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ABSTRACT
Background: Chronic obstructive pulmonary disease (COPD) is a con-
dition characterized by systemic low-grade inflammation that could in-
crease the production of nitric oxide (NO), of which arginine is the sole
precursor. Arginine is derived from the breakdown of protein and through
the conversion of citrulline to arginine (de novo arginine production).
Objective: Our objective was to study whole-body arginine and
citrulline and related metabolism in stable COPD patients.
Design: With the use of stable isotope methodology, we studied
whole-body arginine and citrulline rates of appearance, de novo
arginine (citrulline-to-arginine flux) and NO (arginine-to-citrulline
flux) production, protein synthesis and breakdown rates, and
plasma amino acid concentrations in a heterogeneous group of
patients with moderate-to-severe COPD [n = 23, mean 6 SE age:
65 6 2 y, forced expiratory volume in 1 s (FEV1): 40% 6 2%
of predicted], and a group of healthy older adults (n = 19, mean
6 SE age: 64 6 2 y, FEV1: 95% 6 4% of predicted).
Results: Although plasma arginine and citrulline concentrations were
comparable between COPD patients and controls, whole-body argi-
nine (P = 0.015) and citrulline (P = 0.026) rates of appearance were
higher in COPD patients and related to a 57% greater de novo
arginine production (P , 0.0001). Despite a higher whole-body
arginine clearance in COPD patients (P , 0.0001), we found no
difference in NO production.
Conclusion: In stable patients with moderate-to-severe COPD, en-
dogenous arginine production is upregulated to support a higher
arginine utilization that is unrelated to whole-body NO production.
This trial was registered at clinicaltrials.gov as NCT01173354 and
NCT01172314. Am J Clin Nutr 2016;103:1458–64.

Keywords: COPD, arginine, citrulline, nitric oxide, protein
breakdown

INTRODUCTION

Chronic obstructive pulmonary disease (COPD)7 patients are
characterized by both airway (1) and low-grade systemic in-
flammation (2). The large heterogeneity in patients is attributed
to the variation in disease severity, symptoms, and comorbid-
ities (3). We and others found changes in plasma concentra-
tions of Arg and/or related metabolites in COPD and other
inflammatory airway diseases (4–7), suggestive of a modified
Arg metabolism.

Through the arginase pathway, Arg is converted to ornithine
and urea. In both acute and chronic inflammatory conditions,
arginase has been linked to systemic Arg depletion, increased
disposal, and suppressed immune function (8–10). Furthermore,
airway expression of arginase in COPD has been linked to air-
way remodeling (11, 12).

Through the nitric oxide synthase (NOS) pathway, Arg is
converted to nitric oxide (NO). Like arginase, the enzyme NOS
has multiple isoforms and is expressed in various organs, and its
activity can change rapidly in response to disease related stimuli.
In the presence of proinflammatory mediators, NO production is
stimulated as part of the immune response (13), but also plays an
important role in smooth-muscle relaxation, thereby affecting
airway function (14, 15).

Aside from the above, Arg is primarily used toward protein
synthesis (PS), and it is mainly derived from protein breakdown
(PB) (w80%) (8). A small amount of Arg is produced via the
conversion of citrulline to Arg in the kidneys (de novo Arg
production) (16). The direct relation between protein turnover
and Arg metabolism suggests that, aside from the upregulated
whole-body protein turnover (17, 18), COPD patients are also
characterized by an elevated whole-body Arg metabolism. No
data are available currently on Arg de novo production and Arg
utilization in COPD.

We recently described an upregulated whole-body Arg and cit-
rulline metabolism, NO production, and protein turnover in cystic
fibrosis (CF) (4), another inflammatory airway disease characterized
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by low-grade systemic inflammation and reduced pulmonary
function (19, 20). We therefore hypothesized that COPD patients
have an altered Arg metabolism that is characterized by an
upregulated whole-body (de novo) Arg and citrulline metabolism
in support of a higher Arg utilization for the production of NO.

