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COPD is deleterious for pericytes: implications during training-induced
angiogenesis in skeletal muscle. Am J Physiol Heart Circ Physiol 319:
H1142-H1151, 2020. First published September 28, 2020; doi:10.1152/
ajpheart.00306.2020.—Improvements in skeletal muscle endurance and
oxygen uptake are blunted in patients with chronic obstructive pulmo-
nary disease (COPD), possibly because of a limitation in the muscle
capillary oxygen supply. Pericytes are critical for capillary blood flow
adaptation during angiogenesis but may be impaired by COPD sys-
temic effects, which are mediated by circulating factors. This study
compared the pericyte coverage of muscle capillaries in response to 10
wk of exercise training in patients with COPD and sedentary healthy
subjects (SHS). Fourteen patients with COPD were compared with
seven matched SHS. SHS trained at moderate intensity corresponding
to an individualized moderate-intensity patient with COPD trained at
the same relative (%Vo,: COPD-RI) or absolute (mL~min*l-kgfl:
COPD-AI) intensity as SHS. Capillary-to-fiber ratio (C/F) and NG2*
pericyte coverage were assessed from vastus lateralis muscle biopsies,
before and after 5 and 10 wk of training. We also tested in vitro the
effect of COPD and SHS serum on pericyte morphology and mesen-
chymal stem cell (MSC) differentiation into pericytes. SHS showed
greater improvement in aerobic capacity (Vo,yr) than both patients
with COPD-RI and patients with COPD-AI (Group x Time: P =
0.004). Despite a preserved increase in the C/F ratio, NG2* pericyte
coverage did not increase in patients with COPD in response to train-
ing, contrary to SHS (Group x Time: P = 0.011). Conversely to SHS
serum, COPD serum altered pericyte morphology (P < 0.001) and
drastically reduced MSC differentiation into pericytes (P < 0.001).
Both functional capacities and pericyte coverage responses to exercise
training are blunted in patients with COPD. We also provide direct evi-
dence of the deleterious effect of COPD circulating factors on pericyte
morphology and differentiation.

NEW & NOTEWORTHY This work confirms the previously
reported impairment in the functional response to exercise training
of patients with COPD compared with SHS. Moreover, it shows for
the first time that pericyte coverage of the skeletal capillaries is
drastically reduced in patients with COPD compared with SHS dur-
ing training-induced angiogenesis. Finally, it provides experimental
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evidence that circulating factors are involved in the impaired peri-
cyte coverage of patients with COPD.

angiogenesis; COPD; exercise training; pericyte

INTRODUCTION

Chronic obstructive pulmonary disease (COPD) is a respira-
tory disease with associated muscle and vascular comorbidities.
Aerobic exercise capacity as assessed by maximal oxygen
uptake during exercise (VOrmax) 18 impaired in patients with
COPD (45), and the reduced \702max is the result of impairments
in both muscle convective and diffusive O, transports (7). The
altered diffusive component is due to muscle capillary rarefac-
tion (55, 58, 70). Improving V Opmax 18 critical in COPD because
it is a determinant of patient quality of life and survival (45).
However, we showed that patients with COPD improve less
than sedentary healthy subjects (SHS) in both muscle endurance
and Voyma In response to exercise training and that these
smaller improvements are related to a defect in muscle capillary
creation (26).

Interestingly, recent studies have also pointed to the role of
capillaries in the regulation of the convective O, supply (62),
which relies on the vasoactive property of the cells that cover
the capillaries: the pericytes (28). Indeed, studies have demon-
strated that the control of muscle blood flow at the capillary
level depends on pericytes (29, 46, 63). Specifically, the dele-
tion of pericyte coverage or contraction/relaxation abilities was
found to suppress blood flow regulation by capillaries in skeletal
muscle (29, 46, 63). Consistently, greater improvement in capil-
lary blood flow was observed under proangiogenic intervention
when capillary pericyte coverage increased, independently of
capillary creation (9, 13, 14, 42, 57). Lastly, 8 wk of exercise
training increased both capillary creation and pericyte coverage
of skeletal muscle capillaries (4). Thus, the adaptation of peri-
cyte coverage appears to be an important mechanism in the
physiological muscle improvements due to exercise training.

