified through the use of an ANOVA
with the null model (which included intercept, gender and

time point, but excluded health status). Multiple hypoth-
esis correction was applied using Benjamini Hochberg
FDR.?? For specific terms in the model, nominal p-values
are reported (Table 2).

Metabolite levels shown in the figures are based on the
mean values from both visits of all subjects. If significant
gender differences existed, genders are displayed sepa-
rately. We did not consider the differences in exercise
duration in the figures, but tested each metabolite in this
respect and indicated correlations in the results. The repro-
ducibility between visits was assessed by further applying
the model separately for each visit.

Results

Groups were matched with respect to gender, age, and smok-
ing behavior. We found no significant differences in urine
cotinine.” COPD patients showed a lower lung function and
peak exercise capacity (Table 1). Information on serum and
sputum inflammatory markers has been previously
published.™” The median (IQR) exercise time of COPD
smokers was 10.0 (4.0) minutes in the first and 10.0 (8.0)
minutes in the second challenge. Healthy smokers exercised
for a period of 22.0 (16.0) and 26.5 (14.5) minutes, respec-
tively. Lactate levels did not differ between groups (Figure 2).

Energy metabolism was significantly affected by the
time course of exercise. Thirty-one metabolites were
affected by disease status, nine of which were only differ-
ent at baseline. We assessed the reproducibility of the
exercise challenge across metabolites by producing sepa-
rate models for the first and second challenge and then
plotting the effect sizes from the first challenge against
those from the second (Figure 3). We observed a very high
level of correlation, especially for those metabolites that
showed significant effects.

Glucose was elevated in COPD and decreased with
exercise in both groups. After exercise, healthy individuals
exhibited a robust recovery of glucose, in contrast to
COPD patients (Figure 2). Lactate increased 3 to 4 fold
during exercise and decreased during rest with no signifi-
cant differences between groups (Figure 2). Pyruvate
exhibited this same pattern, and also succinate increased
with exercise; however, its peak level was significantly
higher in healthy smokers (Figure 4). Alpha-ketoglutaric
acid (a-KGA) significantly increased with exercise, but
without a corresponding drop during recovery. There was
no effect of health status on a-KGA but healthy indivi-
duals had a more pronounced increase that persisted dur-
ing the recovery phase (Figure 4).
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Table 2 Mixed Model Results Based on Normalized Data Using the Method Described in data Analysis. For More Detailed
Information Refer to Table El

Significance Level | Health Status Health Health Health FDR for Health | Gender TP2 | TP3 | TP4
Indicates Status/ Status/ Status/ Status Effect
TP2 TP3 TP4
Difference Difference Between Groups in the Gender Difference
Between Response to Exercise Relative to Difference | Between the
Groups Difference Observed Before Level at the
Exercise Respective Time
Point Relative to
Baseline Level
(TPI, Before
Exercise)
Lactate ok ok ok
Pyruvate Aok Aok sfofok
Succinate ik ol * otk ok *
a-KG ok ok ok * * otk otk
Hexose? Hopok ook stk sox Sk
Acylcarnitines CO stofok ok ook ok
Acylcarnitines C2 * ok Hk ok ook ok
Acylcarnitines C3 * ok
Acylcarnitines C4 ~
Acylcarnitines C16 * Hokok * ~
Acylcarnitines CI18:1 | ** ~ * sk sk
Total acylcamitines * ok 2 ok sokk solek
Total amino acids * sokek
Alanine ALA ok ook solek ok
Arginine ARG ok * ok
Asparagine ASN sofok
Citrulline CIT ~ * * * ok ok
Glutamine GLN * * * solek
Glycine GLY sofok
Histidine HIS * ~ sofok
Isoleucine ILE ~ * Hok sofek * * sokok
Leucine LEU * ok ok bk ~ sofok
Lysine LYS sofok
Methionine MET ok * ol
Omithine ORN ok Hokok
Phenylalanine PHE ok ~ ook
Proline PRO ~ ok
Serine SER * skeksk
Threonine THR * otk
Tryptophan TRP * sokok koK
Tyrosine TYR ok sofok
Valine VAL * * * Hokok
Aspartate ASP ~ sofok
Glutamate GLU ok ok ~ *
BCAA (LEU ILE VAL) | * * ok stk sofok
CIT/ARG * * * * ok
CIT/ORN * ok * * ok
(Continued)
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Table 2 (Continued).
Significance Level | Health Status Health Health Health FDR for Health | Gender TP2 | TP3 | TP4
Indicates Status/ Status/ Status/ Status Effect
TP2 TP3 TP4
Difference Difference Between Groups in the Gender Difference
Between Response to Exercise Relative to Difference | Between the
Groups Difference Observed Before Level at the
Exercise Respective Time
Point Relative to
Baseline Level
(TPI1, Before
Exercise)
Creatinine * Horx ~ *
Spermidine * & ok *
Kynurenine ~ ok
Serotonin (5-HT) wk ~ ~
5.HT/TRP * ok ~ * otk
Kynurenine/TRP ~ ok ok