On that account, with the use of advanced stable isotope
methodology, we measured in vivo 1) whole-body Arg and
citrulline rates of appearance, 2) de novo Arg production (con-
version of citrulline to Arg), 3) NO production (conversion of
Arg to citrulline), 4) Arg clearance, and 5) PS and PB in a het-
erogeneous group of patients with stable moderate-to-severe
COPD and healthy adults of similar age.

METHODS

Subject inclusion

We included 23 patients with a clinical diagnosis of moderate-to-
severe airflow obstruction (grades II–IV), according to the estab-
lished Global Initiative for Chronic Obstructive Lung Disease
guidelines (3) (NCT01173354), and 19 healthy subjects of similar
age (NCT01172314) (Supplemental Figure 1). Recruitment took
place through pulmonologist referral and local advertising. Medical
history and medication use were assessed as part of the screening
process. All COPD patients were in clinically stable condition and
not suffering from a respiratory tract infection or exacerbation of
their disease #4 wk before the study. Except for 2 patients who did
not receive any maintenance therapy, all received bronchodilator
treatment. Eighteen patients also received inhalation corticosteroids
and 9 were on long-term oxygen therapy. Use of systemic cortico-
steroids #1 mo before the study was an exclusion criteria, as were
malignancy; recent surgery; and severe endocrine, hepatic, or renal
disorders. Written informed consent was obtained from all subjects,
and the Institutional Review Board of the University of Arkansas for
Medical Sciences approved the study (nos. 105558 and 112254).

Lung function and anthropometric data

Height and weight were measured with the use of standard
procedures, whereas body composition was assessed by dual-
energy X-ray absorptiometry (Hologic QDR 4500). Values were
standardized for height. Forced expiratory volume in 1 s (FEV1)
was assessed with the highest value from $3 technically ac-
ceptable maneuvers being used (21).

Study design

All participants were studied 2 times within 1 wk ($1 d apart)
(Figure 1). Test days started in the early morning after an

overnight fast and lasted 3 h each, during which subjects were in
a supine position. A catheter was inserted into an antecubital
vein to measure natural isotope enrichment, after which a primed
(enterally or intravenously), constant intravenous infusion of stable
amino acid isotopes was started to measure Arg and citrulline
metabolism and protein turnover (Table 1). A second catheter for
arterialized venous blood sampling was placed in a superficial
dorsal vein of the contralateral hand or lower arm. The hand was
placed in a thermostatically controlled heated box, a technique to
mimic direct arterial sampling (22) for the measurement of isotope
enrichment values. Blood was processed and analyzed in batch by
liquid chromatography–electrospray ionization–tandem mass spec-
trometry with the use of routine laboratory procedures (4).

Calculation of metabolic markers

Whole-body Arg, citrulline, Phe, and Tyr appearance rates, de
novo Arg production (citrulline-to-Arg flux), and NO production
(Arg-to-citrulline flux), were calculated from isotope enrichment
values as described previously (23). Calculations for whole-body
protein metabolism included PS, PB, and net PS (PS2 PB) (24).
Calculations were based on metabolic data obtained under
steady-state conditions.

Statistical analyses

Results are expressed as means 6 SEs. Population charac-
teristics and baseline measurements were compared with the use
of the unpaired Student’s t test, Mann-Whitney test, or Fisher’s
exact test, depending on the type of variable and distribution of
the data. Calculations for Arg, citrulline, and protein metabo-
lism were done with the use of the median value for mea-
surements taken at 150, 165, and 180 min after the start of
infusion. Two-factor repeated-measures ANOVA with “group”
and “day” was used to compare differences between healthy
controls and COPD patients, as well as between test days with
the level of significance set at P, 0.05. The statistical package
within Graphpad Prism (version 6.04) was used for data
analysis.