In patients with COPD, we and others have observed that
muscle endurance, Vozmax, and capillary creation show



impaired responses to training (26, 33). We also found ultra-
structural impairments in the pericyte/endothelium interactions
during training-induced angiogenesis in these patients (5).
However, this last study focused on the ultrastructural descrip-
tion of capillaries during training-induced angiogenesis and ana-
lyzed only a few numbers of capillaries per subject. Conversely,
showing a defective pericyte coverage during capillary matura-
tion requires an assessment of a representative number of capil-
laries with immunohistochemical analysis (9) and during a
longer and more detailed time frame. Pericyte dysfunction was
also indirectly observed outside of muscle in these patients—in
endoneurial (67) and cerebral capillaries (40)—and pericyte
impairment may therefore result principally from a systemic
effect of the pathology. The serum of patients with COPD con-
tains numerous deleterious factors (53) and impairs muscle-
derived cells in vitro (12). It thus might mediate this systemic
effect. However, direct experimental demonstration of a delete-
rious effect of COPD circulating factors on pericytes is still
lacking.

Therefore, the aims of this study were the following: /) to
compare in vivo the capillary pericyte coverage and capillary
creation in response to exercise training in the skeletal muscle
of patients with COPD and SHS and to assess their muscle en-
durance and V0,4, and 2) to provide in vitro experimental evi-
dence of a deleterious effect of COPD circulating factors on
pericyte morphology and mesenchymal stem cell (MSC) differ-
entiation into pericytes. To control the effect of exercise inten-
sity or duration on the blunted functional and angiogenic
responses, two groups of patients with COPD were trained at ei-
ther the same relative (%V Oymax: RI group) or the same absolute
(mL-min~"kg~': AI group) intensity as SHS, in a randomized,
controlled double-blind design, and all were evaluated before
and after 5 and 10 wk of exercise training.

MATERIAL AND METHODS

Population. Between December 2013 and May 2015, 14 patients
with COPD and seven SHS between 40 and 78 yr old were included and
provided informed consent to participate in the study (Ethics Committee
No. 2013-A01199-36). The protocol was in line with the Declaration of
Helsinki and the European guidelines for good clinical practice and was
preregistered in www.clinicaltrials.gov (ClinicalTrials.gov Identifier:
NCT02040363). Inclusion criteria for patients with COPD were as fol-
lows (69): association of dyspnea, chronic cough, or sputum and/or
chronic history of exposure to disease risk factors, a postbronchodilation
forced expiratory volume in 1 s (FEV)/forced vital capacity (FVC) ratio
<0.7, and no exacerbation episodes in the previous 4 wk. The patients
also had to present an indication for pulmonary rehabilitation as defined
in the official statement as those patients who present “persistent symp-
toms, limited activity, and/or are unable to adjust to illness despite other-
wise optimal medical management” (64). Each control subject was
matched for age (33 yr) and sex with two patients with COPD. They had
to be pathology free after medical examination, had to be free from
tobacco smoking for >10 yr with <10 pack-years, and had to practice
<150 min/wk of moderate-to-vigorous physical activity (Voorrips ques-
tionnaire score, <9.4).

Pulmonary rehabilitation. After the cardiopulmonary exercise test
(CPET), functional tests, and vastus lateralis biopsies, two exercise
training intensities (Al and RI) were determined for each pair of patients
with COPD according to the first ventilatory threshold intensity of the
matched SHS. The patients were then randomized into the Al or the RI
group. Randomization was centralized in the Department of Statistics of
Montpellier University Hospital. Investigators, rehabilitation caregivers,

the statistician, and patients with COPD were blinded to the training
intensity. Then, patients with COPD and SHS participated in 10 wk
(36 sessions) of exercise training, which combined endurance and
resistance exercises according to international standards and as pre-
viously described (26). Sessions of therapeutic education completed
the program. Additional details on the exercise protocol can be
found in the Supplemental Material (all Supplemental material is
available at https://doi.org/10.6084/m9.figshare.12826337).

Functional evaluation and muscle biopsies. Resting lung function
was assessed using a plethysmographic spirometer (Medisoft BodyBox
5500, Belgium). Body composition indices were determined using a
segmental multifrequency bioelectronic impedance meter. CPET was con-
ducted using a cyclo-ergometer (Ergometrics 900, Ergo-line, Germany)
following international standards (3). Two investigators blindly deter-
mined the first ventilatory threshold in SHS following recommended
methods (3). The 6-min walking test (6MWT) was performed accord-
ing to American Thoracic Society guidelines (2), and the quadriceps
endurance (q7%,) was assessed as previously described (26). The
vastus lateralis muscle was biopsied as previously described (26). All
evaluations and biopsies were performed at the beginning of exercise
training and repeated after 5 wk (22 sessions) and 10 wk (14 addi-
tional sessions).