Notes: * Sum of hexose, widely represented by glucose: 90-95%. ~: p<0.l (trend), *: p<0.05, **: p<0.01, **: p <0.001.
Abbreviations: BCAA, branched-chain amino acids; a-KG, alpha-ketoglutarate; TP, time point; FDR, false discovery rate; health status: healthy smoker or COPD smoker.

Total amino acids increased slightly with exercise and
dropped to the lowest levels during the recovery phase. There
was no effect of health status or gender. The recovery phase
decline was observed for all amino acids with the exceptions
of citrulline (CIT) and glutamic acid (GLU), which increased
during recovery (Figure 2). The most significant disease
effect was observed for arginine (ARG), which was elevated
in COPD, along with GLU (Figure 2). Glutamine (GLN),
histidine (HIS), leucine (LEU), serine (SER), and valine
(VAL) showed generally higher levels in healthy smokers.

The effect of exercise was dependent on health status for
several amino acids (Table 2). At the end of exercise alanine
(ALA) and CIT increased at a greater rate in healthy indivi-
duals. Conversely, there was a more pronounced decrease in
healthy individuals for isoleucine (ILE), LEU, methionine
(MET), ornithine (ORN), phenylalanine (PHE), tryptophan
(TRY), and tyrosine (TYR). The CIT/ARG ratios were initially
similar between both groups, but the increases during exercise
and the resting phase were more pronounced in the healthy
controls (Figure 5). The CIT/ORN ratios also showed this
pattern, however with higher levels in COPD patients.

Total acylcarnitines were comparable between groups at
baseline. Their levels increased during exercise and resting in
both groups, but more pronouncedly in healthy individuals.
This pattern was also found for acylcarnitine C2 (Figure 5),
the major acylcarnitine that correlated with the level of total
acylcarnitines (Figure El). Acylcarnintine C0, C16, and

C18:1 showed a slight decrease during rest. Carnitine (C0)

was elevated in COPD over all time points (Figure 4).
Creatinine, kynurenine and spermidine increased with

exercise (Figures 4 and 5), the latter was elevated in COPD.

Discussion

Serum metabolomic analysis revealed distinct and reproduci-
ble exercise-induced differences between smokers with and
without COPD. COPD smokers showed signs for impaired
energy generation with a shift to enhanced amino acids and
free fatty acids utilization and a decreased metabolic flow
through the tricarboxylic acid (TCA) cycle. Despite the
absence of clinical signs for metabolic syndrome, our findings
are compatible with characteristics expected early in the devel-
opment of a metabolic syndrome. An attenuated NO genera-
tion in COPD could be among the potential reasons for
deviations in nitrogen metabolism between groups.

Caveats of Study Design

COPD patients showed a shorter exercise duration despite
a significantly lower workload, but as shown by serum lactate,
pyruvate and ALA, we managed to induce a comparable
metabolic burden in both groups. Our study differs from
other metabolomic COPD studies, where either arterial
blood™ or arterialized venous blood'*'* was sampled after
fasting periods.'>'*!>%*2* A[l our subjects were in the absorp-
tive state after receiving a standardized meal to avoid clinical

International Journal of Chronic Obstructive Puimonary Disease 2020:15
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Figure 2 Metabolomic markers, which do not show a significant difference between genders separately for smokers with (black) and without (white) COPD. Median and
IQR, including the data of both exercise challenges. Horizontal axis: the four time points, vertical axis: concentration in pM.

complications while exercising. We did not explicitly assess
visceral obesity, insulin resistance, cholesterol or triglycerides
to determine a clinical manifestation of a metabolic syndrome
but the BMI and blood pressure values were similar in both
groups and not beyond WHO defined thresholds.