RESULTS

COPD patients in this study formed a heterogeneous group that
varied in lung function characteristics, exacerbation frequency,
BMI and body composition, and comorbidities (Table 2). Of all
patients, 35% were considered to be nutritionally depleted [fat-
free mass index (in kg/m2) #15 (women) or #16 (men)] (25),
39% had $2 exacerbations/y or $1 hospitalization/y for an

FIGURE 1 Study design. All participants were studied 2 times within 1 wk ($1 d apart) during a 3-h infusion protocol. t, time.
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exacerbation, and 60% (based on n = 15) had a diffusing capacity
of the lung for carbon monoxide (DLCO) ,60 (percentage of
predicted), indicative of a moderate-to-severe reduction in dif-
fusing capacity (26). COPD patients were significantly different
from the control subjects for lung function (FEV1 percentage of
predicted) (P , 0.0001), smoking history and pack-years (P ,
0.0001), time since smoking cessation (P = 0.006), and prevalence

of depression and/or anxiety (P = 0.0478). Body weight and
composition measures were comparable between the groups.

Plasma amino acid concentrations

We found a lower plasma Gln concentration in COPD patients
(P = 0.0001), but no difference in plasma Arg or citrulline

TABLE 1

Infusion of stable isotopes1

Isotope Prime, mmol/kg BW Infusion rate, mmol $ kg BW21 $ h21

L-[guanidine-15N2]-arginine 3.75 3.75

L-[13C,2H4]-citrulline or L-[13C,2H2]-citrulline 0.88 0.30

L-[ring-2H5]-phenylalanine 3.60 3.60

L-[ring-2H2]-tyrosine 1.14 1.14

L-[ring-2H4]-tyrosine 0.31 —

1Stable isotopes were purchased from Cambridge Isotopic Laboratories. BW, body weight.

TABLE 2

Population characteristics and baseline measurements1

Healthy (n = 19) COPD (n = 23)

General characteristics

Sex, M/F 11/8 13/10

Age, y 64 6 2 65 6 2

Smoking history, yes/no 7/12 23/0****

Pack-years 10 6 5 55 6 7****

Smoking status, smoker/nonsmoker 1/18 7/16

Time since smoking cessation, y 31 6 8 10 6 3**

Weight, kg 81 6 3 75 6 3

BMI, kg/m2 27.8 6 1.1 26.3 6 1.0

hsCRP, mg/L 2.3 6 0.7 3.7 6 0.9

Pulmonary function– and COPD-related measures

FEV1, % of predicted 95 6 4 40 6 2****

FVC,2 % of predicted 70 6 4

FEV1:FVC ratio2 0.42 6 0.02

DLCO,
3 % of predicted 52 6 5

Time since initial diagnosis, y 11 6 2

Self-reported amount of time of COPD-related symptoms, y 15 6 3

0–1 exacerbation/y and no hospitalization for exacerbation, yes/no 14/9

$2 exacerbations/y or $1 hospitalization for exacerbation, yes/no 9/14

Comorbidities, yes/no

Cardiovascular disease 9/10 15/8

Depression and/or anxiety 3/16 11/12*

Gastroesophageal reflux disease 3/16 9/14

Hyperlipidemia 6/13 8/15

Body composition

Fat-free mass index,4 kg/m2 17.7 6 0.6 17.0 6 0.5

Skeletal muscle index,5 kg/m2 7.1 6 0.3 6.6 6 0.2

Total fat mass, % 34 6 2 33 6 2

Total fat mass index,6 kg/m2 9.5 6 0.8 8.9 6 0.8

Trunk fat mass index,6 kg/m2 5.1 6 0.5 4.6 6 0.4

1Values are means6 SEs or n/n. For comparison of numerical values, statistics were obtained with the use of either the

unpaired Student’s t test (if data were distributed normally) or the Mann-Whitney test. Alternatively, categorical values

were compared with the use of Fisher’s exact test. *,**,****Different from controls, *P , 0.05, **P , 0.01, and ****P ,
0.0001. COPD, chronic obstructive pulmonary disease; DLCO, diffusing capacity of the lung for carbon monoxide; FEV1,

forced expiratory volume in 1 s; FVC, forced vital capacity; hsCRP, high-sensitivity C-reactive protein.
2Data from most recent pulmonary function test were used, n = 17.
3Data from most recent pulmonary function test were used, n = 15.
4Calculated as (muscle mass + bone mineral content)/height squared.
5Appendicular skeletal muscle mass/height squared.
6(Trunk) fat mass index = (trunk) fat mass/height squared.
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(Table 3). In addition, for all plasma amino acid concentrations
listed in Table 3, no differences were found between COPD
patients with 0–1 compared with $2 exacerbations/y, a DLCO