Muscle analysis. Muscle biopsies were stored at —80°C until analy-
sis. Cryosections of muscle samples (14 pm thick) were performed for
all subjects, for the three training times. Sections were stained using
anti-CD31 antibodies (Cat. No. 550389; BD Biosciences), which
allowed us to calculate the capillary-to-fiber ratio (C/F), as previously
described (26), on 150 fibers. NG2" pericyte coverage was calculated
as described elsewhere (15, 23, 25, 71). Briefly, neural/glial antigen 2
(NG2)-positive area (anti-NG2 antibodies; Cat. No. ab83178, Abcam)
and platelet endothelial cell adhesion molecule 1 (PECAM1/CD31)-
positive area were separately subjected to a threshold process, and the
ratio of NG2-positive area to CD31-positive area was calculated. For
each subject at each time, the NG2* pericyte coverage was calculated
on a mean of 108 + 21 capillaries. The proportion of pericytes express-
ing o-smooth muscle actin (aSMA) (anti-aSMA antibodies; Cat. No.
ab7817, Abcam) was calculated as the ratio of the number of aSMA -
positive/NG2-positive pericytes to the total number of NG2-positive
pericytes established on an average of 175 * 31 pericytes. All analyses
were performed on three randomly chosen regions using ImagelJ soft-
ware under blinded conditions. Further details on muscle analysis are
provided in the Supplemental Material.

ECFCIMSC coculture, pericyte culture, and morphologic analysis.
For the in vitro analysis, posttraining serums from seven patients with
COPD (3 from Al and 4 from RI) and seven SHS were tested individu-
ally. Human brain vascular pericytes (ScienCell Research Laboratories,
Inc.) were exposed to 20% (vol/vol) of the SHS or COPD serums
described above for 15 h. Cells were fixed and stained with phalloidin
(ab176756, Abcam) for elongation analysis, as previously described
(37). Images were analyzed with the Shape Descriptors ImagelJ plug-in,
under blinded conditions, on 40 pericytes/subject, from >10 randomly
chosen fields. More details about the cell culture and analysis are avail-
able in the Supplemental Material. Endothelial colony-forming cells
(ECFCs) and MSCs were isolated as previously described (59) and
seeded at a 1:1 ratio for 7 days in the presence of 10% FCS or 20%
(vol/vol) SHS or COPD serum. ECFCs are isolated from cord blood of
healthy individuals. Then, cocultures were fixed and stained with von
Willebrand factor (1:500, Dako) or rabbit anti-human calponin (1:100,
Abcam) primary antibodies to assess the MSC differentiation into peri-
cytes, as previously described (6, 59). At least three randomly chosen
fields per condition were analyzed with Imagel.

Statistical analysis. Characteristics of the two COPD groups and
SHS were compared at baseline by one-way analysis of variance or the
Kruskal-Wallis test, depending on data normality. Response to exercise
training for all variables was analyzed with a linear mixed effect
(LME) model fit with the R package nlme, including group effect (G),
time effect (T), the interaction between these factors (G x T) as the



fixed effect, and the subject effect as the random effect (52). Pearson or
Spearman coefficients described the correlations. Data were analyzed
with R-3.5.0 software (www.r-project.org) and plotted with GraphPad
Prism 5 (GraphPad software). A P value of <0.05 was considered sig-
nificant. More details about statistical analysis and sample size calcula-
tion are provided in the Supplemental Material in accordance with
American Physiological Society guidelines (41).

More detailed information is available in the Supplemental Material.

RESULTS

Basal characteristics of patients with COPD and SHS.
Clinical and functional baseline characteristics of patients with
COPD (AI and RI) and SHS are presented in Table 1. The
patients with COPD had mild-to-moderate airway obstruction,
and their BODE [body mass index (BMI) (B), degree of
obstruction (O), dyspnoea (D), and exercise capacity (E)] index
was <4. In addition, none of these patients presented a SpO, <
96% at rest, indicating the absence of hypoxemia at rest. We
found no difference in sex ratio, age, body composition, or phys-
ical activity level between the three groups. All subjects were
sedentary, as shown by a Voorrips score <9.4 (Table 1).
COPD-AI and COPD-RI patients showed significantly lower
baseline values of symptom-limited oxygen uptake (Vo,s;)
than SHS (group effect: P = 0.004, Table 1).