Exercise-Induced Metabolomics Patterns
The metabolite patterns observed were compatible with
the expected exercise-induced changes (Figure 5). Both
groups showed a decline in glucose and very similar
lactate products from

increases in and pyruvate,

glycolysis. ALA and creatinine produced and released by
muscles during exercise showed the expected changes
during exercise and recovery. The increase GLN, released
from muscle during exercise, was not as pronounced,
potentially due to consumption by gluconeogenesis in the
kidneys. The enhanced production of energy by the TCA
cycle is indicated by the patterns of succinate and a-KG.
The exercise-induced increase of C2-acylcarnitine demon-
strates that free fatty acids are converted to acetyl-CoA.
ARG and spermidine indicate the effects of exercise on the
removal of nitrogen through the urea cycle. The decline
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Figure 3 Correlation of effect sizes between the first and second exercise challenge. The figure shows that the effect sizes estimated in the mixed model correlate between
the first and second exercise challenge. The correlation is better for markers showing a significant difference between groups. x symbols: metabolites with significant effects

(p<0.05), open symbols: metabolites with non-significant effects.
Abbreviation: TP, time point.

for most amino acids levels during recovery is in line with
increases in protein synthesis after exercise,”” or due to
their utilization for gluconeogenesis.

The consistency of our results with expected exercise-
induced metabolic patterns is further supported by

a number of correlations between metabolites at different
time points (Figures E2-E5).

Differences Between Smokers with and
Without COPD

Carbohydrates at Rest and During Exercise
Blood hexoses are widely (90-95%) represented by
glucose.”® While the mean glucose levels were in the

normal range of 80-120 mg/dL (4.4-6.7 mM), the higher
glucose in COPD smokers at rest and during exercise
suggests that there is a limitation to utilize glucose as an
energy source. The lower glucose increase during recovery
in COPD was potentially due to limitations in processes
that control and restore blood glucose resulting in a longer
time period to restore the conditions observed during rest.

Amino Acids at Rest

The lower GLN and BCAA (LEU, VAL) levels at rest in
COPD suggest a shift in energy metabolism from carbo-
hydrates to amino acids and a stronger utilization of GLN,

the most abundant and one of the major glucogenic amino

International Journal of Chronic Obstructive Pulmonary Disease 2020:15
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Figure 4 Metabolomic markers, which show significant differences between genders (major figure: male n=17, small inset: female n=6). Horizontal axis: the four time points,
vertical axis: concentration in uM) separately for smokers with (black) and without (white) COPD. Median and IQR, including the data of both exercise challenges.

acids in blood.?” Higher GLU concentrations™ as well as
increased levels of ASP in COPD are in line with the
increased use of amino acids for energy generation and
the need for more nitrogen removal through the urea cycle.
ASP receives the nitrogen group when GLU is converted

to a-KG by the aspartate transaminase (AST) which links
the TCA cycle to the urea cycle (Figure 5). GLU plays
a major role in supplying the TCA cycle with “fuel” (o-
KG). The increased GLU at rest in COPD did not lead to
group differences in serum o-KG levels, but we saw
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a weak correlation between GLU and o-KG at rest in
COPD. A positive association of GLU to BCAA was
also only seen in COPD at rest. In healthy smokers, the
predominant associations of GLU were the amino acids
involved in the urea cycle, especially ARG. Increased
GLU concentrations in COPD at rest are not reported by

others,'>!*

perhaps due to differences in study designs.
Amino Acids During Exercise

There is also an exercise-induced increase in hepatic gluco-
neogenesis and energy generation through the TCA cycle,”
where amino acid carbon is utilized. During exercise, some
amino acids, especially LEU, ILE or total BCAA showed
a pronounced decline in healthy smokers only. BCAA are
used by muscle as an energy source.’’ Deamination of
BCAA is the major nitrogen source for the synthesis of
ALA and GLN in post-absorptive humans.>' Differences in
the decline during exercise between groups suggest that
COPD muscle utilizes this energy resource to a lesser extent,
despite the fact that there is an increased demand. The ALA
pattern is comparable to pyruvate (ALA cycle) and is corre-
lated with GLN potentially based on the glucose-ALA-GLN
relationship outlined by.*

As described above the pattern of GLU appears to be
differently influenced. The stronger drop of GLU at the
beginning of exercise could be related to the increased
metabolic flow through the TCA cycle in healthy smokers,
which is clearly visible at the end of the exercise, showing
increased a-KG and succinate in healthy smokers. The
almost inverse pattern of GLN and GLU are compatible
with glutaminolysis, the process by which GLN is con-
verted to GLU and to a-KG to fuel the TCA cycle.>*

Succinate and 0-KG increase during exercise and show
lower levels in COPD at the end of the exercise. As there
is no correlation between exercise duration and the level of
both metabolites within each group (Figure E6), it is
unlikely that this is due to a shorter exercise duration of
COPD patients. Therefore, the lower levels at the end of
exercise could be caused by a lower metabolic rate of the
TCA cycle in COPD. Reasons for this could be mitochon-
drial dysfunction, which has been discussed to play a role
in COPD,** or a lower availability of oxygen at the end of
exercise in COPD patients.