.60 compared with,60 (percentage of predicted), or nutritional
depletion compared with no nutritional depletion. An overall re-
duction in plasma essential (831 6 29 compared with 622 6
17 mM, P , 0.0001) and nonessential amino acids was
present in COPD patients (1796 6 62 compared with 1556 6
35 mM, P = 0.0011). The plasma concentration ratio between
Arg and ornithine was not significantly different between the
groups; neither was the ratio between Arg and the sum of Pro
and Lys.

Whole-body amino acid fluxes and protein kinetics

Isotope enrichment data are shown in Supplemental Figures
2–4. We found significantly higher Arg (P = 0.015) and citrul-
line (P = 0.026) rates of appearance, and a 57% greater de novo
Arg production (P , 0.0001) in COPD patients (Figure 2). The
extent to which citrulline was used toward de novo Arg pro-
duction (citrulline rate of appearance divided by de novo Arg
production) was also greater (81% 6 2% compared with 60% 6
2%; P , 0.0001). PS and PB rates and net PS were not signifi-
cantly different (Table 4). The 13% greater Arg rate of appear-
ance was accounted for by a 6% greater de novo Arg production,

whereas the remaining 7% only could have come from whole-
body PB (8). Calculating the contribution of PB from the ap-
pearance rate of Phe, based on a 1:1.7 ratio between Phe and Arg
in body protein (27, 28), shows an 8% contribution, supporting
this notion. The increase in Arg rate of appearance was associated
with a higher Arg clearance (P , 0.0001) that was not related to
NO production (Figure 3). No day effect was found for any of the
measures, but an interaction between group and day was observed
for NO production (P = 0.0325; Supplemental Figure 5). In
addition, no differences were found for any of the above measures
between COPD patients with 0–1 compared with $2 exacerba-
tions/y, a DLCO .60 compared with ,60 (percentage of pre-
dicted), or nutritional depletion compared with no nutritional
depletion, except for a higher Arg rate of appearance (P = 0.0328)
in those who were nutritionally depleted.

DISCUSSION

We found that stable patients with moderate-to-severe COPD
were characterized by an upregulated whole-body Arg rate of
appearance, mainly because of an increase in de novo Arg
production. The higher Arg clearance in COPD, however, was not
associated with alterations in whole-body NO production.

Whole-body Arg and citrulline rates of appearance

The whole-body Arg rate of appearance was higher in COPD
patients than in healthy controls, which is in line with our findings
in patients with CF (4), another chronic airway disease that is
characterized by local and systemic inflammation and reduced
pulmonary function (19, 20). Because participants were studied
while fasting, the Arg rate of appearancewas determined primarily
by the rate of whole-body PB (w80%) (8), and, to a lesser extent
by the conversion of citrulline to Arg, i.e., de novo Arg pro-
duction (16). In our COPD group, the higher whole-body Arg
rate of appearance mainly was due to an increase in de novo Arg
production. We do not know yet whether the higher Arg rate of
appearance was a consequence of the higher Arg clearance (29).