Functional adaptation in response to exercise training.
Exercise training was performed at the first ventilatory threshold
in seven SHS (50.9 + 2.7% Vo,g1; 13.4 + 2.7 mL-min~ kg™
of Vo,). COPD-AI (n = 7) patients were trained at the same
absolute intensity as SHS (66.1+ 9.8% Voo 134 + 2.7
mL-min_l-kg_1 of Vo,). COPD-RI (n=7) patients were trained
at the same relative intensity as SHS (50.9 £ 2.7% Vossr; 9.8 £
1.9 mL-min~"kg ™' of V0,). Training intensity was significantly
higher in the COPD-AI than in the COPD-RI group (P = 0.002).
Functional improvements in response to 5 and 10 wk of exercise
training in the two patient groups and SHS are presented in Fig.
1. The 6-min walking distance (6MWD) was significantly
increased in both patients with COPD and SHS after 10 wk of
exercise training (+5 £ 7% for COPD; +4 + 5% for SHS; Fig. 1,
A and B) and was not different between the COPD-AI and
COPD-RI groups (Fig. 1, A and B). The Ty;, response to

exercise training was lower in patients with COPD than in SHS
(+77% £ 95% vs. +145% * 167%, respectively; G x T: P =
0.017). Oxygen uptake at the ventilatory threshold (Voyyt) Was
increased only in SHS (+23% + 15% vs. 1% + 13% in COPD),
with lower values in patients with COPD after 5 and 10 wk of
training (Fig. 1C). Vo,s; was lower in patients with COPD than
in SHS (G: P < 0.001; Fig. 1D) but increased under exercise
training in both patients with COPD and SHS (T: P = 0.029)
with no significant difference between the groups (SHS: 8% =+
11% vs. COPD: 4% + 13%; G x T: P = 0.50). Both Vo, and
Vooyr changes and values were similar between COPD-AI and
COPD-RI (Fig. 1, C and D).

Skeletal muscle capillarization and pericyte coverage dur-
ing training-related angiogenesis. The C/F ratio increased
under exercise training in both the COPD and SHS groups after
10 wk of training (T: P < 0.001; Fig. 2A), with no difference
between SHS and COPD (G x T: P = 0.81) or COPD-AI and
COPD-RI (G x T: P = 0.82). Double CD31/NG2 staining of
vastus lateralis cryosections from patients with COPD and SHS
at each time of training is presented in Fig. 2B. As shown in Fig.
2C, training induced a significantly different response of NG2*
pericyte coverage in patients compared with in SHS (G x T: P =
0.011). We observed a significant increase in NG2* pericyte cov-
erage in SHS (+46.9 £ 64.2%, P = 0.013) but not in patients with
COPD (+1.38 = 57.4%, P = 0.26)from the pretraining (T0) to
posttraining (T10) biopsies. This difference meant significantly
lower NG2" pericyte coverage in patients with COPD than in
SHS at 5 and 10 wk of exercise training (P = 0.004 and P <
0.001, respectively). This result did not differ between the COPD-
AT or COPD-RI groups (Fig. 2C). The proportion of «SMA™ peri-
cytes increased over time in both groups (Supplemental Figure 1;
time effect: P = 0.002), without difference between groups.

In vitro effect of serums on pericyte morphology and MSC
differentiation. The effect of COPD and SHS serum on pericyte
cytoskeleton morphology was assessed first (Fig. 3). COPD se-
rum induced significantly greater pericyte elongation than SHS
serum (Fig. 3, A and B; P < 0.001), without pericyte area altera-
tion (Fig. 3C; P = 0.55).

We and others have demonstrated that MSCs can differentiate
into pericytes in contact with ECFCs in vitro and in vivo (59).