Amino Acids Involved in Nitrogen Removal

There are also distinct group differences in amino acids
involved in nitrogen removal. In line with higher GLU and
ASP levels, we also see higher levels of ARG in COPD.

ARG is derived from dietary intake protein breakdown and
endogenous de novo synthesis, which contributes to about
10-15% of ARG production.”> CIT is a product of ORN
and carbamylphosphate and shows a trend to higher levels
in the COPD. This reaction is the rate-limiting step of the

36

urea cycle.”> We saw higher levels of spermidine,

a product of ORN that plays a role in the regulation of
cell proliferation and nucleic acid synthesis.*”*®

Previous studies report higher levels of ARG in mus-
cles of COPD patients, but not in arterial blood.'*!* In
stable patients with moderate-to-severe COPD, endogen-
ous ARG and CIT production is upregulated but no dif-
ference in whole body NO production was detectable
(ARG-to-CIT flux).*

It has to be kept in mind that ARG and other urea cycle
amino acids are compartmentalized in various tissues, and
that their intracellular pools do not rapidly equilibrate with
extracellular pools and serum.** This could explain the
variability between ARG, ORN and CIT with respect to
differences between groups at rest. In addition, there are
a number of enzymes involved in mammalian ARG
metabolism.*>*' A disrupted ARG homeostasis appears
to play a central role in asthma or COPD,?® therefore the
observed differences between groups in the increase of the
CIT/ARG ratio during exercise are interesting, but it is
difficult to draw substantial conclusions.

Carnitines

Carnitine and acylcarnitines play a major role in the
transport of fatty acids into mitochondria, a process
involving a large number of proteins and enzymes.*
Both can be detected in serum and their levels are
thought to reflect the flux through the fatty acid oxida-
tion pathways.*’ Increased carnitine levels in COPD at
rest and during exercise indicate an attenuated lipid
metabolism. This is also reflected by the patterns of the
two major acylcarnitines (palmitoyl (C16)-, oleyl-
carnitine (C18:1)) (Figure 5). The end product of fatty
acid oxidation is acetyl-CoA, which is either directly
used for the generation of energy by the TCA cycle, or
is converted to acetylcarnitine for transport out of the
mitochondria.*? The level of acetylcarnitine (acylcarni-
tine C2) is similar in both groups at rest, but during
exercise and recovery, there is a stronger increase in
healthy smokers. This indicates a greater flux of acetyl-
CoA into the TCA cycle in COPD and provides further
evidence for a shift in energy metabolism in this group
(Figure 5).
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Potential Implications

It is known that about half of the patients with chronic
bronchitis or COPD exhibit metabolic syndrome.** In our
study, the COPD patients did not show any signs of
clinical manifestations of metabolic syndrome. However,
the observed differences in the metabolic pattern of COPD
smokers appear to be compatible with characteristics of
metabolic syndrome and insulin resistance: 1) there is
a shift in energy metabolism from carbohydrates (glucose)
to a larger utilization of amino acids and free fatty
acids; 2) there is an impaired ability of muscle tissue to
utilize available amino acids during exercise as relevant
energy source; and 3) there is a reduced flow through the
TCA cycle during exercise resulting in a reduced
workload.

The most pronounced differences between groups were
found for ARG and GLU, which are involved in the
removal of nitrogen. Taking into account the CIT/ARG
ratio, it is tempting to speculate that a difference in the
generation of nitric oxide (NO) is involved in this process.

We also observed a significantly higher level of sper-
midine in COPD smokers. It interacts with nucleic acids,
histones and proteins and therefore plays a role in cell
proliferation and repair.

Conclusion

Taken together, the exercise challenge amplified differ-
ences in energy and nitrogen metabolism that might be
an early indicator or even a potential diagnostic test for
subclinical metabolic syndrome in COPD.
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