We found that thewhole-body citrulline rate of appearancewas
also higher in COPD patients, similar again to what we observed
in CF patients (4). Citrulline primarily is synthesized from Gln in
the gut (16, 30). The gut therefore plays a crucial role in citrulline
homeostasis. Although there is evidence of enterocyte dysfunction

TABLE 3

Postabsorptive plasma amino acid concentrations1

Amino acid

Concentration, mM

Healthy (n = 19) COPD (n = 23)

Arg 87 6 3 79 6 4

Citrulline 34 6 1 35 6 2

Gln 677 6 21 569 6 20***

Glutamate 41 6 3 37 6 2

Ornithine 51 6 2 50 6 2

1Values are means 6 SEs. Statistics were obtained with the use of 2-

factor repeated-measures ANOVA with “group” and “day” used to compare

differences between groups and test days. Besides a significant group effect

for Gln, no significant group or day effect or interaction was observed for

any of the other measures; therefore, data are shown as the mean value of

both days. ***Different from controls, P , 0.001. COPD, chronic obstruc-

tive pulmonary disease.

FIGURE 2 Mean6 SE postabsorptive whole-body Arg rate of appearance (A), citrulline rate of appearance (B), and de novo Arg production (conversion
of citrulline to Arg) (C) in healthy controls (n = 19) and COPD patients (n = 23). Statistics were obtained by using 2-factor repeated-measures ANOVAwith
“group” and “day” used to compare differences between groups and test days. A significant group effect was found, but no significant day effect or interaction.
Data are shown as the mean value of both days. *,****Different from controls, *P , 0.05, ****P , 0.0001. COPD, chronic obstructive pulmonary disease;
FFM, fat-free mass.
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in COPD (31), the citrulline rate of appearance was higher and not
lower in the studied COPD group. Towhat extent this indicates that
stable COPD patients have adequate gut Gln metabolism (23, 32)
remains unclear. We previously found a direct relation between gut
Gln delivery and disposal, which suggests that when more Gln is
presented to the gut, consumption is higher as well (32). In that
regard, a higher citrulline rate of appearance in COPD is likely
a reflection of higher Gln delivery and possibly higher Gln turnover.
Because plasma Gln is depleted in critically ill patients (23), and
pulmonary Gln production and utilization is increased in the
presence of pulmonary inflammation in these patients (33), the lower
observed plasma Gln concentration in COPD patients may be indi-
cative of an enhanced Gln clearance via this route. Evidently, more
research is required to examine whole-body Gln turnover and
clearance rates in COPDwith the use of stable isotopemethodology.

Arg clearance

A third similarity between CF and COPD patients was the
greater whole-body Arg clearance (4). The metabolic fate of Arg is
diverse, but a higher clearance rate indicates potential changes in
3 main pathways (8). First, as a constituent of body protein, Arg is
used toward PS, andmost of our previous studies in COPD patients
show an upregulation of whole-body PS (17, 18). However, in the
present study, the upregulation was not significant and could
account for only 37% of the increase in Arg clearance.

The second and third uses of Arg are highly dependent on the
interplay between 2 enzymes, i.e., arginase and NOS (8). Con-
stitutively expressed neuronal and endothelial NOS catalyze the
conversion of Arg to NO to facilitate vasodilation and smooth-
muscle relaxation (13). NO produced via inducible NOS is highly
involved in immune function, as reflected by the increased in-
ducible NOS expression in the presence of (pro)inflammatory
mediators (13). COPD patients in a stable condition are char-
acterized by low-grade systemic inflammation (2), which in our
studywas not reflected by an increase in high-sensitivityC-reactive
protein. However, increases in other respective biomarkers of
systemic inflammation could still be present (2) but did not lead to
higher whole-body NO production. On a pulmonary level, COPD
patients are characterized by higher neuronal NOS expression in
peripheral lung tissue (34) as well as inducible NOS expression in
bronchial tissue and smooth-muscle cells (35), both of which are
negatively related to disease severity. Because 87% of the studied
patients had COPD Global Initiative for Chronic Obstructive Lung
Disease grade III or IV, the increase in Arg clearance potentially
could be related to higher Arg utilization in the lung for NO
production. Some studies support that notion, because they have
found increases in fractional exhaled nitric oxide (FeNO) in stable
COPD patients (36, 37). However, our pilot findings in another
group of patients comparable to the current one (FEV1: 36%6 3%
of predicted) did not show an increase in FeNO (COPD (n = 12):
13 parts per billion; healthy (n = 14): 19 parts per billion) (38).
Current smoking (37) and use of inhaled corticosteroids (39)
could have downregulated FeNO in our study to some extent.