Table 1. Baseline clinical and functional characteristics of COPD-Al and COPD-RI groups and SHS

ANOVA
SHS COPD-AI COPD-RI (P value)
Subjects, n 7 7 7
Sex, male/female 4/3 4/3 4/3
Age, yr 63.3+58 64043 67.0£5.7 0.40
FEV,, %Pred 109.9 + 16.9 70.7 £20.4™ 78.6£17.6" <0.01
FEV,/VC, %Pred 74.1 4.0 59.3+13.5" 57.6 £ 103" <001
BMI, kg/m? 26.4+3.2 249+3.6 27.5+4.0 0.40
FEMI, kg/m? 18.6+2.1 17732 194+3.4 0.59
PA level, Voorrips score 2.9(2.1-9.2) 4.8 (2.8-10.7) 5.7 (2.9-9.9) 0.51
gMVC, kg 458 +10.9 41.0+154 377+138 0.54
6 MWD. %Pred 109.0 £8.2 95.6+13.5 99.4 % 10.6 0.09
Vosg1, %Pred 111.9+15.6 83.4+ 158" 843+ 147" <0.01
Voayt, % VOrmax pred 57.1£8.7 51.6+8.8 493+6.2 0.22
Tims, § 599 + 268 434 + 207 484 + 257 0.45

Data are presented as means £ SD or median (Q1-Q3). % pred., % predicted; 6MWD, 6-min walking distance; BMI, body mass index; FFMI, fat-free mass
index; FEV|, forced expiratory volume in 1 s; PA, physical activity; Post hoc test, *P < 0.05, **P < 0.01, **P < 0.001; qMVC, quadriceps maximal voluntary
contraction; T}y, endurance time of quadriceps; Vo,sp, symptom-limited oxygen uptake; VC, slow vital capacity; Vo,yr, oxygen uptake at ventilatory

threshold.
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We tested the in vitro effect of COPD and SHS serum on
ECFC/MSC cocultures. The cocultures were exposed to
human serum for 1 wk, and fetal calf serum (FCS) was used
as a positive control. In the cocultures exposed to both FCS
and SHS serum, we observed a broad expression of calpo-
nin, a valid marker of pericytes (6), in MSCs after 1 wk
(Supplemental Figure 2; Fig. 4A, first line). Conversely,
calponin expression in MSCs was significantly reduced in
the COPD serum compared with in the SHS serum after 1
wk of coculture (P < 0.001; Fig. 4B). The positive stain for
von Willebrand factor on the ECFCs in cocultures treated
with COPD serum confirmed that this result was not due to
the loss of ECFCs but was serum dependent (Fig. 4A4). We
found a significant positive correlation between calponin
expression in MSCs and the pericyte coverage of muscle
capillaries in the subjects from whom the serum originated
(r=0.74, P =0.003; Fig. 4C).

Fig. 1. Functional adaptations to exercise training in
COPD-AI and COPD-RI patients and sedentary
healthy subjects (SHS). A-D: variations in functional
parameters between pretraining (T0) and after 5 wk
(T5) and 10 wk (T'10) in COPD (n = 14) and SHS (n =
7) on the left part and COPD-AI (n = 7) and COPD-RI
(n = 7). A: six-minute walking distance (6MWD). B:
endurance time of quadriceps (T};,). C: oxygen uptake
at the ventilatory threshold (Voayy). D: symptom-lim-
ited oxygen uptake (Voagr). Data are presented as
means + SE. Linear mixed effect model: Time: time
effect; Group: group effect; Group x Time: group/
time interaction. Post hoc test: different from TO in
both groups (time effect): *P < 0.05, **P < 0.01,
*#*%P < 0.001. Different from TO in isogroup: #P <
0.05, #P < 0.01, ##P < 0.001. Different from the
other group at isotime: TP < 0.05, 7P < 0.01, TTTP
< 0.001. COPD-AI, chronic obstructive pulmonary
disease patients in absolute intensity; COPD-RI,
chronic obstructive pulmonary disease patients in rela-
tive intensity.

O SHS (n=7)
COPD (n=14)
A COPD Al (n=7)
B COPDRI (n=7)

DISCUSSION

In a context of altered improvements in muscle endurance
and Vo,g;, we observed that the pericyte coverage of muscle
capillaries was blunted in patients with COPD. This pericyte
defect occurred regardless of training intensity or duration and
may have been consecutive to the deleterious effects of COPD
circulating factors.

After 10 wk of exercise training, both patients with COPD
and SHS showed improved functional capacities, with signifi-
cantly increased 6MWD, Tj;,,, and Vo, (Fig. 1). The training
response of Vo,g; did not differ between patients with COPD
and SHS, but this may have resulted from a ceiling effect in our
SHS [with a baseline Vo,g; > 100% pred. and a Vo,g gain
less than in the previous study (26)]. Indeed, even after 10 wk of
training at the same absolute intensity as SHS, patients with
COPD failed to display benefits in the local endurance capacity
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Fig. 2. Capillary and NG2* pericyte coverage changes in patients with COPD and sedentary healthy subjects (SHS) in response to exercise training. A and C: pretrain-
ing (TO) and 5-wk (T5) and 10-wk (T10) exercise training values of vastus lateralis skeletal muscle capillarization (A) and NG2* pericyte coverage (C) for both SHS
and COPD-AI and COPD-RI. A: capillary-to-fiber (C/F) ratio. B: CD31/NG2 immunofluorescent double-staining images of vastus lateralis cryosection of patients
with COPD and SHS at baseline (TO) and after 5 wk (T5) and 10 wk (T10) of exercise training. D: higher magnification CD31/NG2 immunofluorescent double-stain-
ing images with split channels for SHS and patients with COPD at T10. Data are presented as means + SE. Post hoc test: different from TO in both groups (time

effect): **P < 0.01, ***P < 0.001. Different from TO in isogroup: #P < 0.05. Different from the other group at isotime:

P <0.01, P < 0.001. Scale bar:

50 pm. COPD-ALI, chronic obstructive pulmonary disease patients in absolute intensity; COPD-RI, chronic obstructive pulmonary disease patients in relative

intensity.

of muscle (T};,) equal to those in SHS (Fig. 1B). Endurance is
determined by both diffusive and convective O, transports (21).
Similarly, submaximal Vo,yr improved less in patients with
COPD than in SHS (Fig. 1C). Compared with Vo, VOoyr is
more closely related to the muscle oxygen uptake capacities
(34). Lower responses to training were observed in both the
COPD-AI and COPD-RI groups and at both T5 and T10, sug-
gesting that the increase in training intensity (from 51% to 66%
of Vo,g;) or duration (from 5 to 10 wk) did not restore a physio-
logical response in the patients. The randomized, controlled
double-blind design to assign patients with COPD to exercise
intensity groups (AI or RI) increased the validity of these
results. Thus, the blunted functional response to exercise train-
ing in patients with COPD may be more related to an intrinsic
muscle impairment than to an inappropriate training modality.
In previous studies, the impaired functional adaptations to
exercise training in patients with COPD were associated with
blunted capillary creation (26). Conversely to this finding, we
observed no blunted creation of new vessels in these patients
compared with in SHS, possibly because the patients in the pres-
ent study differed in disease severity from those of the earlier
study (FEV: 75 £ 19 vs. 45.6 £ 17.5% pred.) (26). Hypoxemia
might explain this result, as Costes et al. (17) reported an

increase in the C/F ratio in response to exercise training only in
nonhypoxemic patients. Given that none of our patients with
COPD presented SpO, < 92% at rest [whereas 50% of the
patients in the previous study (26) had SpO, < 92% at rest], it
may be that capillary creation is preserved in less severe and
normoxic patients with COPD. This preserved capillary creation
is not discrepant with impaired pericyte coverage. Indeed, capil-
lary regression was shown to occur later than pericyte loss dur-
ing disease progression (9). Thus, in our patients with mild-to-
moderate COPD, the impaired pericyte coverage might have
been associated with preserved capillarization, whereas impaired
capillary creation and coverage would have occurred in more
severe patients.

To assess the pericyte coverage of skeletal muscle capillaries
from muscle samples, most studies have used NG2/CD31 dou-
ble-staining on transversal sections of muscle and calculated the
ratio for the two areas of staining (9, 15, 23, 25, 71). Using this
methodology, we found that exercise training increased the peri-
cyte coverage after 10 wk in the SHS group but not in the
patients with COPD (Fig. 2, B and C). The increase that we
found in SHS was consistent with the study by Baum et al. (4),
which showed an increase in pericyte coverage of skeletal mus-
cle capillaries after 8 wk of exercise training in healthy humans.
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Conversely, Egginton et al. (20) found reduced pericyte cover-
age of muscle capillaries after muscle stimulation. However,
this study was conducted only through electrical stimulation in
rats, which does not fully represent exercise training, and for
only 3—7 days. The angiogenic process was found to begin with
a destabilization phase with pericyte detachment, followed by a
maturation phase with pericyte recruitment (10). The first phase
occurred during the first weeks of training, and the second
appeared later, at around 4-6 wk (27). Thus, we expected an
increase in pericyte coverage in our subjects, as the study by
Baum et al. (4) used actual exercise training in humans with a
timing that was closer to ours. The finding that pericyte cover-
age failed to increase in our patients with COPD thus appears to
be a novel pathological feature of the misadaptation to training
in their skeletal muscle circulation and may have clinical
repercussions.