Alternatively, Arg can be hydrolyzed by arginase to ornithine and
urea, which in healthy young men accounts for w15% of plasma
Arg consumption (40). Inflammation stimulates arginase activity,
leads to higher Arg utilization, and subsequently causes Arg de-
ficiency (9, 10, 41). Recently, higher serum arginase activity and
myeloid-derived suppressor cell (MDSC) expression were de-
scribed in COPD (42–44). MDSCs stimulate arginase I activity and
have been linked to Arg depletion and/or immunosuppression in
several inflammatory conditions (45), including COPD (42–44).
The exact contribution of MDSCs to Arg clearance in COPD still
needs to be established. The previously described increased airway
arginase activity in COPD (35), however, could indicate greater
conversion of Arg to ornithine in the lung for the production of
polyamines and Pro, components of tissue repair processes that are
suggested to contribute to airway remodeling in COPD (11, 12).

FIGURE 3 Mean6 SE postabsorptive whole-body Arg clearance (A) and NO production (conversion of Arg to citrulline) (B) in healthy controls (n = 19)
and COPD patients (n = 23). Statistics were obtained by using 2-factor repeated-measures ANOVA with “group” and “day” used to compare differences
between groups and test days. A significant group effect was found for Arg clearance, but no significant day effect or interaction. For NO production, only
a significant interaction between group and day was observed (P = 0.0325; Supplemental Figure 5). Data are shown as the mean value of both days.
****Different from controls, P , 0.0001. COPD, chronic obstructive pulmonary disease; FFM, fat-free mass; NO, nitric oxide.

TABLE 4

Postabsorptive protein kinetics1

Values, mmol $ kg FFM21 $ h21

Healthy (n = 19) COPD (n = 23)

PB 54.9 6 2.1 58.8 6 1.7

PS 50.2 6 1.9 54.7 6 1.7

Net PS2 24.7 6 0.3 24.1 6 0.2

Hydroxylation 4.7 6 0.3 4.1 6 0.2

1Values are means 6 SEs. Statistics were obtained with the use of 2-

factor repeated-measures ANOVA with “group” and “day” used to compare

differences between groups and test days. No significant group or day effect

or interaction was observed for any of the measures; therefore, data are shown

as the mean value of both days. COPD, chronic obstructive pulmonary disease;

FFM, fat-free mass; PB, protein breakdown; PS, protein synthesis.
2Calculated as PS 2 PB.
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Future research and current study limitations

Further exploration is needed to determine the clinical rele-
vance of the upregulated endogenous Arg production and Arg
clearance in COPD. However, if these changes are part of
a compensatory mechanism for higher Arg demand, then most
likely the magnitude is increased during acute pulmonary ex-
acerbations, which may then lead to Arg depletion and immune
suppression. In support, reduced plasma Arg status and increased
serum arginase activity have been found in both asthma and CF at
times of an exacerbation (5, 6), and FeNO is increased in unstable
COPD (37, 46, 47).

We concluded the study with a group of COPD patients who
were rather uniform in terms of pulmonary function (FEV1

percentage of predicted), with 20 of the 23 patients classified as
having severe to very severe COPD. Because of this small
variability in lung function, we were not able to assess its direct
relation to Arg metabolism. Also, the measurement of exhaled
NO or bioactive NO metabolites in sputum would have allowed
us to determine the relation between pulmonary and whole-body
NO production, albeit whole-body NO production was un-
changed in this group of COPD patients. The determination of
whole-body NO production required the analysis of enriched
citrulline derived from the continuous infusion of isotopically
labeled Arg, which posed a challenge because the enrichment
values were at the detection limit of our equipment.

In conclusion, alterations in whole-body Arg metabolism are
present in stable COPD and may be indicative of a compensatory
mechanism for higher Arg demand.
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