During proangiogenic interventions, an increase in pericyte
coverage together with an increased number of skeletal muscle
capillaries has been associated with a greater increase in muscle
perfusion (13, 14, 42, 57), which is a major determinant of oxy-
gen uptake capacity (56). Evidence is accumulating that peri-
cyte coverage is involved in the regulation of local capillary
blood flow (28, 36, 38, 43), especially in skeletal muscle (29,
46, 63), which is a determinant in O, supply and muscle Vo,
(62). This vasoactive role is mainly dependent on aSMA
expression (1), and we consistently found a high proportion of
pericytes that were aSMA™ in both patients with COPD and
SHS (Supplemental Figure 2). Interestingly, the proportion of
aSMA*/aSMA ™ was preserved in patients with COPD, suggest-
ing that the pericyte loss in these patients affected both contractile
and noncontractile pericytes (Supplemental Figure 2). Although
we found that the adaptations in capillary number were not

COPD

impaired in our patients with COPD (Fig. 2A), we hypothesize
that the blunted pericyte coverage in capillaries has a role in the
defective adaptation of muscle endurance and submaximal Vo,
in these patients. Future studies with local muscle blood flow
assessment and/or pericyte loss in animal models during training-
induced angiogenesis will address this hypothesis of a causal
relationship between pericyte coverage and muscle convective
O, supply.

A body of evidence now points to the deleterious effect of
COPD on pericytes. Indeed, pericyte debris has been found in the
endoneural capillaries of patients with COPD (67). Moreover,
the pericyte coverage regulates the capillary permeability, and a
defective pericyte coverage leads to capillary leakages (30).
Consistently, microalbuminuria and cerebral microbleeds have
been found in these patients (11, 40). Lastly, during training-
induced angiogenesis, we found ultrastructural evidence of dis-
turbed endothelium/pericyte interactions in patients with COPD
in an earlier study (5), as well as a smaller increase in pericyte
coverage in the present study (Fig. 2C). On the other hand, we
observed a proatrophic effect of COPD patient serum in human
myotubes in vitro (12), which argues for a role of the COPD cir-
culating microenvironment in muscle impairment. Nevertheless,
the current study is the first to provide experimental evidence of a
direct effect of COPD serum on pericytes, suggesting a systemic
effect of deleterious circulating factors, possibly due to inflam-
mation. Indeed, lipopolysaccharide injection, a trigger of sys-
temic inflammation, is known to induce pericyte loss (22), and
basal levels of inflammation are increased in COPD patient se-
rum (53). In the present study, isolating the culprit(s) would have
required wide cytokine screening plus other experiments (testing
cytokine agonists/antagonists on pericytes), necessitating a large
quantity of serum that we unfortunately did not have access to.
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Thus, addressing this question will require a specifically designed
study. We did, however, focus on the mechanisms that might
explain the lack of pericyte coverage. We first tested the hypothe-
sis that circulatory factors of COPD can induce changes in peri-
cyte elongation. We observed that, compared with posttraining
SHS serum, posttraining COPD serum induced greater pericyte
elongation (Fig. 4), which was assessed by shape description
based on phalloidin staining, as previously described (37, 50).
Few studies described the pericyte elongation as a marker of peri-
cyte migratory phenotype leading to pericyte loss (50, 51). This
possible promigratory effect of the COPD serum on pericytes
will have to be confirmed in future studies. For this experiment,
we have used human brain and not skeletal muscle pericytes.
Yet, the serum effect on human brain pericytes was clear and the
skeletal muscle pericytes share most of the brain pericyte proper-
ties (47). We then tested whether the effect of COPD serum
would also disturb the de novo recruitment of pericytes during
the angiogenic process. This recruitment is dependent on MSC

differentiation into pericytes (19, 31), which requires endothe-
lial/MSC heterotypic cell contacts (32). MSC differentiation
into pericytes is usually tested by assessing the calponin
expression in the MSCs of MSC/endothelial cells or endothe-
lial colony-forming cell cocultures (59, 60), and we found that
it was dramatically reduced in the COPD serum condition
(Fig. 4B). With these experiments, we provide evidence of the
deleterious effect of COPD circulating factors on pericyte mor-
phology and differentiation. Nevertheless, the COPD mecha-
nisms suggested by our in vitro analysis should be verified in
vivo in future studies during training-induced angiogenesis. As
a perspective for future research, the involvement of inflamma-
tion-dependent impairment in Cx43-dependent gap junctions
and/or Notch3/Jagged-1 interactions might be investigated, as
previously shown (22, 32, 39, 61). The tumor necrosis factor
(TNF)-a decreases the Cx43 expression in endothelial cells
(68), whereas the interleukin (IL)-1B decreases both Notch3
and Jagged-1 expressions (16). Because both IL-1f and TNF-o



levels are increased in the serum of patients with COPD (54),
they constitute good candidates for the pericyte impairment in
COPD. Then, antagonization of these specific targets (e.g.,
with anti-TNFa) would constitute a strategy to limit the peri-
cyte impairment in patients with COPD. Another possibility
would be to test the effect of a pharmacological agent known
to enhance the skeletal muscle pericyte coverage [angiopoietin
1 (57) or PDGF-BB (24)] in vivo in a COPD animal model.

Perspective. It is now well admitted that patients with COPD
present a heterogeneous response of skeletal muscle to exercise
training (45). Currently, understanding the cause of this hetero-
geneous response has become a major issue for researchers in
the field of pulmonary rehabilitation. Indeed, it has been shown
in patients with COPD that the functional benefits of training
are directly related to the patient’s quality of life and prognosis
(8). Therefore, in the context of a blunted functional adaptation
to exercise training, showing a novel and relevant pathways, i.e.,
the defect of capillary pericyte coverage, may have substantial
clinical implications. As previously discussed, the pericytes
have a potential role in muscle O, supply. In addition, pericytes
are also critical for the capillary maturation during angiogenesis.
Indeed, it has been shown that a defective pericyte coverage
leads to nonviable and dysfunctional capillaries (30, 35). Lastly,
the pericytes have been also implicated in the skeletal muscle
growth and regeneration (18), and impairments in pericyte cov-
erage can limit skeletal muscle adaptation to training (48).
These relations linking the pericyte defect and the impairment
of the training-induced functional benefits constitute a clinical
rationale for targeting the skeletal muscle pericytes in COPD
during training in preclinical in vitro or in vivo studies.

Limitations. The authors acknowledge some limitations of
this study. First, because of the design of the study and of the
three muscle biopsies, the sample size was small and could limit
the generalization of the observations. However, the sample size
was predetermined and based on an expected effect size for the
muscle capillarization. Second, there is a limitation related to
the method to assess the pericyte coverage of capillaries, and
the platelet-derived growth factor receptor (PDGFR)-3 could
have been used. Yet, there is no marker able to identify specifi-
cally all the populations of pericytes (65). We used NG2
because it is a valid and specific marker of pericytes during
angiogenesis (49, 66). If this marker has previously been used to
identify a loss of pericyte coverage and its consequences in the
skeletal muscle (9, 15, 23, 25, 71), our results for the NG2* peri-
cyte subset should be extrapolated for PDGFR-B* or any other
population of pericytes with caution. Lastly, the pericyte cover-
age was assessed by immunostaining as described and validated
before (9, 15, 23, 25, 71). In contrast to electron microscopy,
this method does not assess the contact length between endothe-
lial cells and pericytes and does not make the distinction
between pericytes that are adjacent or contiguous to the capilla-
ries. Yet, it allows the assessment of the pericyte coverage of
hundreds of capillaries per subject, providing a global index of
pericyte coverage.

Conclusion. In response to exercise training, patients with
COPD showed blunted muscle endurance and Vo, improve-
ments compared with age- and sex-matched SHS. Moreover, de-
spite preserved capillary creation, patients with COPD showed
an impaired increase in pericyte coverage. These impairments
constitute an early event in the disease time course. This study
also presents the first evidence of a causal deleterious effect of

COPD on pericytes through serum circulating factors. We
hypothesize that a misadaptation of pericyte coverage potentially
impacts the muscle oxygen supply, which along with circulating
therapeutic targets should be considered as a clinically relevant
issue to be specifically addressed in future studies.
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